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Abstract
Ischemic stroke is the leading cause of human disability and mortality in the world. The main problem in stroke therapy is 
the search of efficient neuroprotector capable to rescue neurons in the potentially salvageable transition zone (penumbra), 
which is expanding after brain damage. The data on molecular mechanisms of penumbra formation and expression of diverse 
signaling proteins in the penumbra during first 24 h after ischemic stroke are discussed. Two basic features of cell death 
regulation in the ischemic penumbra were observed: (1) both apoptotic and anti-apoptotic proteins are simultaneously over-
expressed in the penumbra, so that the fate of individual cells is determined by the balance between these opposite tendencies. 
(2) Similtaneous and concerted up-regulation in the ischemic penumbra of proteins that execute apoptosis (caspases 3, 6, 7; 
Bcl-10, SMAC/DIABLO, AIF, PSR), signaling proteins that regulate different apoptosis pathways (p38, JNK, DYRK1A, 
neurotrophin receptor p75); transcription factors that control expression of various apoptosis regulation proteins (E2F1, 
p53, c-Myc, GADD153); and proteins, which are normally involved in diverse cellular functions, but stimulate apoptosis in 
specific situations (NMDAR2a, Par4, GAD65/67, caspase 11). Hence, diverse apoptosis initiation and regulation pathways 
are induced simultaneously in penumbra from very different initial positions. Similarly, various anti-apoptotic proteins (Bcl-
x, p21/WAF-1, MDM2, p63, PKBα, ERK1, RAF1, ERK5, MAKAPK2, protein phosphatases 1α and MKP-1, estrogen and 
EGF receptors, calmodulin, CaMKII, CaMKIV) are upregulated. These data provide an integral view of neurodegeneration 
and neuroprotection in penumbra. Some discussed proteins may serve as potential targets for anti-stroke therapy.
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Introduction

Stroke is one of the major causes of human death and severe 
disability, which requires regular attention and care from 
family members. It is a great medical and social problem. 
More than 17 million stroke incidences occur in the world 
each year. 30–35% of strokes induce human death. About 
10–15% of survived patients die during a year. Other patients 
have different neurological problems [1, 2]. In ischemic 
stroke (70–80% of all strokes) occlusion of cerebral blood 
vessels very quickly, for few minutes causes oxygen and 
glucose depletion, ATP deficit, spreading depolarization, 
excitotoxicity, and tissue infarct. It is impossible to rescue 

neurons in the infarction core for such short time. However, 
the injury propagates to neighboring cells and forms the 
transition zone (ischemic penumbra) between the ischemic 
core and normal tissue. Tissue damage in the penumbra 
develops slower, for several hours, and this “therapeutical 
window” provides time to rescue cells and restrict the infarc-
tion volume [1–4].

Despite extensive testing of hundreds of drugs such as 
glutamate antagonists, blockers of Ca2+ channels, antioxi-
dants and other pro-survival chemicals, no one effective 
anti-stroke neuroprotector medication has been found and 
approved so far. Even drugs, which protect ischemic neurons 
in in vitro and in vivo experiments, are either ineffective for 
humans, or cause adverse negative effects [3–10]. Therefore, 
deep and comprehensive studies of molecular mechanisms 
that control neurodegeneration and neuroprotection in the 
ischemic penumbra are needed.

Unlike ischemic core, where cells die mostly through 
necrosis, apoptosis prevails in the penumbra [4, 10–12]. 
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Although necrosis, necroptosis, or autophagy as well as 
mixed or hybrid cell death modes also occur in the penum-
bra [13–15], we focus on the apoptosis regulation in the 
penumbra in first hours after ischemic stroke when this tis-
sue may be salvaged. We consider the molecular processes 
that relate the primary excitotoxic factors to the secondary 
signaling processes, which control apoptosis in the ischemic 
penumbra, namely the expression of various pro- and antia-
poptotic proteins. Some important problems of stroke bio-
chemistry such as recovery processes that occur after the 
first post-stroke day and searches of pharmacological anti-
stroke agents remain beyond the scope of this review. We 
also consider only the results of in vivo experiments, but not 
the data obtained on cultured cells.

Experimental stroke models

The ischemic brain damages vary from mild circulatory dis-
orders (transient ischemic attack, microinsult, or occlusion 
of small cerebral vessels) to focal or global stroke. Differ-
ent animal models of cerebral ischemia that display some 
but not all stroke features are currently used in studies of 
molecular mechanisms of the ischemic brain damage and in 
testing of novel anti-stroke neuroprotector agents [16–20].

Global cerebral ischemia induced by ligation of carotid 
arteries (two-vessel or four-vessel occlusion models) is 
relevant to cardiac arrest and asphyxia in humans. Its dis-
advantages include the complicated surgery, occurrence of 
seizures, variable outcome and poor reproducibility.

Focal ischemic stroke is induced by permanent or tran-
sient occlusion of the middle cerebral artery (MCAO). In 
the permanent model, arterial blockade is created by ves-
sel electrocoagulation, or by intra-arterial insertion of a 
nylon thread for one or more days. In the transient model, 
the bloodstream is blocked by a nylon filament for 0.5–2 h. 
This procedure does not require craniotomy. The duration 
of occlusion determines the extent of ischemic lesion. The 
infarct volume is rather large and well reproducible. The 
ischemic penumbra is similar to that in human stroke. How-
ever, MCAO requires anesthesia and significant surgical 
skill. It is characterized with a risk of vessel rupture, hem-
orrhage and relatively high mortality. The transient ischemia 
is followed by tissue reperfusion that causes secondary oxi-
dative injury. The thromboembolic model is similar, but 
arteries are occluded by an exogenous thrombin clot, or by 
synthetic microspheres injected into internal carotid artery. 
This method is more relevant to human stroke, but loca-
tion, size and duration of ischemia are poorly predictable 
and reproducible [16–18].

In photothrombotic stroke (PTS) focal cerebral infarct 
is induced by localized photodynamic effect, in which the 
hydrophilic dye Rose Bengal that poorly penetrates cells and 

remains in the cerebral vasculature, is used. Localized light 
exposure induces photoexcitation of Rose Bengal molecules, 
oxidative lesion of endothelial membranes, platelet aggrega-
tion, and occlusion of small vessels. This stroke model is lit-
tle invasive and simple. The injury degree, location, and size 
are well controlled and reproducible. Animal mortality is low. 
PTS mimics the permanent ischemic occlusion of small ves-
sels [20–23].

Primary pathological events in the ischemic 
core

Pathological processes in the ischemic core include several 
interlinked components (Fig. 1). Vessel occlusion rapidly 
prevents glucose and oxygen delivery. This inhibits oxidative 
phosphorylation and suppresses ATP production. Following 
activation of anaerobic glycolysis causes accumulation of lac-
tic acid and tissue acidosis. ATP depletion leads to failure of 
Na+/K+- and Ca2+-ATPases, fall of ionic gradients, Na+ and 
Ca2+ influx, and K+ efflux. Extracellular K+ mediates depolari-
zation of neighboring cells. Water penetration causes swelling 
of the cell and intracellular organelles, membrane disruption, 
and edema [1–4, 10, 17–19]. Massive glutamate release acti-
vates NMDA and AMPA receptors in neighboring cells and 
induces their excitotoxic death. NMDA receptors (NMDARs) 
were suggested to play the major role in excitotoxicity and 
stroke pathology [24, 25].

Cytosolic Ca2+ overload and oxidative stress are the key 
factors in ischemic cell damage. Dramatic increase in the cyto-
solic Ca2+ level occurs due to penetration through NMDARs 
and voltage-operated Ca2+ channels, which are opened under 
depolarization. Ca2+ also releases from mitochondria and 
endoplasmic reticulum. The failure of Ca2+-ATPases in ER 
and in the plasma membrane, as well as the inability of Na+/
Ca2+ exchanger to extrude Ca2+ in the situation of the Na+ 
gradient fall, also lead to Ca2+ accumulation in the cytosol 
[26–29]. The perturbation of mitochondrial electron trans-
port causes leakage of electrons onto oxygen and produc-
tion of superoxide-anion (O2

−) and other reactive species 
(ROS). Oxidative stress includes lipid peroxidation, protein 
dysfunction and DNA damage. Severe oxidative stress in the 
ischemic core causes necrosis, whereas the weaker cell dam-
age in the penumbra elicits predominately apoptosis [30–32]. 
Ca2+-activated neuronal NO synthase, which is often linked 
spatially with NMDARs, produces nitric oxide that reacts with 
O2

− to produce peroxynitrite (ONOO−), a powerful oxidant 
[33].
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Diffusible factors that spread the injury 
and induce penumbra formation

Glutamate, K+, ROS, NO, acidosis, and edema are the 
main pathogenic factors that can spread the injury from 
the ischemic core and induce formation of the ischemic 
penumbra (Table 1). Glutamate released from the dam-
aged neurons induces excitotoxicity in neighboring cells 
[24, 25]. Extracellular K+ depolarizes neighboring cells 
that leads to opening of voltage-operated Ca2+ channels 
and Ca2+ channels associated with NMDAR receptors. 

Both processes result in Ca2+ influx [25–29]. Acidosis 
disrupts Na+/Ca2+ exchanger, which removes Ca2+ from 
the cell, and thus, contributes to Ca2+ overload. Cytosolic 
Ca2+ activates diverse proteinases, lipases, and nucleases 
that destruct cellular components. Ca2+-activated calpain 
and cathepsins play the essential role in neurodegenera-
tion. Intracellular Ca2+ induces mitochondrial dysfunction, 
ROS generation, and NO production [26–28].

The relatively long-living ROS such as H2O2 and O2
− dif-

fuse between organelles and between cells. They can acti-
vate both pro-survival and pro-apoptotic signaling cascades 
[34]. Oxidative injury of ER and mitochondrial membranes 

Fig. 1   The scheme of the neurochemical processes in the brain after ischemic stroke leading to necrotic or apoptotic cell death and penumbra 
formation. The cell signaling system controls all stages of the cerebral tissue responses to ischemic damage

Table 1   Relative changes of 
some physiological parameters 
in the ischemic core and 
penumbra after ischemic stroke

The ischemic penumbra area may be subdivided by three zones where necrotic, apoptotic or surviving cells 
prevail

Infarct core Ischemic penumbra

Dying, necrotic Dying, apoptotic Surviving

Cerebral blood flow – < N N N
Oxygen/glucose supply – < N N N
ATP level – < N N N
Glutamate release +++ ++ + –
[Ca2+]i +++ +++ ++ +
K+-depolarization +++ +++ + + +
ROS, RNS level +++ +++ + + +
Acidosis (H+) +++ ++ + –
Edema +++ +++ ++ +
Necrosis +++ ++ + +
Apoptosis + ++ +++ +
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stimulates the release of stored Ca2+ and mitochondrial pro-
apoptotic proteins such as cytochrome c, Smac/DIABLO, 
AIF, endonuclease G into the cytosol [27, 28, 35]. ROS tar-
get proteins containing thiol groups in the active center. For 
example, ROS-sensitive apoptosis signal-regulating kinase 
1 (ASK1) activates MAP kinase JNK that stimulates apop-
tosis. In contrast, ERK, another MAP kinase, maintains cell 
survival [36, 37]. Ca2+ and ROS-mediated signaling path-
ways stimulate various transcription factors such as NF-κB, 
AP-1, CREB, STAT, etc. that regulate expression of proteins 
involved in cell survival or death [32].

Nitric oxide, another diffusible messenger, exerts dual 
effects on surrounding tissue. At the initial ischemia stage, 
NO produced by endothelial NO synthase promotes vasodil-
atation that maintains blood supply and plays the protec-
tive role. However, Ca2+ overload stimulates neuronal NO 
synthase to produce neurotoxic amount of NO. Later, tran-
scription factor NF-κB stimulates the expression of induc-
ible NOS, which produces NO more efficiently. ROS and 
peroxynitrite induce oxidative damage to membrane lipids 
and proteins and cause mitochondrial dysfunction [33, 38].

Cell death types in the ischemic penumbra

Main neuronal death types: necrosis, apoptosis, and 
autophagic death have been subdivided recently by different 
subtypes such as intrinsic and extrinsic apoptosis, oncosis, 
necroptosis, parthanatos, ferroptosis, autophagy, autolysis, 
pyroptosis, etc. [15]. Necroptosis, a regulated necrosis, in 
which disruption of the cell membrane is mediated by the 
RIP1/RIP3/MLKL cascade was found to occur in ischemic 
stroke [39, 40]. Nevertheless, apoptosis is the dominating 
cell death modality in the ischemic penumbra [1–4, 10–12].

The ischemic penumbra is spatially inhomogeneous. 
Electron-microscopy showed the lesion gradient across the 
penumbra in the rat cerebral cortex: strong tissue destruction 
near the ischemic core, and weak alteration at the penumbra 
periphery [20]. According to [3], the necrotic core is sur-
rounded by the narrow transient zone with low ATP level, 
in which both necrosis and apoptosis occur, and by the 
wider penumbra with higher ATP level, where apoptosis 
prevails. Necrosis occurs during first post-stroke minutes, 
whereas apoptosis develops later, for hours or days. Apop-
tosis requires the integrity of the plasma membrane, over-
load of cytosolic Ca2+ that activates various proteases and 
nucleases, and stimulation of caspase cascade that triggers 
cell destruction [41]. Apoptosis results in DNA fragmen-
tation, degradation and cross-linking of cytoskeletal and 
nuclear proteins, formation of apoptotic bodies, expres-
sion of ligands for phagocytic cell receptors and finally 
phagocytosis by microglia and neghboring astrocytes [15, 
42]. Apoptotic DNA fragmentation was observed in the 

penumbra early after stroke. Fragmented nuclei appeared as 
soon as 0.5–4 h after focal cerebral ischemia and reached the 
maximum at 24–48 h [12, 15, 41]. Unlike necrosis, which 
is irreversible and cannot be prevented, apoptosis is highly 
regulated and can be, in principal, suppressed by different 
pharmacological agents. Therefore, cerebral tissue in the 
penumbra is potentially salvageable. Suppression of apop-
tosis is one of the neuroprotective strategies in stroke therapy 
[10, 15, 42–44].

The dichotomy between necrosis in the infarct core and 
apoptosis in the penumbra is not strict. Ultrastructural and 
biochemical data sometimes revealed signs of apoptotic cell 
death in the infarct core, which is usually considered as a 
necrotic zone [11]. On the other hand, necrotic, apoptotic, 
and hybrid cells were found in the ischemic penumbra. The 
intermediate, or hybrid death of some cells has features of 
concurrent apoptotic and necrotic alterations such as proa-
poptotic activation of caspase-3, DNA fragmentation, and 
nuclear condensation along with pronecrotic membrane 
deterioration, damage of organelles, and cell swelling [11, 
12, 45]. Cells died from necroptosis or autophagy were also 
observed in the ischemic penumbra [15].

Cerebral ischemia can induce two general pathways of 
apoptosis. The intrinsic pathway is initiated by injured mito-
chondria. It includes release of mitochondrial cytochrome 
c into the cytosol, the following stimulation of caspase-3 
and the downstream caspase/proteinase/nuclease cascades 
that destroy the cell. The extrinsic pathway is triggered by 
the death receptors at the cell surface. It is mediated by the 
caspase-8/caspase-3/downstream hydrolytic cascades. The 
early hypotheses suggested that stroke elicits mainly the 
caspase-dependent apoptosis in neurons. However, the data 
accumulating in the last time, showed that apoptosis is wide-
spread in non-neuronal cells, and that caspase-independent 
mechanisms play a significant role in their death [10, 45].

The key apoptotic proteins have been already identified. 
However, the complex mechanisms that initiate and regulate 
apoptosis in various cells under different conditions remain 
incompletely understood yet. That is why the attempts to 
treat stroke patients by manipulating apoptotic are not suc-
cessful so far [10].

Over‑expression of apoptotic proteins 
in the ischemic penumbra

The cell response to acute injury is initially carried out 
by the proteins present in the cell. However, if the injury 
is strong and present proteins are unable to cope with the 
primary lesion, additional proteins are synthesized. In the 
rodent brain, various apoptotic proteins were shown to be 
up-regulated in the penumbra during first post-stroke hours. 
The over-expression of caspases 1, 3, 6, 8, and 9 in the 
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infarct core was observed as soon as 0.5–1 h after MCAO in 
the rat cerebral cortex. This effect increased during follow-
ing 12–24 h [45, 46]. The upregulation of Smac/DIABLO 
and caspases 3, 6, and 7 occurred in the ischemic penumbra 
at 1–4 h after photothrombotic stroke in the rat cerebral cor-
tex [47]. In the MCAO-induced penumbra the over-expres-
sion of caspase 3 and its active truncated form was recorded 
in neurons at 4 h after stroke. In astrocytes caspases 3 and 6 
were over-expressed later, at 12–24 h [45, 48].

Cytochrome c was appeared in the neuronal cytoplasm 
in the ischemic core and in the penumbra 3 h after MCAO 
in the rat brain [49, 50]. Other mitochondrial pro-apoptotic 
proteins AIF, Smac/DIABLO and HtrA2/Omi were over-
expressed in the penumbra at 4–12 h after MCAO [50–52]. 
The over-expression of AIF and XAF1 (antagonist of apop-
tosis inhibitor XIAP) in the rat cerebral cortex was observed 
later, at 6–24 h after MCAO [50, 51]. These effects were 
associated with the over-expression of Bid and Bax that form 
the megapore in the outer mitochondrial membrane, through 
which these pro-apoptotic proteins pass into the cytosol [50, 
53].

Apoptotic proteins and proteins that mediate their release 
from mitochondria may be potential targets for neuropro-
tective agents [34]. However, the examination of various 
inhibitors or activators of such proteins did not confirm 
their neuroprotection efficiency. Despite the assumption that 
caspase inhibitors may be neuroprotective, their inhibitory 
effects were transient, and cell death progressed afterwards. 
Possibly, modulation of the higher level regulators such as 
signaling proteins that control apoptosis implementation 
may be more fruitful. The activities and levels of multiple 
signaling proteins should be simultaneously studied. Cur-
rently, some multiplex analytical methods based on gene and 
protein expression profiling are developed. These methods 
provide the information on the simultaneous expression of 
many proteins in the penumbra tissue.

Expression of apoptosis‑regulating proteins 
in the ischemic penumbra

Using the oligonucleotide-based microarrays, Jin et  al. 
detected transcriptional induction of several pro-apoptotic 
genes including CASP3, ALG2, GADD 34, GADD153, and 
E2F1 in the rat hyppocampus at 24 h after transient global 
ischemia [54]. Lu et al. showed the up-regulation of RNA 
transcripts encoding calpain, cathepsin C, and ICE-like pro-
teinase involved in apoptosis execution. Simultaneously, 
immediate early genes c-fos, c-jun, fra-1, c-myc, and HIF-1 
were over-expressed in the penumbra 4 or 24 h after perma-
nent MCAO in the rat cerebral cortex [55].

However, the mRNA profiles do not well correlate with 
the protein profiles [56]. Proteins are the ultimate effectors 

that perform almost all cellular functions. Not all mRNA 
molecules are translated because of post-transcriptional 
processing and destruction. Unlike DNA microarrays, 
proteomic microarrays provide the direct information on 
protein profiles. The antibody microarrays contain the pre-
determined set of selected antibodies against hundreds of 
cellular proteins involved in signal transduction, apoptosis, 
epigenetic regulation, vesicular transport, cytoskeleton, 
etc. [47, 56–60].

During first post-stoke hours the phosphorylation and 
activation of different signaling proteins and transcrip-
tion factors such as ERK1/2, MEK3/6, JNK, p38, c-Jun, 
c-Myc, ATF, CREB, Elk, STAT-1, and PTEN, which con-
trol different signaling pathways and metabolic processes, 
were observed in the ischemic penumbra after MCAO in 
the rat brain [43, 46, 49, 61–63]. The up-regulation of 
immediate-early proteins c-Fos, c-Jun, and Jun B, which 
form the transcription factor AP-1, was observed in the 
ischemic penumbra 1 h after stroke in the mouse brain 
[64]. Proteins STAT3, IκBα, and c-Jun were up-regulated 
at 4 h after photothrombotic stroke in the rat brain [65]. 
Activation of the mTOR signaling pathway in ischemic 
penumbra was demonstrated after cerebral ischemia–rep-
erfusion injury in rats. Expression of mTOR, Akt, S6K 
significantly increased in the penumbra but decreased 
in the infarction core at 1, 6 and 24 h after MCAO. The 
expression of cleaved caspase-9 and caspase-3 elevated 
both in the ischemic penumbra and in the ischemic core, 
whereas the levels of phosphorylated ULK1, Beclin1, and 
LC3-II decreased at 24 h after MCAO. These data showed 
the implementation of neuronal apoptosis and simulta-
neous inhibition of autophagy in the penumbra. mTOR 
inhibitor rapamycin reduced neuronal apoptosis, decreased 
the infarct volume and activated autophagy [66]. Some 
novel anti-stroke proteins have been recently identified. An 
acute-phase protein orosomucoid-2 (ORM2) that present 
in the normal mice brain was significantly over-expressed 
in the ischemic penumbra after MCAO. Its administration 
at 4.5 or 6 h after MCAO reduced the infarct volume and 
neurological deficit. In the ischemic penumbra it reduced 
inflammation, suppressed oxidative stress, and inhibited 
apoptosis by decreasing caspase-3 activity [67]. The newly 
identified molecular N-myc downstream-regulated gene 2 
(Ndrg2) was over-expressed in the penumbra astrocytes at 
2, 4, and 12 h after reperfusion and peaked at 24 h after 
MCAO in rats. NDRG2 protein was translocated from the 
cytoplasm to the nucleus and co-localized with apoptotic 
TUNEL-positive cells. In the cultured astrocytes NDRG2 
silencing inhibited ROS production, reduced the level of 
cleaved caspase-3, and decreased the percentage of apop-
totic cells, whereas its over-expression had the opposite 
effects. Therefore, NDRG2 was involved in stroke-induced 
apoptosis of astrocytes [68, 69].
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The antibody microarrays evaluate changes in the expres-
sion of several hundreds of pre-selected signaling and neu-
ronal proteins in the ischemic brain. This approach was used 
in the study of biochemical changes in the ischemic penum-
bra caused by photothrombotic stroke in the rat cerebral 
cortex. Several dozens of up-, or down-regulated proteins 
involved in pro- or anti-apoptotic processes were identified 
at 1–24 h after PTS (Tables 2, 3) [47, 70, 71].

Pro‑apoptotic proteins

The interesting and important consequence of photothrom-
botic stroke in the rat cerebral cortex was the concerted up-
regulation of various pro-apoptotic proteins that initiate and 

perform diverse apoptotic processes (Tables 2, 3). Their list 
included:

–	 Proteins that execute both caspase-dependent and cas-
pase-independent apoptosis pathways: caspases 3, 6 and 
7, Smac/DIABLO, apoptosis inducing factor AIF, and 
PSR, a sensor of apoptotic cells;

–	 Signaling proteins that initiate or regulate different pro-
apoptotic pathways: Bcl-10, MAP kinases p38 and JNK, 
DYRK1A;

–	 Transcription factors that control the expression of apop-
totic proteins: E2F1, p53, c-Myc and GADD153;

–	 Diverse multifunctional proteins that, in addition to other 
functions, can stimulate apoptosis in specific situations: 
glutamate receptor NMDAR2a, neurotrophin receptor 

Table 2   Changes in the expression of pro-apoptotic proteins in the ischemic penumbra surrounding the infarction core in the rat cerebral cortex 
(Exp) relatively to the untreated contralateral cortex (Ctr) of the same rats at 1, 4 and 24 h after photothrombotic stroke

Mean Exp/Ctr ratios and standard deviations (SD) are shown. Ratios > 1.3 are bold [34, 41]

Name 1 h 4 h 24 h Functions

Mean SD Mean SD Mean SD

▲ Exp/Ctr
 Apoptosis execution
  SMAC/DIABLO 1.45 0.16 1.75 0.18 1.51 0.09 Apoptosis; activates caspases 9, 3, 6 and 7
  Caspase 3 1.44 0.26 1.50 0.32 1.52 0.12 Execution of apoptosis
  Caspase 3 active 1.28 0.09 1.32 0.20 1.46 0.11 Execution of apoptosis
  Caspase 6 1.24 0.12 1.46 0.23 1.47 0.05 Execution of apoptosis
  Caspase 7 1.16 0.29 1.24 0.39 1.37 0.16 Execution of apoptosis
  AIF 1.24 0.28 0.82 0.37 1.41 0.09 Induces apoptotic DNA fragmentation and chromatin condensation
  PSR 1.15 0.31 1.46 0.20 1.49 0.19 Recognition and removal of apoptotic cells

 Apoptosis promotion
  Bcl-10 1.33 0.37 1.60 0.38 1.30 0.06 Activates apoptosis and interacts with apoptosis regulators NF-κB; TRAF2. IAP 

et al.
  JNK 1.04 0.31 1.35 0.29 1.21 0.05 Stress-activated MAPK. Activates transcription factors c-Jun and ATF-2. Proap-

optotic role in ischemic stroke
  p38 1.18 0.31 1.45 0.29 1.25 0.05 Stress-activated MAP kinase; stimulates brain apoptosis in stroke
  c-Myc 1.29 0.13 1.56 0.40 1.54 0.26 Transcription factor; controls protein synthesis proliferation, potentiates apopto-

sis; proto-oncogene
  E2F1 1.22 0.16 1.51 0.33 1.49 0.14 Transcription factor; drives the cell cycle; can stimulate apoptosis if cell division 

is impaired
  p53 1.29 0.13 1.51 0.26 1.47 0.07 Proapoptotic transcription factor; arrests cell cycle and stimulates apoptosis
  NMDAR2a 1.22 0.16 1.46 0.21 1.40 0.06 Glutamate receptor: Ca2+-channel, excitotoxicity, apoptosis
  Par4 1.59 0.24 1.94 0.41 1.62 0.10 Initiation of p53-independent apoptosis including apoptosis of neurons
  p75 1.19 0.11 1.54 0.14 1.38 0.05 NGF receptor. Proapoptotic; Inhibits growth of regenerating axons and induces 

their degeneration
  GADD 153 1.29 0.16 1.50 0.32 1.40 0.07 Transcription factor. Induced by stress including ischemia and DNA damage. 

Inhibits proliferation, induces apoptosis
  GAD65/67 1.19 0.16 1.49 0.42 1.22 0.17 Glutamate decarboxylase. Converts L-glutamate into GABA; can be pro-apop-

totic
  DYRK1A 1.46 0.31 1.84 0.53 1.49 0.10 Phosphorylates various transcription factors. Its overexpression leads to neurode-

generation [34]
  Caspase 11 1.27 0.37 1.58 0.35 1.52 0.09 Inflammatory caspase; stimulates apoptosis of astrocytes and microglia after 

inflammatory activation
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p75, Par4, glutamate decarboxylase GAD65/67, and 
inflammatory caspase 11 [47, 70].

The earliest events observed in the ischemic penumbra 
at 1 h after PTS included over-expression of caspase 3 
and its active form, Smac/DIABLO, Bcl-10, c-Myc, p53, 

Par4, GADD153, and DYRK1A. Other apoptosis-associ-
ated proteins such as E2F1, p75, p38, JNK, GAD65/67, 
NMDAR2a, and PSR were up-regulated later, at 4 h after 
PTS (Table 2). All signaling pathways and transcription 
factors that initiate and regulate the expression of various 

Table 3   Changes in the expression of signaling anti-apoptotic proteins in the penumbra surrounding the infarction core in the rat cerebral cortex 
(Exp) relatively to the untreated contralateral cortex (Ctr) of the same rats at 1, 4 and 24 h after photothrombotic stroke

Mean Exp/Ctr ratios (or Ctr/Exp in the case of down-regulation) and standard deviations (SD) are shown. Ratios > 1.3 are bold [34, 41]

Name 1 h 4 h 24 h Functions

Mean SD Mean SD Mean SD

▲Exp/Ctr (increase)
 Bcl-x 1.23 0.25 1.40 0.24 1.41 0.03 Antiapoptotic
 p21WAF-1 1.24 0.13 1.50 0.13 1.39 0.05 p53-dependent inhibitor of proliferation and apoptosis
 MDM2 1.34 0.12 1.39 0.11 1.34 0.04 p53 antagonist; inhibits its transcription activity and stimulates degradation. 

Activates E2F1 and stimulates proliferation
 p63 1.19 0.17 1.31 0.17 1.28 0.06 Prosurvival; inhibits proapoptotic activity of p53
 Phosphothreonine 1.48 0.24 1.43 0.17 1.16 0.07 Threonine phosphorylation modulates protein functions [34]
 ERK-1 1.43 0.21 1.68 0.41 1.44 0.07 Activated by external stimuli; phosphorylates various transcription factors 

and cytoskeleton proteins; regulates proliferation, cell shape, and survival
 Raf1 1.25 0.11 1.45 0.21 1.24 0.03 Phosphorylates and regulates MAP kinases
 Estrogen receptor 1.39 0.20 1.62 0.33 1.33 0.12 Anti-inflammatory and antioxidants action. Modulates protein synthesis and 

inhibits apoptosis. Protects brain against ischemia
 EGF receptor 1.14 0.14 1.53 0.26 0.96 0.16 Epidermal growth factor receptor. Regulates proliferation and DNA repara-

tion upon EGF binding
 PKBα 1.58 0.21 1.38 0.23 1.19 0.05 Protein kinase Bα. Regulates metabolism, proliferation and apoptosis [34]
 Calmodulin 1.05 0.27 1.38 0.13 1.25 0.05 Ca2+-binding protein. Activates numerous cellular proteins
 CaM kinase IIα 1.24 0.13 1.38 0.28 1.24 0.02 Regulates glutamate receptors, synthesis and secretion of neurotransmitters, 

learning and memory, gene expression
 CaM kinase IV 1.25 0.11 1.35 0.18 1.18 0.07 Regulates gene expression, synthesis and secretion of neurotransmitters, 

axonal transport
 ERK5 1.35 0.20 1.57 0.38 1.32 0.05 Anti-apoptotic neuroprotector; activated under oxidative stress in a 

Ca2+-dependent manner
 MKP-1 1.31 0.23 1.57 0.33 1.30 0.07 Anti-apoptotic neuroprotector; stops p38 and JNK signaling,
 Protein phosphatase 1α 1.25 0.19 1.36 0.09 1.30 0.08 Dephosphorylates proteins and stops signaling effects; Regulates glycogen 

metabolism, protein synthesis, cell cycle
 MAPKAPK2 1.45 0.27 1.62 0.27 1.35 0.09 Mitogen-activated protein kinase (MAPK)-activated protein kinase 2. Acti-

vated by p38 and phosphorylates chaperons hsp25/hsp27 under stress
▼ Ctr/Exp (decrease)
 NAK 1.24 0.21 1.54 0.19 1.23 0.04 NF-κB activating kinase, activated by growth factors
 GSK-3 1.26 0.19 1.33 0.24 1.20 0.05 Kinase glycogen synthase-3. Ubiquitous and constitutionally active. Neuron-

specific; abundant in the brain. Phosphorylates proteins that regulate the 
glucose level, cell migration, proliferation, and apoptosis [34]

 PLCγ1 2.04 0.81 1.98 1.15 2.26 1.02 Phospholipase Cγ1. Anti-apoptotic signaling; cell migration and transforma-
tion

 PKC 6.28 3.32 4.67 3.13 – – Protein kinase C. Regulates cell growth, differentiation, apoptosis, oncogen-
esis, and neurotransmission [34]

 Axin1 1.31 0.05 1.35 0.25 1.14 0.13 Enhances GSK-3β-mediated phosphorylation of β-catenin, mediates its 
degradation, inhibits Wnt signaling [34]

 FRAT1 – – 1.94 0.91 2.18 0.63 Ubiquitous protein. Binds to GSK3β to remove it from the axin/β-catenin 
complex in the Wnt signaling pathway [34]

 Numb 1.87 0.95 1.85 0.61 1.28 0.07 Antagonist of Notch signaling, mediates maturation of neurons, memory 
formation, stem cell differentiation [34]



694	 Apoptosis (2019) 24:687–702

1 3

pro- and anti-apoptotic proteins are not completely discov-
ered yet. However, one can suspect some of them.

Transcription factor E2F1 is one of the key players that 
determine the cell fate. It controls the expression of various 
genes that regulate DNA synthesis and repair, cell cycle and 
apoptosis [72, 73]. E2F1 stimulates apoptosis when the cell 
cycle is impaired or suppressed that is typical for neurons 
[74–76]. Its synthesis is controlled by MAP kinase p38 and 
transcription factor c-Myc [77]. E2F1 induces expression 
of various pro-apoptotic proteins such as caspases 3, 7, 8 
and 9, Smac/DIABLO, Apaf-1, BH3-only proteins of the 
Bcl-2 family, p53 and p73 [75, 76]. The over-expression of 
E2F1, p53, c-Myc, p38, Smac/DIABLO, Bcl-x, caspases 3, 6 
and 7 was observed in the PTS-induced penumbra (Table 2) 
[47]. This is in agreement with the involvement of E2F1 
[78] and p53 [79] in the response of the penumbra tissue 
to transient stroke in rats. Cerebral ischemia leads to up-
regulation of caspases 3, 6 and 7 [80]. Oppositely, the inhibi-
tion of the E2F1/p53 pathway prevents neuronal apoptosis 
[74]. E2F1 can stimulate stress-induced apoptosis through 
the pro-apoptotic ASK1/JNK pathway. It transcriptionally 
regulates ASK1, the ROS-sensitive JNK activator [81–83]. 
MAP kinase JNK, the stress-induced apoptosis promoter, 
was also up-regulated in the penumbra after PTS (Table 2) 
[47]. JNK also increases the pro-apoptotic activity of p53 
[84]. Another MAP kinase p38 that regulates the expres-
sion of pro-apoptotic transcription factors E2F1 and p53 was 
also up-regulated in the PTS-induced penumbra (Table 2). 
The effect of p38 on E2F1 expression might be mediated by 
MAPKAPK2 (mitogen-activated protein kinase (MAPK)-
activated protein kinase 2) [85, 86], which was up-regulated 
in the penumbra as well (Table 3).

Apoptosis promoter p53 is a master regulator of numer-
ous cell functions. It controls the transcription of hundreds 
target genes involved in regulation of DNA repair, cell 
cycle arrest, metabolism, mRNA translation, apoptosis and 
autophagy [87]. There are two pro-apoptotic pathways of 
p53 activity: mitochondrial and transcriptional. Transcrip-
tional activity of p53 is inhibited by pifithrin-α, whereas 
the mitochondrial pathway is inhibited by pifithrin-μ. 
The mitochondrial effect of p53 occurs early, within first 
30 min after hypoxia/ischemia [88]. It is more impor-
tant than the transcriptional pathway, because the neu-
roprotective efficiency of pifithrin-μ is higher than that 
of pifithrin-α. Pifithrin-μ suppresses TUNEL staining, 
release of cytochrome c and Smac/Diablo, activation of 
caspase-3, expression of other pro-apoptotic proteins Noxa 
and PUMA in the ischemic brain [89, 90]. It improves 
the functional outcome after ischemia [89]. In contrast, 
pifithrin-α [90], or deletion of the p53 gene [91] caused 
neuroprotection through suppression of the transcriptional 
effect of p53. p53 controls the expression of p21WAF-1, 
MDM2 and caspase 6 that were up-regulated in the 

PTS-induced penumbra (Table 3) [71]. The anti-apoptotic 
protein p21Waf-1 is up-regulated upon DNA damage; it 
inhibits p53-mediated apoptosis and arrests the cell cycle 
to allow DNA reparation [92]. Its up-regulation in the 
PTS-induced penumbra (Table 3) was in agreement with 
over-expression of p21WAF-1 mRNA in the rat brain neu-
rons after transient MCAO [93]. Another p53 antagonist 
MDM2 stimulates its proteolysis and thereby suppresses 
its transcriptional activity. Over-expression of MDM2 
mediated recovery of the damaged neurons after MCAO 
in rats [94]. Photothrombotic stroke also upregulated p63, 
a p53 antagonist (Table 3) [47]. This was consistent with 
the ischemia-induced expression of p63 and rapid inhi-
bition of apoptosis in cortical neurons [95]. Apparently, 
neuronal survival, death and aging depend on the balance 
between the levels and activities of p53, p63, and p73 [96].

Transcription factor c-Myc is a master regulator of 
numerous target genes. It activates (or sometimes represses) 
10–15% of all genes involved in regulation of energy metab-
olism, protein synthesis, tumorigenesis, cell cycle and apop-
tosis. It functions at both transcriptional and epigenetic 
levels [97–99]. Its over-expression predisposes cells to apop-
tosis. c-Myc stimulates the expression of p53 and E2F1 [98]. 
Its apoptosis-regulating activity is in part mediated by the 
p53/Mdm2/Arf pathway [100]. The up-regulation of c-Myc 
in the PTS-induced penumbra (Table 2) also potentiated 
apoptosis.

The dual specificity tyrosine-phosphorylation-regulated 
kinase 1A (DYRK1A) phosphorylates different transcription 
factors: FKHR, NFAT, STAT3, and CREB. Under oxidative 
stress it stimulates the pro-apoptotic pathway ASK1/JNK 
[101]. In the adult brain the over-expression of DYRK1A 
impairs various signaling pathways and induces loss of neu-
rons during aging, Alzheimer, Parkinson and Huntington 
diseases [102]. The over-expression of DYRK1A in the PTS-
induced penumbra (Table 2) could be pro-apoptotic.

Among PTS-induced multifunctional proteins that, except 
other functions, can initiate apoptosis in specific situa-
tions, the level of Par4 (prostate apoptosis response 4) in 
the penumbra increased by 1.5–2 times at 1–24 h after PTS 
(Table 2) [47, 70]. Similarly, the up-regulation of Par4 was 
observed in the rat hippocampal and striatum neurons after 
transient forebrain ischemia [103]. Its pro-apoptotic effect 
was associated with the inhibition of NF-κB and down-reg-
ulation of Bcl-2, IAP, and calbindin. The ischemic induction 
of Par4, p53 and Bcl-2 family proteins leads to mitochon-
drial dysfunction and subsequent release of pro-apoptotic 
proteins [103, 104].

The neurotrophin receptor p75 promotes neuronal apop-
tosis upon binding of neurotrophic factors. It competes for 
neurotrophins with the pro-survival receptors Trk A, TrkB, 
and TrkC [105]. Its over-expression indicated the domina-
tion of pro-apoptotic tendency in the penumbra (Table 2). 
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Similarly, MCAO induced the up-regulation of p75 in the 
penumbra [105, 106].

The over-expression of transcription factor GADD153 
(also known as CHOP) is a hallmark of ER stress. It is 
poorly expressed in normal cells, but DNA damage or cell 
cycle arrest activate it. When misfolded proteins accumulate, 
GADD153 regulates the expression of specific genes and 
causes down-regulation of Bcl-2, depletion of glutathione, 
ROS production, suppression of proliferation and apoptosis 
[107–109]. GADD153 was up-regulated after focal cerebral 
ischemia [107, 109, 110]. Its over-expression in the penum-
bra after photothrombotic stroke (Table 2) could also stimu-
late apoptosis.

The physiological function of glutamate decarboxylase 
GAD65/67 is the conversion of l-glutamate into GABA. 
However, its over-expression may cause apoptosis [111]. 
Possibly, the up-regulation of GAD65/67 in the penumbra 
after PTS [47] or MCAO [112] was another one apoptosis-
stimulating factor in the rat brain.

PTS also increased the level of inflammatory caspase 11 
in the ischemic penumbra (Table 2). Caspase 11 can medi-
ate apoptosis of astrocytes and microglia [113]. Therefore, 
its up-regulation displays the glial response to spreading 
injury and apoptosis in the ischemic brain. The overturning 
of phosphatidylserines to the outer side of the plasma mem-
brane is an “eat-me” signal for recognition and phagocytic 
elimination of apoptotic cells [114]. Apparently, the PTS-
induced over-expression of the phosphatidylserine receptor 
PSR (Table 2) was directed to removal of apoptotic cells.

Anti‑apoptotic proteins

Simultaneously with apoptotic processes, diverse anti-
apoptotic proteins were up-regulated in the photothrom-
botic penumbra. Some of them were over-expressed early, 
1 h after PTS, whereas others were up-regulated later, at 4 h 
(Table 3) [47, 70]. The 1.5-fold over-expression of phospho-
threonines (Table 3) indicated the activity of serine/threo-
nine protein kinases. Phosphothreonines are rare in the nor-
mal cerebral tissue, but their level markedly increases due 
to protein kinase activity after brain damage. For example, 
protein kinases ERK1/2 phosphorylate different transcrip-
tion factors and cytoskeleton proteins, and thus, regulate cell 
mobility, proliferation and survival. The up-regulation of 
ERK1 was observed in the PTS-induced penumbra [47], or 
after permanent MCAO in rats [115]. Raf1, which activates 
ERK [116], was also up-regulated after PTS (Table 3).

Protein kinase Bα (Akt), a component of the PI-3 kinase/
Akt signaling pathway, regulates cell metabolism, prolif-
eration, and survival. Its anti-apoptotic activity is associ-
ated with the inhibition of pro-apoptotic glycogen synthase 
kinase 3β (GSK-3β). The up-regulation of protein kinase 
Bα and the down-regulation of GSK-3 in the PTS-induced 

penumbra (Table  3) could be involved in protection of 
penumbra cells. These data correlate with the ischemia-
induced over-expression of Akt mRNA and Akt phospho-
rylation in the rat brain [115, 117, 118].

The up-regulation of estrogen and EGF receptors stimu-
lates the signaling pathways Raf1/ERK and PI3-kinase/
Akt. Over-expression of both receptors was observed in 
the PTS-induced penumbra (Table 3). This was apparently 
aimed at neuroprotection. Estrogen is known to induce anti-
apoptotic proteins Bcl-2 and Bcl-xL, which protect brain 
from ischemic stroke [119].

The up-regulation of protein phosphatase 1α and MAP 
kinase phosphatase-1 (MKP-1), which dephosphorylate 
cellular proteins and stop their activation, could be also 
involved in neuroprotection in the PTS-induced penumbra 
[47]. It was shown that MKP-1 stops the stimulation of pro-
apoptotic proteins JNK and p38 after MCAO in the mouse 
brain that contributes to endogenous neuroprotection. Inhi-
bition of MKP-1 exacerbated stroke-induced brain damage 
[120, 121].

Ca2+ overload to 10−4–10−3 M induces apoptosis or 
necrosis, but at lesser concentrations (about 10−6 M) Ca2+ 
mediates neuroprotective processes [26–29]. Ca2+/calmo-
dulin complex regulates numerous functions such as pro-
duction and release of neurotransmitters, cytoskeleton 
remodeling, axonal transport, gene expression, cell survival, 
learning and memory. Calmodulin and calmodulin-depend-
ent kinases, CaMKII and CaMKIV, are abundant in the 
mammalian brain. Nevertheless, their levels in the ischemic 
penumbra increased more after photothrombotic stroke 
(Table 3). CaMKII-mediated neuroprotection is associated 
with phosphorylation and inhibition of some pro-apoptotic 
proteins such as NO synthase and GSK-3β. It also phos-
phorylates NMDA and AMPA glutamate receptors. This 
increases Ca2+ influx and aggravates excitotoxicity. Inhibi-
tors of CaMKII protect the brain from ischemic damage 
[122]. CaMKIV inhibits excitotoxicity through activation 
of the anti-apoptotic pathway PI3K/Akt, and phosphoryla-
tion of CREB, which mediates the expression of some anti-
apoptotic genes [123, 124].

Calreticulin regulates calcium homeostasis and controls 
protein folding in ER. It modulates the expression and activ-
ity of p53, and thus regulates apoptosis [125]. At the early 
stroke stages calreticulin inhibits neuronal apoptosis in the 
ischemic penumbra [126]. The PTS-induced up-regulation 
of Ca2+-dependent kinase ERK5 in the ischemic penumbra 
(Table 3) also contributed to neuroprotection. ERK5 is acti-
vated by oxidative stress. It mediates the neuroprotection 
effect of neurotrophic factors [127].

Other Ca2+-dependent signaling proteins such as phos-
pholipase Cγ (PLCγ) and protein kinase C (PKC) were 
down-regulated in the PTS-induced penumbra (Table 3). 
Under damage of the plasma membrane, or activation of 
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tyrosine kinase receptors, PLCγ1 cleaves membrane phos-
pholipids and releases inositol-1,4,5-triphosphate, which 
stimulates Ca2+ release from ER, and diacylglycerol, which 
activates protein kinase C (PKC). PKC regulates cell home-
ostasis, synaptic transmission, proliferation, and apoptosis 
[128]. PKC inhibitors protect neurons from ischemic [129] 
and excitotoxic damage [130] that indicated the involvement 
of PKC in neurodegeneration. The observed down-regula-
tion of PKC (Table 3) could rescue cells in the penumbra.

Cell survival and apoptosis are also controlled by the 
Wnt/β-catenin and Notch signaling pathways [131, 132]. 
β-catenin links the intracellular actin cytoskeleton to 
N-cadherin, which is responsible for adhesive cell–cell con-
tacts. Excessive cytoplasmic β-catenin binds to the axin1/
APC/GSK-3β complex. Axin1 facilitates phosphorylation 
of β-catenin by kinase GSK-3β that leads to its ubiquitin-
dependent degradation. The binding of extracellular Wnt to 
its receptor stimulates decay of this complex and release of 
β-catenin, which moves into the nucleus and induces expres-
sion of genes responsible for cell survival. Ischemia-induced 
inhibition of the Wnt signaling pathway increases neuronal 
death [133]. The ubiquitous protein FRAT1 mediates disso-
ciation of the axin1/GSK-3β complex and prevents degrada-
tion of β-catenin [134]. Over-expression of FRAT1 inhibits 
GSK-3β and rescues neurons from ischemic death [135]. In 
the PTS-induced penumbra axin1 and GSK-3 were down-
regulated (Table 3) that could reduce cell death. However, 
stronger, twofold down-regulation of FRAT1 (Table 3) pos-
sibly aggravated neurodegeneration.

The Notch signaling pathway controls differentiation, 
maturation and survival of neuronal and glial cells, learning 
and memory. The up-regulation of Notch antagonist Numb 
in the ischemic penumbra stimulated apoptosis [136]. The 
down-regulation of Numb in the PTS-induced penumbra 
(Table 3) could contribute to cell survival.

Conclusions and future perspectives

There are two basic features of cell death regulation in the 
ischemic penumbra (Fig. 2):

–	 Simultaneous and concerted up-regulation of various 
proteins that execute or regulate the implementation 
of the apoptotic program, and the proteins normally 
involved in diverse cellular functions, but capable to 
induce apoptosis in specific situations. Therefore, diverse 
apoptosis pathways are induced simultaneously from dif-
ferent initial positions.

–	 Both apoptotic and anti-apoptotic proteins are over-
expressed in the penumbra. The cell fate in the penum-
bra is determined by the balance between these opposite 
tendencies.

How do the primary injurious factors that spread from 
the infarction core (glutamate-induced Ca2+ overload, 
K+-mediated depolarization, mitochondria damage, ROS, 
NO, and acidosis) induce protein expression in the ischemic 
penumbra? Which signaling pathways and transcription 
factors regulate the expression of different pro- and anti-
apoptotic genes? One can suggest they first induce some 
immediate early signaling proteins (sensors) such as Ca2+ 
and ROS sensors (HIF1, ASK1, protein phosphatases and 
other thiol-containing enzymes, Ca2+/calmodulin-dependent 
proteins, and so on). Then stress-sensitive protein kinases 
JNK, p38, c-Myc, etc. stimulate transcription factors such 
as E2F1, p53, GADD153, CREB, NF-κB to produce pro-
survival and pro-apoptotic proteins.

Excessive intracellular Ca2+ can enter the neuronal 
nucleus and activate the expression of specific genes 
depending on the penetration path. Ca2+ influx through 
synaptic MNDA receptors can induce the calcium wave, 
which propagates to the nucleus. Nuclear calcium stimu-
lates the CaMKIV/CREB pathway that induces expres-
sion of genes involved in the regulation of physiological 
functions: metabolism, synaptic transmission, and cell 
survival. In contrast, hyperactivation of extrasynaptic 
NMDA receptors under stress or ischemia induces patho-
genic Ca2+ overload and expression of genes associated 
with apoptosis and neurodegeneration. In this case CREB 

Fig. 2   The expression of pro-and anti-apoptotic proteins in the 
ischemic penumbra after photothrombotic stroke. Black arrows—
signaling interactions, pink arrows—transcriptional interactions 
(Color figure online)
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may be functionally inactivated by rapid dephosphoryla-
tion and following degradation. Activation of these recep-
tors causes nuclear accumulation of histone deacetylases 
HDAC4 and HDAC5 that globally repress transcription. It 
also stimulates the nuclear accumulation of pro-apoptotic 
transcription factor FOXO3A. Additionally, Ca2+ overload 
rapidly decreases the mitochondrial membrane potential 
[123, 137, 138].

ROS-sensitive transcription factors such as AP-1, HIF-1α, 
NF-κB, and STAT-1α trigger expression of genes associ-
ated either with progressive neural dysfunction and death, or 
with cell survival [32]. Their effects depend on the damage 
degree and cellular context. For example, during transient 
global ischemia, NF-κB is briefly activated in surviving 
neurons. However, its prolonged activation induces produc-
tion of death-associated proteins in the neurons, which are 
destined to die [139]. The oxidative DNA damage leads to 
activation of protein kinase ATM (ataxia telangiectasia-
mutated) and reparation enzymes. ATM phosphorylates 
numerous proteins including p53, histone H2AX, and others. 
The pathway ATM/E2F1/p53 orchestrates neuronal apop-
tosis [74]. Nitric oxide produced by ischemic cells diffuses 
to surrounding tissue. NO influences transcription factors 
that regulate gene expression through guanylate cyclase/
cGMP/protein kinase G/CREB cascade. NO controls the 
activity of transcription factors NF-κB, N-Myc, c-Fos and 
c-Jun that regulate cell survival [140]. Global regulation of 
transcriptional processes at the epigenetic level is involved 
in the phenomenon of ischemic tolerance and post-stroke 
recovery [141–143].

The simultaneous expression of different pro- and anti-
apoptotic proteins in the ischemic penumbra may occur 
either in same, or in different cell types: neurons, glia, ves-
sels, blood elements, or connective tissue, which may be fur-
ther subdivided by several subtypes. Neuroglial interactions 
play a significant role in mutual regulation of survival and 
death of neurons and glial cells [144–149]. Moreover, the 
complex neurons/glia/microvessels is currently considered 
as a “neurovascular unit”, in which any cell types interact 
and participate in either tissue salvage, or demise [147–149]. 
Fragmented apoptotic cells or bodies are cleared by micro-
glia and astrocytes. This contributes to delayed neuron loss 
and decrease in the infarct volume after stroke [149].

Proteomic experiments provide the preliminary data on 
the involvement of various proteins in the development 
of ischemic penumbra. The next step is the detailed study 
of signaling and transcriptional mechanisms that control 
protein expression in different cell types in the ischemic 
penumbra. There are a number of problems to be addressed 
in future:

–	 What cell type: neurons, glia, or vascular endothelium 
is most sensitive to ischemic damage? What is the role 

of intercellular interactions in the neurovascular units 
in the ischemic penumbra?

–	 What molecular mechanisms underlie the ischemic/
reperfusion damage to different cellular subsystems: 
nucleus, membranes, mitochondria, endoplasmic retic-
ulum, cytoskeleton, vesicular transport, etc.?

–	 Which signaling pathways and transcription factors 
control the expression of proteins involved in the regu-
lation of cell survival and death in the ischemic penum-
bra?

–	 What is the temporal dynamics and spatial distribution of 
processes involved in the responses of different penumbra 
cells to ischemia/reperfusion? When various pharmaco-
logical modulators should be applied?

–	 Is the multitarget therapy more promising for stroke treat-
ment? What proteins and organelles should be affected, 
and what is the temporal sequence of their application?

Some proteins mentioned above may serve as novel molecu-
lar targets for anti-stroke therapy, and their inhibitors or acti-
vators may be potential anti-stroke neuroprotectors.
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