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Abstract:

Although many attempts have been made, stroke treatment options are still extremely limited and brain ischemia remains the leading
cause of death and disability worldwide. Two major strategies for ischemic stroke, reperfusion and neuroprotection, are currently be-
ing evaluated. Autophagy is a bulk protein degradation system that is involved in multiple cellular processes. Increasing data suggest
that activation of autophagy in ischemic brain may contribute to neuroprotection. However, it should also be noted that there are evi-
dences that autophagy is a process involved in neurodegeneration. Targeting signaling pathways related to autophagy might be
a promising option in the treatment of cerebral ischemia, but the exact role of autophagy activation due to ischemic episodes and its
potential applications in pharmacotherapy are still to be determined. In this paper we review recent evidences for cerebral ischemia-
induced autophagy, briefly discuss mechanisms and signaling pathways that lead to this activation and we analyze its potential roles.
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Abbreviations: 3-MA – 3-methyladenine, AA – amino acids,
Akt/PKB – protein kinase B, AMP – adenosine monophos-
phate, AMPK – AMP activated kinase, ATP – adenosine tri-
phosphate, CaMKKb – Ca2+/calmodulin-dependent protein ki-
nase b, CMA – chaperone-mediated autophagy, CNS – central
nervous system, CREB – cAMP response element binding pro-
tein, eIF2a – eukaryotic initiation factor 2a, ER – endoplasmic
reticulum, GTP – guanosine triphosphate, H/I – hypoxic/
ischemic, HIF-1 – hypoxia inducible factor 1, IPC – ischemic
preconditioning, Ire1 – inositol-requiring protein-1, JNK – Jun
N-terminal protein kinase, LAMP2a – lysosome associated mem-
brane protein type 2, LC3 – microtubule-associated protein 1
light chain 3, LKB1 – serine threonine kinase 11 (or liver ki-
nase B1), MAP1B – microtubule associated protein 1B,
mLST8/GbL – G protein b-subunit like protein, mSin1 – mam-
malian stress-activated protein kinase-interaction protein 1,
mTOR – mammalian target of rapamycin, mTORC1 – mam-
malian target of rapamycin complex 1, mTORC2 – mammalian
target of rapamycin complex 2, OGD – oxygen-glucose depra-
vation, PAS – preautophagosomal structure, PCD – pro-
grammed cell death, PDK1 – phosphoinositide-dependent pro-

tein kinase-1, PE – phosphatidylethanolamine, PERK – protein
kinase RNA-like endoplasmic reticulum kinase, PI – propid-
ium iodide, PI3K – phosphatidylinositol 3-kinase, PIP3 – phos-
phatidylinositol triphosphate, PKCa – protein kinase C a,
Raptor – regulatory associated protein of mTOR, Rheb – Ras
homolog enriched in brain, Rictor – rapamycin-insensitive
companion of mTOR, ROS – reactive oxygen species, rt-PA –
recombinant tissue plasminogen activator, TRAF2 – Tumor ne-
crosis factor receptor-associated factor, TSC1 – hamartin,
TSC2 – tuberin, UPR – unfolded protein response

Introduction

Ischemic stroke is the third leading cause of death and
main cause of permanent adult disablement in indus-
trialized countries [16, 54]. This type of brain injury
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often occurs during childbirth, during which, it can
cause permanent brain damage, resulting in cognitive
and motor dysfunction [25]. The extent of hypoxic-
ischemic (H/I) injury depends on the degree of matu-
ration of the brain as well as on the severity and dura-
tion of the insult [118]. According to actual knowl-
edge on pathophysiology of stroke, understood as an
ischemic cascade that leads to irreversible cerebral in-
farction, two major therapeutic strategies are currently
being evaluated. The aim of the first one is to restore
blood flow (reperfusion) to the compromised region
through the use of thrombolytic, antithrombotic and
anti-aggregation drugs [90]. To date, the only one
drug approved for clinical use for the thrombolytic
treatment is recombinant tissue plasminogen activator
(rt-PA). However, its use is extremely limited due to
very short – three hours – therapeutic window and
high risk of hemorrhagic complications [46]. The sec-
ond therapeutic approach is neuroprotection, under-
stood as an action that prevents neuronal cell death by
increasing endogenous cytoprotective response and/or
reducing activation of metabolic pathways that lead to
cell injury [72]. The concept of neuroprotection in
stroke is strongly supported by existence of penum-
bra, which was confirmed with neuroimaging re-
search, the area that surrounds the ischemic core and
separates the core from healthy tissue. In penumbra,
gradual decrease of blood flow (but still the reduction
is lower than in ischemic core), metabolic distur-
bances and activation of many molecular pathways
are observed. Hence, penumbra is considered as the
area that can be recovered. In the course of time, how-
ever, the cells in the penumbra will also die and the
core will expand [33]. Novel and effective neuropro-
tective strategy might therefore restrain core expan-
sion both by extending penumbra survival for later
use of reperfusion therapy and reducing ischemic in-
flammation and reperfusion injury after successful
reperfusion [26].

Recent studies have revealed that disturbances in
autophagy may play an important role in pathogenesis
of H/I brain injury as well as neurodegenerative dis-
eases, including those of Alzheimer’s, Parkinson’s
and Huntington’s [3, 79]. Autophagy (cellular self-
digestion) is defined as an evolutionary conserved
process in which damaged, death or worn out cellular
components are degraded [68]. During this complex
mechanism that involves endosomal-lysosomal path-
way, excess, old and unneeded cytoplasmic macro-
molecules (including long-lived proteins) and organ-

elles (mitochondria, peroxisomes, Golgi apparatus,
endoplasmic reticulum) are digested by lysosomal en-
zymes [98].

Autophagy is observed both under normal growth
and cell differentiation, as well as under pathological
conditions such as: starvation, bacterial infections,
presence of misfolded proteins and damage organelles
[49, 53, 87]. Furthermore, many studies have shown
that autophagy can protect cells from death by apop-
tosis [94]. Besides autophagy’s cellular housekeeping
and death-preventing role, it can lead to cell death as
well [18]. For that reason, autophagy is often de-
scribed as Type II Programmed Cell Death (PCD) – to
distinguish it from apoptosis – Type I PCD [97].

The role of autophagy in ischemic neurons remains
controversial. It is clear, however, that determining the
signaling pathways that lead to autophagy activation
during ischemia, as well as mechanisms that regulate
autophagy-apoptosis interaction, may contribute to the
development of new therapeutic strategies.

Morphological and molecular aspects

of autophagy

The term “autophagy”, which literally means “self-
eating”, was used for the first time in 1960’s [45].
Nowadays, on the basis of the mechanism used for
delivery of intracellular cargo to lysosomes, three dif-
ferent types of autophagy have been described: micro-
autophagy, chaperone-mediated autophagy (CMA)
and macroautophagy. Both chaperone-mediated auto-
phagy and macroautophagy were identified in mam-
mals as processes that play a role in central nervous
system (CNS) damage and diseases. Chaperone-
mediated autophagy is a highly selective pathway for
the degradation of misfolded, oxidized or damaged
cytosolic proteins containing a targeting motif bio-
chemically related to the pentapeptide KFERQ [41].
The KFERQ motif is generated in about 30% of cyto-
solic proteins by posttranslational modifications such
as deamination [20]. This motif is recognized by cyto-
solic chaperone Hsc70 (heat-shock constitutive pro-
tein 70), what allows unfolding of substrate protein.
Subsequently, chaperone Hsc70-substrate protein
complex binds to located on lysosomal membrane –
receptor for CMA substrates – lysosome-associated
membrane protein 2a (LAMP2a) [20, 41]. A second
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chaperon Hsc70 (lyHsc70), located in the lumen of
lysosome, is required for substrate translocation
through pore made of LAMP2 oligomers. After
reaching the lysosomal lumen, substrate is rapidly de-
graded to amino acids by hydrolases [18].

Macroautophagy, unlike chaperone-mediated auto-
phagy, is a bulk degradation system that involves for-
mation, maturation and degradation of autophagy
vacuoles (autophagosomes). Commonly, and also in
this review, the term “macroautophagy” is unequivo-
cal with autophagy.

Autophagy can be divided into four phases: (i) in-
duction that consists of enclosure of a portion of cyto-
plasm by the isolation membrane also known as the
phagophore (nucleation); (ii) conversion of pha-
gophore to enclosed, double-membrane autophago-
some that engulfs the cytoplasmic materials and or-
ganelles, (iii) maturation of autophagosome by fusion
of its outer membrane with lysosomes to build auto-
phagolysosome (termed also autolysosome) and (iv)
degradation of the inner membrane and the luminal
content of autophagolysosomes by lysosomal hydro-
lases [24, 74] (Fig. 1).

The process of autophagy is controlled by family
of evolutionary conserved Atg (AuTophaGy-related)
genes. So far, 32 Atg genes have been described in

yeast [31], and 14 homologues of yeasts Atg genes
were identified in mammals [44]. The vast majority of
them participate in initiation of autophagosome for-
mation (Atg1 to 10, Atg12 to 14, Atg16 to18, Atg29,
Atg31). The process depends on the concerted actions
of autophagy machinery that involves Atg proteins
cascade based on conjugation mechanisms [106].

Phagophore membrane is probably initiated pri-
marily from the endoplasmic reticulum (ER) in dy-
namic equilibrium with trans-Golgi and late endo-
somes [4, 111]. In the induction area accumulation of
Atg proteins is observed [89]. It seems that the trans-
membrane protein Atg9 is essential for autophago-
some formation. It was shown that Atg9 cycles be-
tween the trans-Golgi network and late endosomes,
probably carrying sources for phagophore membrane
elongation [77]. Furthermore, there are data that Atg9
is absent from the completed vesicles, indicating that
it is retrieved prior to the fusion of those vesicles with
the vacuole [42]. The retrieval of Atg9 from preauto-
phagosomal structure (PAS) depends on the ser-
ine/threonine protein kinase Atg1 (ULK1 in mam-
mals). Activity of Atg1 is presumably regulated
through protein-protein interactions, primarily with
the phosphoprotein Atg13 [78, 89]. Hyperphosphory-
lated Atg13 (e.g., during normal, growth conditions)
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Fig. 1. Steps involved in the auto-
phagy process. Induction and nuclea-
tion of isolation membrane requires
presence of Beclin1/Vps34/p150 pro-
tein complexes. The process of pha-
gophore elongation involves two ubi-
quitin-like conjugation systems. Cova-
lent conjugation of Atg12 to Atg5 is
mediated by Atg7 (E1-like enzyme)
and Atg10 (E2-like enzyme). The
Atg12-Atg5 conjugate binds to Atg16,
which in turn undergoes tetrameriza-
tion creating a multi-conjugate com-
plex. Second pathway starts with the
action of cysteine protease Atg4,
which proteolytically removes the C-
terminal arginine (R) of LC3 I. Atg7
(E1-like enzyme) activates exposed
glycine residue (G) and transfers acti-
vated LC3 to Atg3 (E2-like enzyme),
which mediates the covalent conjuga-
tion of phosphatidylethanolamine (PE)
to LC3. LC3 II-PE is recruited to form-
ing vesicle depend on Atg12-Atg5-
Atg16 complexes. LC3 II on the vesi-
cle outer membrane is cleaved off by
Atg4 protease. Autophagosomes un-
dergo maturation by fusion with lyso-
somes to form autolysosomes, in
which autophagic cargo as well as in-
ner membrane are degraded by lyso-
somal enzymes



has a low affinity for Atg1. However, upon conditions
such as nutrient starvation, hypoxia, growth factors or
energy depletion, Atg13 is rapidly dephosphorylated,
resulting in its higher affinity for Atg1 and induction
of autophagy due to triggering Atg proteins cascade.
Following induction, a phagophore or isolation mem-
brane is formed (nucleation). This process is regulated
by Atg1, Atg9 and the protein complex, that includes
a class III phosphatidylinositol 3-kinase (PI3K)
(Vps34), Beclin 1 (the mammalian homolog of yeast
Atg6) and p150 (mammalian Vps15) [40]. Vps34 ki-
nase is involved in regulation of autophagy only when
complexed with Beclin 1 and other regulatory pro-
teins. Vps34-Beclin 1 interaction promotes kinase
catalytic activity and increases production of phos-
phatidylinositol triphosphate (PIP3), which is essen-
tial for phagophore elongation and allows the recruit-
ment of other Atg proteins to phagophore [31].

For elongation phase two ubiquitin-like conjuga-
tion systems are essential. First one requires the for-
mation of an isopeptide bond between a C-terminal
glycine of Atg12 and an internal lysine of Atg5 [99].
This step is mediated by Atg7, a homologue of ubiq-
uitin carrier protein E1. Atg7 induces the activation of
Atg12 through hydrolysis of ATP. During the next
step, activated Atg12 is transferred to the Atg10
(which acts like E2) and eventually conjugates to
Atg5 [31]. Subsequently, Atg16 protein dimer
(Atg16L) binds noncovalently to Atg5-Atg12 conju-
gate to form multimeric Atg5-Atg12-Atg16L complex
[7]. It is suggested that Atg5-Atg12-Atg16L com-
plexes are required for induction of the curvature of
growing phagophore through asymmetric recruitment
of processed product of second conjugation system
that involves conjugation of phosphatidylethanola-
mine (PE) to the LC3 protein, mediated alternately by
Atg4, Atg7 (E1-like enzyme) and Atg3 (E2-like en-
zyme) [62]. This conjugation leads to conversion of
soluble, cytoplasmic LC3-I form to the lipidated and
localized in autophagosomal membranes LC3-II
form. Level of LC3-II is tightly correlated with
number of autophagosomes and for that reason it is
considered as the most reliable marker of active auto-
phagosomes and autophagolysosomes [112]. LC3 has
also been proposed to act as a receptor for p62, also
known as sequestosome-1 or SQSTM1, a protein that
targets poly-ubiquitinated protein aggregates for deg-
radation at the autophagolysosomes [70]. p62 is re-
cruited to the autophagosome via evolutionarily con-

served cargo receptor-binding domain of LC3 and
therefore it is constantly degraded by autophagy sys-
tem thus level of its degradation is often use as an
autophagic marker [70].

As a result of complete induction, nucleation and
elongation phases a mature, double-membrane auto-
phagosome is formed. Its size varies among mammal-
ian cells usually from 0.5 to 1.5 µm [68]. LC3-II re-
mains coupled to the autophagosome membrane until
fusion with the lysosome and autophagolysosome for-
mation. The fusion is mediated by SNARE and Rab
proteins, particularly Rab7, which is required for
autophagolysosome maturation [24].

Basal autophagy in neurons

Mizushima [67] proposed a sub-classification of auto-
phagy into “basal” and “induced”, depending on its
role. Autophagy occurs at a low, basal level in most
cells and from physiological point of view is impor-
tant for constitutive turnover of proteins or cytoplas-
mic components and selective removal of damaged
organelles (e.g., mitochondria or peroxisomes) [98].
Elimination of unnecessary cells during embryo de-
velopment is also an example of basal autophagy.
Moreover, it was proposed that basal autophagy may
be a determinant of life span [110].

Proper course of basal autophagy in neurons deter-
minates maintenance of axonal homeostasis through
retrograde transport of autophagosomes with their
cargo to the soma, where their fusion with lysosomes
takes place [115] (Fig. 2). On the contrary, pathologi-
cal conditions (e.g., stress or injury) might induce
autophagy, what is observed as a local intensification
of autophagosomes biosynthesis and their accumula-
tion in axons. Degradation, that takes place in axons
during induced autophagy requires access to lyso-
somes, what forces their anterograde transport and
might result in untimely autophagosomes degrada-
tion. Furthermore, axons deficient in autophagy and
impaired in autophagic cargo transport might amass
proteins, organelles and aberrant membrane structures
in axons, which could result in axonal dystrophy or
degeneration [115] (Fig. 2).

It is generally accepted that in normal conditions
neurons display low levels of autophagosomes and
perhaps a low rate of autophagosomes biosynthesis
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[115]. The low level of basal autophagy in neurons is
probably associated with their ability to use not only
glucose, but also ketones as an energy source [9]. Fur-
thermore, under conditions of extreme energy defi-
ciency (such as ischemia) neighboring astrocytes,
which metabolize glucose into lactate through glyco-
lysis and contain glycogen stores, can provide a short-
term energy supply for neurons. Moreover, astrocytes
secrete growth factors and neuropeptides what also
contributes to their neuroprotective action [29]. Low
rate of basal autophagy in neurons might also result
from some neuron-specific proteins and/or protein
modifications. One of the examples is microtubule as-
sociated protein 1B (MAP1B), which binds to LC3
with high affinity and affects the formation of auto-
phagosomes [115]. However, alternative thesis also
exists, it assumes that basal level of autophagy in neu-
rons is as high as in other cell types, but newly formed
autophagosomes are efficiently eliminated through
rapid fusion with lysosomes, thereby building-up of
autophagic intermediates is avoided and detection of
autophagosomes is almost impossible [8].

Neuronal autophagy is regulated by a few parallel,
intracellular signaling pathways that are involved in
transition from basal level (specific for neurons) to
highly conserved induced level (activation). Recently
published results of studies performed on primary
cortical neurons cultures indicate that active insulin
signaling pathway is implicated in that role [113].

Also DJ-1/PARK4 and p53 proteins were identified as
potential regulators of neuronal autophagy. Krebiehl
et al. [51] used an in vitro model of Parkinson’s dis-
ease to show that E64D mutation in the DJ-1/PARK7
gene leads to reduced basal autophagy and accumula-
tion of dysfunctional mitochondria [51]. In turn, p53
protein seems to have dichotomous functions: in nor-
mal, metabolic conditions it acts as a negative regula-
tor, whereas in response to acute stress activated p53
triggers autophagy. As it was shown on human and
mice cell lines (including neuroblastoma SH-SY5Y),
basal role of p53 in metabolic conditions is to suppress
autophagy [93], whereas, when cells are exposed to nu-
trient depravation or oncogenic or else genotoxic
stress, p53 acts as an autophagy inducer [55].

Defective basal autophagy has been implicated in
the pathogenesis of several neurodegenerative dis-
eases [15]. This has been proven by the latest results
of studies on transgenic mice with neuronal-cell-
specific deletion of Atg5 (Atg5flox/flox; nestin-Cre) [37].
Mice deficient in Atg5 showed growth retardation and
developed progressive motor and behavioral deficits.
Moreover, accumulation of large, ubiquitin-positive
(marker of misfolded proteins) inclusion bodies in cy-
toplasm of large neurons in the thalamus, pons, me-
dulla, dorsal root ganglion and midbrain was ob-
served. Similar abnormalities and marked atrophy of
the cerebral cortical region, implicated into neurode-
generation, were observed in Atg7 flox/flox; nestin-Cre
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Fig. 2. Significance of effective auto-
phagy in neurons. Under physiological
conditions autophagosomes are trans-
ported retrogradely to the soma where
lysosomes perform degradation. Under
pathological conditions lysosomes are
transported to axons due to locally in-
duced and increased autophagy. Neu-
rons that are impaired in autophagy
accumulate autophagic substrates,
what disrupts axonal homeostasis and
results in axonal dystrophy and subse-
quent neurodegeneration



mice [48]. These data strongly suggest that effective
clearance of diffuse cytosolic proteins through basal
autophagy prevents the accumulation of abnormal
proteins, which can disrupt neuronal function and ul-
timately lead to neurodegeneration.

Induced autophagy in neurons

Autophagy in CNS is activated not only by cerebral
H/I but also by nutrient deprivation, neurotoxins, ex-
citotoxic stimuli, closed head injuries and neuro-
pathogenic pathways [55, 66, 115]. The primary role
of this activation is to provide proper cellular re-
sponse for nutrients limitation via activation of
autophagosome-lysosome degradation mechanism.
During the process of autophagy induction, neurons
undergo changes leading to deregulation of autophagy
mechanism that allows the transition from basal level
to the induced (activated) level, when intensification
of autophagosomes biosynthesis occurs [115].

Data gathered so far, unquestionably showed that
autophagy is controlled by a few regulators, which in-

duction depends on nutrients availability such as: in-
sulin, amino acids and AMP activated kinase (AMPK)
acting via serine-threonine protein kinase mTOR
(mammalian target of rapamycin) [116] (Fig. 3).

The idea that mTOR is involved in negative control
of autophagy is now generally accepted. mTOR plays
multiple role in CNS and is involved in regulation of
cell viability, differentiation, transcription, translation,
protein degradation, actin cytoskeletal organization
and autophagy [38]. In mammalian cells mTOR as-
sembles into two functionally distinct protein com-
plexes: mTORC1 and mTORC2. The first one acts as
a regulator of autophagy and is highly sensitive to ra-
pamycin (specific mTOR inhibitor). The latter one is
insensitive to rapamycin administration and its role is
to regulate actin cytoskeletal organization and activity
of PKCa and Akt kinases. Both complexes consist of
mTOR kinase and mLST8/GbL protein (G protein
b-subunit like protein). Additionally mTORC1 con-
tains Raptor (regulatory associated protein of mTOR)
and mTORC2 Rictor (rapamycin-insensitive compan-
ion of mTOR) and mSin1 [105].

Mechanism by which mTOR acts as a negative
regulator of autophagy is not fully understood. How-
ever, it seems that stimulated by insulin, phosphatidyl-
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Fig. 3. Regulation of induced auto-
phagy in neurons. Transition from ba-
sal into induced autophagy could be
mediated by multiple pathways. ER
stress triggers autophagy via PERK/
eIF2a pathway    that    up-regulates
Atg12 and via pathway that involves
activation of IRE1, recruitment of
TRAF2 and activation of JNK. Further-
more, increased [Ca2+]i and/or
AMP/ATP ratio activate CaMKK and
LKB1 kinases, respectively, what in
turn phosphorylates and activates
AMPK kinase. AMPK mediates the in-
duction of autophagy through direct
activation of ULK1 or by inhibition of
mTOR (mTORC1) by phosphorylation
of Raptor or TSC2. Activity of mTOR is
also regulated by insulin, which stimu-
lates generation of PIP3 from PIP2 by
PI3K. Increase in PIP3 results in the
activation of Akt by PDK1 and mTOR
(mTORC2). Activated Akt kinase inhib-
its the activity of TSC1/TSC2 complex,
what reduces the GTPase activity of
Rheb and leads to activation of mTOR
and subsequent inhibition of auto-
phagy. Amino acids also lead to de-
creased Rheb GTPase activity and
thus mTOR activation and autophagy
inhibition. Bcl-2 negatively regulates
autophagy through association with
Beclin1 and thereby inhibition of Be-
clin1/Vps34 complexes formation. ®
activation, z inhibition



inositol 3-kinase (PI3K) pathway is the key pathway
that contributes to mTOR activation. PI3K stimulates
production of PIP3 and PIP3 in turn recruits phos-
phoinositide-dependent kinase-1 (PDK1) and Akt ki-
nase to the membrane [105]. The Akt kinase is acti-
vated through phosphorylation at two sites: specific
threonine residue (Thr308) by PDK1 and specific ser-
ine residue (S473) by mTORC2 complex [80]. Acti-
vated Akt kinase phosphorylates and thus inhibits the
activity of hamartin (TSC1) and tuberin (TSC2) pro-
tein complex (tuberous sclerosis complex, TSC1/
TSC2), the main negative regulator of mTOR. Inacti-
vation of TSC1/TSC2 complex reduces the GTPase
activity of small GTPase Rheb (Ras homolog en-
riched in brain). Numerous studies have shown that
Rheb-GTP strongly stimulates activity of mTOR both
in vivo and in vitro [73]. Besides insulin signaling
pathway, mTOR can also be activated by amino acids.
This activation also occurs via decreased Rheb
GTPase activity [17]. Therefore, it is generally ac-
cepted that both activation of PI3K pathway by insu-
lin signaling and direct phosphorylation induced by
amino acids are required for developing effective en-
zymatic activity of mTOR and subsequent autophagy
suppression.

Contrary to insulin and amino acids, active AMPK
kinase activates autophagy via suppression of mTOR

signalization pathway (Figs. 3 and 4). AMPK acts as
a sensor of cellular energy and regulates metabolic
pathways by switching on catabolic pathways to gen-
erate ATP and switching off ATP-consuming anabolic
pathways [96], what enables optimization of intracellu-
lar energetic processes and cell survival during stress
periods. In response to increased cytosolic AMP lev-
els and/or decline in ATP (in lesser extent) produc-
tion, AMPK is activated through phosphorylation at
a specific threonine residue (Thr172) by its upstream
kinases: LKB1 (serine threonine kinase 11) and Ca2+/
calmodulin-dependent protein kinase b (CaMKKb)
[96]. Active AMPK intensifies autophagy through in-
hibition of mTORC1 complex via direct phosphoryla-
tion of at least two proteins: TSC2 at specific and dif-
ferent from other up-stream kinases serine residues
and mTOR binding partner – Raptor [36, 56]. Further-
more, recent results suggest that AMPK might acti-
vate autophagy also by direct interaction with Atg
proteins machinery. Kim et al. [43] showed that under
glucose starvation, AMPK promotes autophagy by di-
rect activation of Ulk1 through phosphorylation of
Ser 317 and Ser 777 [43].

Participation of AMPK in autophagy regulation was
confirmed during an in vitro experiment in which it
was shown that glucose deprivation-induced autophagy
is inhibited in the presence of dominant negative
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Fig. 4. Cerebral ischemia-induced
autophagy. Autophagy activation un-
der hypoxic/ischemic conditions is as-
sociated with presence of different
stress factors like: enhanced ROS
generation, increased cytosolic Ca2+
and AMP concentrations, decrease in
ATP, insulin and amino acids supply.
ER stress is induced when unfolded
proteins accumulate in the ER or cyto-
sol. Impaired capacity of the ER to fold
proteins results from disturbance in
Ca2+, oxygen and glucose homeosta-
sis. ER stress activates autophagy
through signaling pathways involved
in UPR response. Additionally, in-
crease in Ca2+ intracellular concentra-
tion associated with ER-Stress or exci-
totoxity can activate autophagy via

AMPK-dependent pathway. A de-
crease in insulin and amino acids lev-
els leads to reduction of activity of the
major autophagy inhibitor – mTORC1



AMPK [63]. In addition, it was proved that compound
c (6-[4-(2-piperidin-1-yl-etoxy)-phenyl)]-3-pyridin-4-
yl-pyrazolo[1,5-a]pyrimidine), specific AMPK in-
hibitor, effectively restrained Ca2+ induced autophagy
in vitro [39].

In the most recently published data, there appears
more and more evidence that ER stress and mitochon-
dria dysfunction might also act as strong autophagy
inducers (Figs. 3 and 4). Disruptions in proper ER
functioning, involving reduction of posttranslational
modifications ability and protein folding control, are
commonly termed as unfolded protein response
(UPR). Moreover, all mentioned above autophagy in-
ducers (including brain hypoxia/ischemia) are also
known for their ability to induce ER stress [40]. It is
now accepted that two UPR signaling pathways con-
tribute to ER stress-induced autophagy: PERK/eIF2a
and Ire1/TRAF2/JNK [40, 61]. It seems that eIF2a
(eukaryotic initiation factor 2a) triggers autophagy by
the induction of Atg12 expression and finally LC3-I
to LC3-II conversion [50]. Increased [Ca2+] has also
been implicated in ER stress-induced autophagy pos-
sibly via CaMKK/AMPK/mTORC1 pathway [40].

ER stress-induced autophagy might be inhibited by
anti-apoptotic protein Bcl-2 localized in ER membrane
[40]. At least two mechanisms have been proposed for
this suppression. First one supposes that Bcl-2 inhibits
autophagy possibly by lowering of the steady-state level
of Ca2+ in the ER ([Ca2+]ER) and thereby reduces
stimulus-induced Ca2+ flux from the ER. Such reduction
prevents CaMKK activation and thus CaMKKK/
AMPK/mTORC1 pathway activation. Second scenario
assumes that Bcl-2 directly interacts with Beclin 1 and
thereby avoids autophagosomes formation due to in-
complete formation of PI3K complex [40].

Many studies have suggested that there is a relation
between mitochondrial dysfunction and autophagy.
Disorders of mitochondrial function associated with
the excess ROS generation are leading activators of
autophagy as a consequence of stroke, traumatic in-
jury and neurodegenerative diseases (Fig. 4).

Excess of ROS leads to DNA damage, lipid peroxi-
dation and lysosomal membrane rupture/permeabili-
zation [108]. The lysosomal rupture/permeabilization
enables interaction between cathepsins released from
lysosomal lumen and pro-apoptotic Bcl-2 family
members (Bax, Bak, tBid) and thus leads to the induc-
tion of mitochondrial apoptosis pathway via release of
cytochrome c and activation of caspases and DNase II
[92]. ROS might also affect the molecular mechanism

of autophagy. It was shown that H2O2 generated in
oxidative conditions causes inactivation of cysteine
protease Atg4 at the site of autophagosome formation,
thereby promoting LC3 conversion – an essential step
in the process of autophagy [81].

Autophagy, apoptosis and necrosis in

cerebral ischemia

Symptoms of brain injury caused by ischemia due to
clot or thrombosis are the consequence of a massive
cell death in the infract area. Within seconds after the
loss of blood flow, so called ischemic cascade is initi-
ated, which comprises a series of subsequent bio-
chemical events that lead to degradation of cell mem-
branes and structures and eventually to neuronal death
[54, 103]. Patients experiencing acute ischemic stroke
will lose 120 million neurons each hour [54].
Ischemic cell death is mediated mainly by necrotic
and apoptotic pathways. Markers of both these pro-
cesses were frequently observed in experimental
stroke models both in vivo and in vitro [58]. These
two types of cell death are significantly different from
each other at the morphological and molecular level,
and intracellular ATP levels are a primary determinant
of cell fate. Necrosis represents a passive form of cell
death, that occurs when cells are exposed to acute
stress or extreme energy depletion. Necrosis is char-
acterized by rapid cell and its organelles swelling and
loss of membrane integrity, what in turn leads to re-
lease of various inflammation inducing factors and
causes damage in neighboring tissues [28, 108]. Until
recently, necrosis was considered as chaotic and non-
regulated process. The results of the latest experi-
ments suggest, however, that its occurrence and
course might be tightly regulated by such signals as:
mitochondrial dysfunction, enhanced generation of
ROS, ATP depletion, proteolysis by calpains and
cathepsins and early plasma membrane rupture [32].
Necrotic cell death due to stroke is observed primarily in
neurons located in the core, that are directly and drasti-
cally subjected to limited blood flow and deleterious ac-
tions of agents released from adjacent cells [69].

Morphological changes characteristic for cells under-
going apoptosis are: nuclei shrinkage, DNA fragmenta-
tion and subsequent collapse of the cell into small mem-
brane enclosed fragments called apoptotic bodies.
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Apoptotic cell death is possible only in condition of
sufficient ATP availability, what ensures the mainte-
nance of proper ion channels function and preserves
intact cells integrity [75]. Apoptosis, therefore, is not
accompanied by inflammatory response or surround-
ing tissue damage [91]. After a stroke, apoptosis is
observed mainly in neurons located in the ischemic
penumbra, a zone of tissue less severely affected by
reduced oxygen and nutrients supply in comparison to
the core [10].

In regard to the progress in understanding the pa-
thophysiology of brain ischemia, Sharp et al. [85] pro-
posed a differentiation of penumbra to several zones,
on the basis of molecular events that dominate within:
(i) zone of selective neuronal death, adjacent to in-
fract, (ii) zone of protein denaturation, where induc-
tion of heat shock proteins (HSP) occurs, (iii) zone
that is chronically defective in perfusion and reperfu-
sion, where hypoxia-inducible factor 1 (HIF-1) is ex-
pressed and the most external (iv) zone induced by
spreading depression or repeated ischemic depolariza-
tion of a large number of early genes, mainly c-fos [85].

It seems, however, that mechanisms that underlay
ischemic cell death as well as their kinetics are much
more complex, than we initially thought. Especially,
since it was shown that next to apoptotic and necrotic
features, some cells in the area challenged with ische-
mia demonstrate the presence of protein markers
characteristic for autophagy, such as Beclin 1 and
LC3-II [118]. Accelerated number of autophago-
somes and autophagic proteins expression were ob-
served in experimental models of focal [1, 102] and
transient [59] cerebral ischemia. Autophagy induced
by focal ischemia was observed in cerebral cortex,
hippocampus and striatum of animals that suffered
from brain ischemia [1, 76]. Similar results were ob-
tained during in vitro experiments performed on pri-
mary cortical neuronal cultures challenged with ische-
mia [65] and on hippocampal cell-lines (HT22) ex-
posed to serum deprivation [88]. Evidences for
ischemia-induced autophagy were further provided by
in vivo imaging studies on mice subjected to transient
middle cerebral artery occlusion (tMCAO) [95].

Moreover, the differential response of neurons to
the ischemic challenge may be proved by the fact that
some cells simultaneously activate both apoptotic and
autophagic pathways. In a rat model of temporary fo-
cal cerebral ischemia a penumbral subpopulation of
the cortical and striatal neurons presented simultane-
ously both up-regulation of Beclin 1 and activation of

caspase-3 [76]. Recent study by Carloni et al. [12]
performed on neonatal rats subjected to ligation of
a right common carotid artery, followed by hypoxia,
also revealed that some Beclin 1-positive cells were
TUNEL-positive as well. Cells that have co-localized
apoptosis and autophagy simultaneously were found
mainly in the superficial layers of the cerebral cortex.
In the deeper layers of the cortex and in the CA1 re-
gion of the hippocampus levels of cells expressing
both markers were much lower. Importantly, only sev-
eral both Beclin 1 and propidium iodide (PI – necrosis
marker) positive cells were found in the CA1 and
CA2 areas of the hippocampus – what strongly sug-
gests that increased protein expression occurs mainly
in cells that induce apoptosis pathway [12]. Neurons
that presented both enhanced level of autophagy and
apoptotic features were also observed in a rat model
of severe perinatal asphyxia [30]. The study also con-
firmed that autophagy-apoptosis relation varies ac-
cording to the cerebral area – it seems that in the cor-
tex those processes are closely linked to each other,
while in the hippocampus they rather act independ-
ently. On the basis of published data and their own
studies Rami and Kögel [75] introduced term
“apophagy” – a kind of apoptotic cell death with con-
comitant upregulation of Beclin 1 and activation of
caspase-3.

There are many evidences that autophagy and
apoptosis may share common molecular inducers and
regulatory mechanism. Furthermore, autophagic path-
ways overlap with the apoptosis through the involve-
ment of both autophagic and apoptotic proteins [62].
It was shown that Atg5, in addition to its essential role
in autophagy, also enhances susceptibility towards
apoptotic stimuli. Moreover, calpain-mediated cleav-
age of Atg5 promotes cytochrome C release and cas-
pases activation and thus induces autophagy to apop-
tosis switch [114]. Another example is Beclin 1,
which possesses a BH3 domain interacting with anti-
apoptotic protein Bcl-2. Interestingly, binding of
Bcl-2 to Beclin 1 inhibits autophagy [62] (Fig. 3). Re-
cently, it was shown that caspase-mediated cleavage
of Beclin-1 not only inhibits autophagy but also en-
hances apoptosis by promoting the release of proa-
poptotic factors from mitochondria [104]. Addition-
ally, latest results obtained in study by Grishchuk et
al. [34] clearly reveled that also Beclin 1-independent
autophagy contributes to both caspase-dependent and
-independent components of neuronal apoptosis.
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Role of autophagy in cerebral ischemia

At present stage of knowledge it is not possible to une-
quivocally answer the question whether ischemia-induced
autophagy contributes to neuron death, or reflects to an
endogenous neuroprotection mechanism, or maybe is just
an epiphenomenon of apoptosis and necrosis? On the ba-
sis of data published so far, however, it is possible to indi-
cate three main thesis concerning the potential impact of
autophagy process on ischemic neurons.

Firstly, it seems that autophagy in brain ischemia
might contribute to neurite degeneration. These thesis
was confirmed by the recent research of Adhami et al.
[1], where rapid and massive degeneration of cortical
neuronal axons after 24 h of ischemia/hypoxia was
observed. It was also showed that AMPK mediated
autophagy could contribute to enlarged ischemic area
and worse outcome [22, 56]. In turn, in mice with
neuronal deletion of Atg7 (Atg7 flox/flox, nestin-Cre)
a week after the occlusion of the left common carotid
artery, followed by hypoxia, reduced loss of the py-
ramidal neurons in the hippocampus and a great re-
duction of ischemia damaged area were observed
[47]. Pharmacological inhibition of autophagy like-
wise resulted in attenuated focal cerebral ischemia-
associated neural damage in rats [52]. Moreover, Wen
et al. [102] showed that single, intracerebral ven-
tricule injection of 3-methyladenine (3-MA) – a spe-
cific inhibitor of Vps34 kinase – directly after perma-
nent occlusion of the rat’s middle cerebral artery
(pMCAO) significantly reduced infract volume [102].
Similar conclusions can be made on the basis of the
study on the in vitro ischemia model, where inhibition
of autophagy with 3-MA significantly increased corti-
cal neurons viability [65]. Recently, it was also shown
that inhibition of autophagy with 3-MA in rats sub-
jected to severe global ischemia prevented the onset
of programmed necrosis in hippocampal CA1 neurons
and thus contributed to neuroprotection, suggesting
that detrimental role of autophagy in cerebral ische-
mia might be related with autophagy-necrosis cross-
talk [100]. Moreover, neuroprotectants such as lith-
ium and glial cell line-derived neurotrophic factor
(GDNF) were also shown to have strong both anti-
autophagic and antiapoptotic effect [57, 84].

Secondly, however, it was repeatedly demonstrated
that autophagy plays an important role in protecting
neurons from ischemia-induced death. Inhibition of
autophagy with 3-MA and bafilomycin A1 (an inhibi-

tor of autophagosomes-lysosomes fusion) dramati-
cally enhanced the protein level of cleaved caspase-3
and increased cell mortality in hippocampal cell-lines
HT22 exposed to serum deprivation [88]. In turn, in
rat model of neonatal H/I induced brain injury, treat-
ment with rapamycin – a pharmacological autophagy
inducer – caused augmented Beclin 1 expression in
cerebral cortex and hippocampus, reduced necrotic
cell death and decreased cerebral injury [12]. Benefi-
cial effects of rapamycin were also observed in mice
model of traumatic brain injury [23]. Neuroprotective
effect of rapamycin is probably associated with acti-
vation of PI3K/Akt/mTOR axis and phosphorylation
of transcriptional factor CREB (cAMP response ele-
ment binding protein) [13]. Increased Beclin 1 ex-
pression and a long-lasting neuroprotective effect was
also observed as a result of simvastatin administration
to neonatal rats before the onset of the ischemic pro-
cedure [5, 6]. Autophagy is also a possible mecha-
nism that underlies the neuroprotective effect of mela-
tonin [35]. Moreover, recently it was shown that ad-
ministration of SB216763, an inhibitor of a serine/
threonine kinase GSK-3b – the main player in the
neurodegeneration, results in suppression of neuroin-
flammation due to increased autophagy activation in
the brain cortex of rats subjected to pMCAO [117].

Currently it seems that elimination of damaged mi-
tochondria (mitophagy) and subsequent apoptosis in-
terruption could represent the most important mecha-
nism responsible for neuroprotective effects of auto-
phagy in cerebral ischemia. Selective elimination of
mitochondria has been reported after blockade of cas-
pases, thus sequestration of organelles might indicate
mechanism that prevents apoptosis [107]. Neverthe-
less, elimination of mitochondria was partially sup-
pressed by the autolysosomal inhibitor bafilomycin
A1, what strongly supports the suggestion that auto-
phagy may be involved in that process [107]. Further-
more, elimination of damaged mitochondria in auto-
phagolysosomes might represent an adaptive meta-
bolic response to hypoxia, mediated by transcriptional
factor HIF-1, which induction is observed in the zone
(iii) of penumbra – see above [83]. Therefore, mito-
phagy in cells exposed to hypoxia is currently consid-
ered as an adaptive mechanism that is necessary to
maintain redox homeostasis and cell survival [83].
However, not only mitochondria, but also ROS-
damaged ER fragments are sequestrated in autopha-
golysosomes, what prevents the release of calcium
storages into the cytoplasm and subsequent activation
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of inflammatory caspase 11-dependent apoptosis [21].
Active caspase 11 is implicated in release of inter-
leukin 1b, thus it activates an inflammatory response
and might contribute to ischemic injury extension [27,
101]. Then, the proper sequestration of damaged, due
to RFT activity, ER fragments could prevent neuroin-
flammation and/or neurons apoptosis [59]. It is of ut-
most importance, when considering autophagy as an
endogenous neuroprotective mechanism that onsets
after cerebral ischemia, to mention that also damaged
proteins and/or aggregated proteins are being
removed in that process. Liu et al. [59] using the
2-vessel occlusion model in rats revealed that failure
of the autophagy pathway results in the accumulation
of protein aggregate-associated organelles (ER, Golgi
apparatus, mitochondria), what in turn increases cel-
lular stress and can lead to delayed neuronal death
[59].

Probably, autophagy activation is also associated
with the neuroprotective effect of the ischemic pre-
conditioning (IPC), a phenomenon that makes neu-
rons more tolerant to ischemia, due to former brief
(and less intensive) exposure to ischemia episodes
[11, 14, 60]. Park et al. [71] reported enhanced PC12
cells viability accompanied by increased synthesis
and degradation of autophagosomes after IPC in vitro

[71]. Moreover, the addition of 3-MA to the culture
increased the proportion of necrotic and apoptotic
cells after preconditioned lethal OGD. Similar sup-
pression of neuroprotective effect was also observed
as a result of 3-MA and bafilomycin A1 treatment in
rat model of IPC [86]. Elevated autophagic activity
contributing to increased tolerance against transient
focal cerebral ischemia was also observed as a result
of hyperbaric oxygen preconditioning [109].

Thirdly, autophagy is a catabolic process and there-
fore it might delay the onset of necrosis through main-
taining ionic homeostasis [2]. Importantly, mTOR ki-
nase – a key autophagy regulator – acts as a sensor of
the changes in the intracellular ATP concentration
[19]. Probably, changes in ATP are transmitted to
mTOR by active AMPK, because even a small de-
cline in cytosolic ATP, results in a relatively large in-
crease in AMPK concentration through the adenylate
kinase activation. Activation of AMPK kinase inhib-
its mTOR-dependent signaling pathways, induces
autophagy and turns off ATP-dependent metabolic
pathways [17]. Moreover, it is worth to mention the
perfect mitochondrial localization of two enzymes:
mTOR associated with the outer membrane and

adenylate kinase in the intermembrane space, what
enables rapid and integrated reaction for changes in
cellular AMP/ATP ratio [64, 82]. However, if ener-
getic deficits during reperfusion are not corrected,
a high level of “autophagic stress” will lead to mas-
sive lysosomal activation and finally necrotic neuron
death [2].

On the basis of the aforementioned data, we may
speculate that autophagy, apoptosis and necrosis co-
exist in the ischemia challenged area and that this
three processes lead to cell death with mixed bio-
chemical and morphological features. Though many
data suggest that process of autophagy could be a key
decision-maker that contributes to neurons fate.

Conclusions

Mounting evidence has indicated involvement of
autophagy in the pathomechanism of brain ischemia.
It remains controversial whether activation of auto-
phagy is a manifestation of endogenous neuroprotec-
tive mechanism or quite the opposite, it contributes to
cell death. The dominating thesis is, however, that
autophagy acts as a protective mechanism activated
early as a response for apoptogenic factors. What is
more, it is believed that signaling pathways associated
with autophagy might represent a potential target of
new neuroprotective strategies.
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