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Abstract Hypoxia is one of severe cellular stress and it is
well known to be associated with a worse outcome since a
lack of oxygen accelerates the induction of apoptosis.
Autophagy, an important and evolutionarily conserved
mechanism for maintaining cellular homeostasis, is closely
related to the apoptosis caused by hypoxia. Generally au-
tophagy blocks the induction of apoptosis and inhibits the
activation of apoptosis-associated caspase which could
reduce cellular injury. However, in special cases, au-
tophagy or autophagy-relevant proteins may help to induce
apoptosis, which could aggravate cell damage under hy-
poxia condition. In addition, the activation of apoptosis-
related proteins—caspase can also degrade autophagy-
related proteins, such as Atg3, Atg4, Beclinl protein, in-
hibiting autophagy. Although the relationship between
autophagy and apoptosis has been known for rather com-
plex for more than a decade, the underlying regulatory
mechanisms have not been clearly understood. This short
review discusses and summarizes the dual role of au-
tophagy and the interaction and molecular regulatory
mechanisms between autophagy and apoptosis under
hypoxia.
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Introduction

Hypoxia, as the main pathological mechanism of these
diseases, such as sleep apnea-hypopnea syndrome, is-
chemic stroke, definitely can induce cellular injury in-
cluding hippocampal neuronal injury, myocardial cell
injury and renal cell injury. Ultimately, Hypoxia could
result in serious complications, for instance, cognitive
dysfunction [1], cardiac dysfunction [2], as well as renal
dysfunction [3].

Recent studies have found that pathological mechanisms
of multi-system injury induced by hypoxia may include
excitotoxicity, acidosis, oxidative stress, inflammatory,
necrosis and apoptosis [4]. These pathways interact with
each other and finally result in severe cellular injury. As a
major mechanism of regulated death, apoptosis has re-
ceived more attention recently.

Autophagy is an intracellular process in which cytoplas-
mic materials are transported by double-membraned au-
tophagosomes to lysosomes for degradation [5]. Autophagy
was detected primarily by using electron microscopy to vi-
sualize autophagosomes in the 1990s. At preliminary stage,
most studies about autophagy fasten on aging or starvation
conditions. But recent studies have shown that autophagy also
has a close and complex link with hypoxia [6]. Moreover,
with the deepening research of autophagy, researchers found
that autophagy plays a dual role in hypoxia-induced cell
damage [7].

Recent studies have shown that autophagy and apoptosis
often occur in the same cell, mostly in a sequence in which
autophagy precedes apoptosis. There are many common
upstream pathways between autophagy and apoptosis [8].
Furthermore, autophagy and apoptosis can regulate each
other. The dual role of autophagy may be associated with
the regulation of apoptosis. Autophagy could block the
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induction of apoptosis and attenuate cellular injury. How-
ever, in special cases, autophagy or autophagy-relevant
proteins may help to induce apoptosis, which could aggra-
vate cellular injury. However, it is not entirely clear that the
relationship between autophagy and apoptosis. In here, we
discuss and summarize the dual role of autophagy and the
interactions and molecular mechanisms between autophagy
and apoptosis low-oxygen environments (Figs. 1, 2).

The dual role of autophagy induced by hypoxia

Recently, many studies have found that the role of au-
tophagy in cardio-cerebral-vascular system injury induced
by cerebral ischemia seemed to be duality, which not only
could be cytoprotective, but also could lead to cell death
and increase cardiovascular system and nervous system
injury under certain conditions. This paradoxical role of
autophagy always depends on the time of ischemia
stimulation, the extent of ischemic reperfusion, and in-
duction of autophagy [9].

Studies have confirmed that sublethal ischemia can
promote mild to moderate activation of autophagy. The
moderate activation of autophagy played a protect role in
ischemia and hypoxia conditions. Xia et al. [10] established
the adult rat permanent middle cerebral artery occlusion
(MCAO) model detected that sublethal ischemic precon-
ditioning (IPC) performed before MCAO after ischemia
can activate autophagy, as evidenced by Beclinl expres-
sion and LC3-I/Il conversion. Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) confirmed

that IPC protected against cerebral ischemic/reperfusion (I/
R) injury. Critically, 3-methyladenine, an inhibitor of au-
tophagy, abolished the neuroprotection of IPC and, by
contrast, rapamycin, an autophagy inducer, potentiated it.
Meanwhile, Kuma et al. [11] generated a transgenic mouse
model in which autophagosomes are labelled with GFP-
LC3 in tissues, found that autophagy was immediately
upregulated in various tissues after mice birth by fluores-
cence microscope. Yet, mice deficient for AtgS, appeared
almost normal at birth but die within 1 day of delivery.
Atg5-deficient neonates exhibit reduced amino acid con-
centrations in plasma and tissues. These studies indicate
that autophagy can play a cytoprotective role in hypoxic
environment. This protective effect of autophagy may be
accomplished by supplying cell metabolism with essential
raw materials.

However, the activation of autophagy induced by hy-
poxia can not only play a protective role but also can ag-
gravate cell injury. Hariharan et al. [12] established the
mouse model of cardiac myocytes ischemia—reperfusion
injury found that myocardial I/R increased both au-
tophagosomes and autolysosomes, thereby increasing au-
tophagic flux. Treatment with N-2-mercaptopropionyl
glycine (MPG) which inhibits autophagy, attenuated I/R-
induced increased in oxidative stress, accompanied by a
decrease in the size of myocardial infarction (MlI)/area at
risk (AAR), suggesting that autophagy mediate myocardial
injury during I/R. Meanwhile, Gao et al. [13] established
the mouse model of cerebral ischemia-postconditioning
(IPOC) detected that the increased accumulation of au-
tophagy plays a deleterious role in 30 min of cerebral
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Fig. 2 Complex interplay between apoptosis and autophagy under
hypoxia condition. a—d Hypoxia induced the activation of autophagy
and apoptosis. a The activation of autophagy induced by hypoxia. The
autophagy pathway induced by hypoxia starts with the formation of
an isolation membrane. The ubiquitin-like protein conjugation system
[light chain 3 (LC3)] that involve one protease (ATG4, which cleaves
LC3 at its carboxyl terminus) and ATG3 (LC3 system), which
together  catalyse the covalent conjugation of  phos-
phatidylethanolamine (PE) to LC3. b The extrinsic pathway is
initiated by the ligation of death receptors with their cognate ligands,
such as FASL, TRAIL or TNF. As a consequence, an adaptor
molecule, FADD, couples death receptors and subsequently activates
caspase-8. Activated Caspase-8 activates downstream effector cas-
pases including caspase-3, -6 or -7, which degraded a broad range of
cellular proteins, thereby executing the final steps of apoptosis. ¢ The
intrinsic apoptosis is marked by one central event, mitochondrial
outer membrane permeabilization (MOMP), which leads to the
release of cytochrome c from the mitochondrial intermembrane space.
Cytosolic cytochrome c then triggers the assembly of a caspase-
activating complex between caspase9 and apoptotic protease-activat-
ing factorl, the final activation of downstream caspase promote

ischemia followed by 12, 24, and 48 h of reperfusion.
LC3II and Beclinl expression were markedly enhanced
after focal cerebral ischemia, accompanied by a down-
regulation of P62, suggesting the upregulation of au-
tophagy. Moreover, after a brief intermittent reperfusion
during ischemia, IPOC treatment inhibits the induced of
autophagy and cause a reduced infarct size, mitigated brain
edema simultaneously. These data demonstrate that the

apoptosis

apoptosis. d Hypoxia induce the production of ROS mainly from
mitochondrion that can intently promote mitochondrial outer mem-
brane permeabilization process. Simultaneously, the accumulation of
ROS induced by hypoxia or ischemia could activate pro-apoptotic
proteins and then induce apoptosis. e~ Regulation of apoptosis by
autophagy. e Autophagosomes may acts as platforms for caspase8
activation and promote the activation of apoptosis. However,
autophagy also can selective clean out the active caspase which
delay the onset of extrinsic apoptosis after death receptor stimulation.
f The selective autophagy of damaged mitochondria (mitophagy)
delays intrinsic apoptosis by limiting the release of Cytochrome c.
g The selective autophagy of ROS damaged mitochondria delays
intrinsic apoptosis by inhibiting MOMP. / The selective autophagy of
anti-apoptotic proteins, such as Bruce, contributes to the induction of
apoptosis. i, j, k Regulation of autophagy by apoptosis. The apoptosis
is usually accompanied by a high degree of caspase activation.
Caspase can digest several essential autophagy proteins, such as Atg3,
Atg4 and Beclinl, resulting in the inactivation of the autophagic
programme, perhaps with the goal to abort its cytoprotective function
and to accelerate cellular demise

excessive activation of autophagy may be a contributing
factor of hypoxia—ischemia-induced cellular injury by fu-
sion with lysosomes in myocardial I/R and transient cere-
bral ischemia condition.

In short, the autophagy is a double-edged sword in hy-
poxic injury. A certain degree of autophagic activity may
be beneficial to the deletion of denatured proteins and ag-
ing organelles and to provide the necessary raw materials
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for cell metabolism. However, excessive activation of au-
tophagy might actually lead to neuronal self-digestion and
even apoptosis, which may further aggravate the ischemic
and hypoxic cellular injury. There are many common
pathways between autophagy and apoptosis, therefore the
dual role of autophagy may be accomplished by regulating
apoptosis.

The mechanisms of autophagy and apoptosis induced
by hypoxia

It is pertinent to briefly outline the mechanisms of hypoxia
induced autophagy and effects of hypoxia on gene tran-
scription and signal transduction pathway that confer the
differential apoptotic responses in hypoxic cells, as this
will help to streamline the overview of the interactions
between autophagy and apoptosis.

In recent years, both laboratory and clinical evidence
confirmed oxygen deprivation is one of the most estab-
lished stimulus for induction of autophagy [14]. The signal
pathways of autophagy induced by hypoxia are very
complex. Hypoxia-inducible factor (HIF) is a key tran-
scription factors, which regulates the transcription of more
than 60 genes in response to hypoxia. Hypoxia can activate
the HIF-1 that triggers downstream of BNIP3. The BNIP3
then can disrupt the Bcl-2-Beclinl complex, thus releasing
free Beclinl to form of the vacuolar protein sorting 34
(VPS34)-Beclin 1 complex [15]. This complex is usually
inactivated by anti-apoptotic proteins from the BCL-2
family and by other signalling compounds, but when active
drives the nucleation of the isolation membrane.

The protein kinase C (PKC9), a serine/threonine kinases
family, is activated by diverse stimuli and regulates a va-
riety of cellular processes, such as cell death, proliferation
and survival. In the stage of hypoxic response, the PKC9,
activated by hypoxia stress can activate the downstream of
JNKI1 and also can disrupt Bcl-2-Beclinl complex to pro-
mote autophagy [16].

Under oxygen deprivation conditions, the serine/thre-
onine kinase target of rapamycin (mTOR), a principal inhi-
bition regulator of autophagy, dissociates from the ULK1
complex and phosphorylates ATG13 and FIP200 to further
initiate autophagy process [17]. Moreover, hypoxia resulting
in energy depletion, cause the AMP-activated protein kinase
(AMPK) to be phosphorylated and activated by LKBI,
CaMKKS and TAKI, respectively. AMPK phosphorylates
and activates TSC1/TSC2, leading to inactivation of
mTORCT and induction of autophagy [18, 19]. In short, we
have described the cellular response to hypoxia/anoxia,
which consists of several independent and important path-
ways including HIF-1a, PKC&-JNK and mTOR signalings.

@ Springer

Hypoxia as a cellular stress can also induce cell apop-
tosis, and in recent years, large numbers of studies report
that the cell damage induced by hypoxia is closely related
to apoptosis [20]. Two main pathways that control the
activation of apoptosis have been characterized—the in-
trinsic pathway and the extrinsic (death receptor) pathway
in hypoxic cells.

Extrinsic pathway occurs in response to Ligand-medi-
ated multimerization of death receptors like FAS, also re-
ferred to as CD95 or Apol, and TNFR 1, all of which
contain the death domain (DD) in their intracellular region
to recruit downstream apoptotic proteins. This results in the
recruitment of several proteins, including FAS-associated
death domain (FADD), TNFR1-associated death domain
(TRADD) [21]. FADD contains a DED in its N-terminal
region that interacts with the DED in the prodomain of
procaspase-8 and recruits caspase-8 to Fas. Fas, FADD,
and procaspases-8 form death-inducing signaling complex
(DISC), in which the initiator caspase-8 is activated. Ac-
tivated caspase-8 releases into the cytoplasm and initiates
further downstream caspase cascade, such as caspase-3, 6,
7 [22, 23], an effector caspase; Moreover, caspase also
cleaves proapoptotic Bid into tBid [24], which translocates
to mitochondria to execute apoptosis. In addition, the ac-
tivity of caspases is negatively regulated by inhibitor of
apoptosis proteins (IAPs).

Intrinsic apoptosis is marked by one central event, mi-
tochondrial outer membrane permeabilization (MOMP),
which leads to the release of cytochrome ¢ from the mi-
tochondrial intermembrane space. Cytosolic cytochrome c
then triggers the assembly of a caspase-activating complex
between caspase9 and apoptotic protease-activating fac-
torl, the final activation of downstream caspase promote
apoptosis [25].

At the level of genes, BH3-only proteins generally sti-
mulate MOMP by inducing the oligomerization of BCL-2-
associated X protein (BAX) in the outer mitochondrial
membrane, thereby forming supramolecular channels that
mediate the liberation of soluble proteins from the mito-
chondrial intermembrane space [26]. Besides, DNA dam-
age induced by hypoxia can also stimulate the
transactivation of genes encoding pro-apoptotic proteins
[such as the BH3-only proteins p53 upregulated modulator
of apoptosis (PUMA) and NOXA] by p53 [27]. Among the
mitochondrial proteins that are released as a result of
MOMP, apoptosis-inducing factor (AIF) and endonuclease
G (EndoG) can promote caspase-independent cell death,
which can also result from stimuli that cause lysosomal
membrane permeabilization (LMP) to release cathepsin
proteases into the cytosol. Cathepsins can also trigger
MOMP, thereby stimulating the intrinsic apoptotic
pathway.
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As mentioned above, hypoxia can not only induce au-
tophagy activation but also lead to cell apoptosis. Fur-
thermore, such as BH3-only proteins, p5S3 and AMPK are
not only present in autophagy signal pathways but also play
an essential role in apoptosis pathways [28-30]. Hence, the
relationship between autophagy and apoptosis is rather
closed under hypoxia condition. Autophagy and apoptosis
can regulate each other, which played an important role in
hypoxia-induced multi-system injury.

Regulation of apoptosis by autophagy under hypoxia
Suppression of apoptosis by autophagy under hypoxia

As mentioned above, there are two main pathways that
control the activation of apoptosis in hypoxia cells. Many
studies have shown that the suppression of apoptosis by
autophagy under hypoxia is mainly associated with the
committed steps and key proteins of two main pathways of
apoptosis.

Qiang Li et al. [31] established the mouse model of the
transient MCAO and observed that the expression of p62
increased in the mitochondrial fractions, in contrast to the
decrease in the cytosolic fractions after rapamycin treat-
ment in the peri-ischemic cortex at 24 h after tMCAO,
which represents the activation of mitophagy. Moreover,
Rapamycin significantly reduced infarct volumes compared
with the control group. The 3MA blocked the protective
effect of rapamycin on infarct volume and neurological
deficit. These results further demonstrate that the activation
of mitophagy by rapamycin could attenuate ischemic brain
injury in the mouse model of the transient MCAO. In ad-
dition, in the cortex from mice subjected to temporary
MCAOQO, Zhang et al. [32] found damage mitochondria
engulfed by vacuolar structures, inhibition of autophagy
either with 3-methyladenine or Atg7 knockdown enhanced
the [-R-induced release of cytochrome c and the down-
stream activation of apoptosis. In support, administration
of the mitophagy inhibitor mdivi-1 in the reperfusion phase
aggravated the ischemia-induced neuronal injury both
in vivo and in vitro. The study indicates that, the activation
of autophagy induced by hypoxia cleared damage mito-
chondrion, which called mitophagy, preventing the release
of cytochrome ¢ and avoiding cytochrome c to activate
caspase9-apoptotic protease activating factor-1 (APAF1)
complexes, thus inhibiting the activation of caspase 3, 6, 7
and apoptosis downstream pathways. Furthermore, the is-
chemia-induced neuronal injury was reduced, proving that
hypoxia-induced autophagy play a protective role in the
cell by clearing damage mitochondrial and inhibiting
apoptosis downstream pathways.

Autophagy inhibits apoptosis not only by mitochondria.
Zhang R et al. [33] in EAhy926 cell line found that hypoxia
treatment induced the upregulation of Beclinl means the
activation of autophagy. They summarized the flow cyto-
metric analysis of Annexin V-FITC/PI activation in
EAhy926 found that hypoxia treatment of cells with 3-MA
showed an increase in Annexin V-FITC/to 15 %, compared
with 8 % for the control. Moreover, the caspase-3 activity
quantification test showed that 6 and 24 h of hypoxia could
increase caspase-3 activity by 235.6 and 288.8 %, respec-
tively, compared with the control group. Moreover, 24 h of
hypoxia combined with 3-MA could increase the to
587.6 %. These results suggested that hypoxia can activate
autophagy, moreover, the inhibition of autophagy by 3-MA
can potentiate the caspase-3 activity and increase PI-posi-
tive cells. In addition, Yulia Grishchuk et al. [34] investi-
gated the role of autophagy in the apoptosis of primary
cortical neurons treated with the widely used and potent
pro-apoptotic agent, staurosporine (STS). They found that
inhibition of autophagy by 3-methyladenine, or by len-
tivirally-delivered shRNAs against Atg5S and Atg7,
strongly reduced the activation of caspase-3, and gave
partial protection against neuronal death. Together, these
data suggested that the inhibition of hypoxia-induced au-
tophagy could increase the activation of caspase 3 in cells,
On the contrary the activation of autophagy keeps the ac-
tivity of caspase-3 at bay and that inhibited apoptosis,
which play a protective role for organisms.

Autophagy can inhibit two classical apoptosis pathways
by clearing damage mitochondria and inhibiting caspase
activation. Recent studies have demonstrated that au-
tophagy also can inhibit apoptosis by clearing ROS dam-
aged proteins and mitochondria which depend or
independent mitophagy under hypoxia condition.

When there is occurrence of environmental factors or
stressors such as starvation and hypoxia, there exists an
imbalance in the homeostasis reflecting in the inadequate
antioxidant capability of cells and the excessive production
of ROS. ROS can intently promote MOMP process [35].
The increased ROS also enhances Bax/Bcl-2, Bax/Bcl-xL
ratio, caspase 3 (CPP32) expression, and poly-(ADP-ri-
bose)-polymerase (PARP) fragments subsequently result-
ing in apoptotic cell death. Hamacher-Brady A et al. [36]
found that the main role of autophagy in cardiac myocytes
subjected to IR is clearance of ROS damaged proteins and
mitochondria as part of the cell’s effort to minimize cell
damage and promote survival. Chien CT’s study in the
kidney after IR also supported this view [37]. Taken to-
gether, autophagy could clear the ROS damaged proteins
and mitochondria induced by hypoxia and then attenuate
apoptosis.

In conclusion, the activation of autophagy can inhibits
apoptosis by clearing damage mitochondrial, inhibiting
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caspase 3 activation, as well as clearing ROS damaged
proteins, which plays a protective role under the hypoxia
conditions.

Autophagy activates apoptosis under hypoxia

Autophagy could serve a dual function in the hypoxia-
induced cell damage, in most cases the activated autophagy
play a protective role in the cell, but excessive activation of
autophagy may also mediate cell death named the au-
tophagic cell death (ACD). Nevertheless, some studies
suggest that the activation of autophagy may also promote
the activation of apoptosis; some proteins that play an
important role in the autophagy may also promote the
apoptosis signal transduction.

Most autophagy-positive neurons also showed increased
caspase-3 activation and were TUNEL-positive. Puyal
et al. [38] used 12 days old rat cerebral ischemia model
found the fact that inhibiting autophagy by 3-MA blocks
the post-ischemic increases of caspase activation and pre-
vents caspase-dependent apoptosis. Moreover, Young et al.
[39] found that inhibition of the early steps of autophagy by
knockout of Atg3 or Atg5 reduced the activation of caspase
8 and that of the effector caspase 3 in cells treated with
SKI-I or bortezomib, whereas inhibition of the late steps of
autophagy (by bafilomycin Al) increased caspase-depen-
dent cell death. These data indicate that inhibition of the
early steps of autophagosome formation will reduce the
activation of caspase. Nevertheless, inhibition of late steps
of autophagy show an opposite effect, certificating au-
tophagosome formation, rather than the complete process
of autophagy, enhancing the activation of caspase, which
can activate apoptosis.

Previous studies had shown that apoptotic and anti-
apoptotic signaling pathways are activated after cerebral
HI, and a shift in the balance between apoptotic and anti-
apoptotic cellular factors determines cells fate. A growing
number of cellular proteins that have been shown to inhibit
caspase activation including IAPs [40]. IAPs are a group of
regulatory proteins that are structurally related. Their
conserved homologues have been identified in various or-
ganisms. In human, eight IAP members have been recog-
nized based on baculoviral IAP repeat (BIR) domains,
including HIAP-1, HIAP-2, XIAP, ML-IAP, Survivin and
ILP-2/Ts-IAP, NAIP, Bruce/apollon [41]. All members of
the family contain N-terminal baculovirus IAP repeat
(BIR) domains, and one conservative C-terminal RING
domain. The BIR domains are zinc finger-like structures
that can chelate zinc ions. These zinc fingers can bind to
the surface of caspases so as to the amino acid sequences or
linkers between BIR domains can prevent the catalyzing
grooves of caspases. As a result, IAP can protect a cell
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from apoptosis by inhibiting the activity of caspases. Bruce
is an IAPs which have a molecular weight of 528 kD, and
equipped BIR domain. Nezis et al. [42] found that au-
tophagy is inhibited in atgl, atgl3, and vps34 germline
mutants of late Drosophila melanogaster oogenesis. Wes-
tern blot analyses showed that autophagy germline mutant
egg chambers contain higher levels of dBruce protein than
wildtype egg chambers. Simultaneously, TUNEL showed
that the death cell were reduced. These observations indi-
cate that the inhibition of autophagy lead to Bruce accu-
mulated in cytoplasm, thereby inhibiting apoptosis; in
contrary, the activation of autophagy can consume Bruce,
and then play a catalytic role for apoptosis.

In summary, autophagy can inhibit apoptosis by re-
moving damage mitochondria, inhibiting caspase activa-
tion and clearing ROS damaged proteins in hypoxia cells.
However, it also can promote apoptosis by activating
caspase and clearing the Bruce, which plays a damage role
under hypoxia conditions.

Regulation of autophagy by apoptosis under hypoxia

Studies have reported that the cell signal pathways, re-
sponses to hypoxia, and regulation of apoptosis and au-
tophagy are significantly different between normal and
tumor cells. Simultaneously we found that there are few
studies which report the regulation of autophagy by
apoptosis in hypoxic normal cells. While in tumor or
cancer cells, studies have demonstrated that the apoptosis
has some impacts on the autophagy process. For instance,
the activation of apoptosis-related proteins—caspase can
degrade autophagy-related proteins, such as Atg3, Atg4,
Beclinl protein, which inhibiting autophagy in tumor or
cancer cells.

Atg3 is a component of autophagy-related ubiquitina-
tion-like systems that are involved in autophagosome for-
mation [43]. Oral et al. [44] found that Atg3 degradation
following TNF and TRAIL treatment in the Jurkat human
acute lymphoblastic leukemia T cells and U937 human
histiocytic lymphoma cells with monocytic characteristics,
whereas, administered the caspase-8 inhibitor (zIETD) or a
pan-caspase inhibitor (zVAD), both inhibitors blocked
Atg3 degradation and cell death following TRAIL/CHX
treatment. These results suggest that Atg3 cleavage or
degradation occurred needs caspase-8 activation. The
degradation of Atg3 inhibited the autophagy-related ubiq-
uitination-like systems, and then inhibited autophagy.

There is overwhelming evidence to suggest that besides
Atg3, Atg4 do contributes significantly to the autophagy-
related ubiquitination-like systems. The Atg4 family of
endopeptidases can regulate autophagosome biogenesis by
priming newly synthesized Atg8 to enable covalent
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attachment of  phosphatidylethanolamine, and by
delipidating Atg8 at the lysosomal fusion step [45, 46],
therefore the Atg4 play crucial roles in the autophagy
process. Betin et al. [47] detected that induced apoptosis by
STS treatment of A431 and HeLa cells and immunoblotted
cell lysates for AtgdD and for caspase-cleaved PARP.
Atg4D could no longer be detected 24 h following addition
of staurosporine. Importantly, loss of AtgdD was prevented
by the caspase inhibitor zZVAD.fmk. They also found
Caspase-3 cleaved Atg4D very efficiently in vitro, gener-
ating a ~47 kDa product, but very minimal Atg4D
cleavage was detected using caspase-8. These datas con-
sistently demonstrate that Atg4 cleavage or degradation
following caspase 3 and caspase 8 activation, which un-
dermined the use of Atg8, and certainly inhibited au-
tophagy process.

Among the autophagy related gene, Beclinl cannot be
ignored, Beclinl possesses a Bcl-2 homology 3 domain
(BH3-only), which is necessary for its binding to the BH3
receptor domain of Bcl-2 or Bcl-XL.. Mutations of either
the BH3-only domain within Beclinl or the BH3 receptor
domain within Bcl-2 or Bel-XL disrupt the Beclinl/Bcl-2
complex, resulting in the stimulation of autophagy,
Therefore Beclinl plays a key role in the initiation of au-
tophagy [48]. Li et al. [49] found that Beclinl cleavage was
observed in three additional colon cancer cell lines fol-
lowing CPT treatment. Furthermore, CPT-induced Beclinl
cleavage was suppressed in BAX knockout HCT116 cells,
and in cells treated with CPT along with the pan-caspase
inhibitor zVAD-fmk. Therefore, Beclinl is likely to be
cleaved by a caspase, through caspase8-mediated cleavage
of Beclinl, apoptosis inhibits autophagy.

In conclusion, the activation of caspase during apoptosis
process, mainly refers to caspase 8 and caspase 3 activa-
tion, can cleave autophagy-related proteins, such as Atg3,
AtgdD and Beclinl, suppressing autophagy process and
resulting in cell damage.

One unique example of the regulation of autophagy by
apoptosis is the cleavage of autophagy-related gene by
caspase 10. CaspaselO is an apical caspase that can con-
tribute to the induction of apoptosis in response to TNF
binding to death receptors. CaspaselO is closely related to
many diseases. Caspasel0 degradation of BCL2-associated
transcription factor 1 (BCLAF1), thereby preventing
BCLAFI1 interaction with Bcl-2 and competitive disrupt
BCL-2-Beclinl complex, thereby inhibiting autophagy. In
multiple myeloma cells, Lamy et al. [50] detected that
inhibition of caspase 10 by Q-AEVD-OPH caused an un-
controlled increase in autophagic flux that culminates in
cell death without the features of apoptosis. We can
speculate that caspaselO could inhibit the excessive acti-
vation of autophagy and avoid cell ACD, thus playing a
protective role for the cells.

In conclusion, the caspase activated in apoptosis process
can cleave the autophagy-related proteins, which suppress
autophagy process. However, the researches about the
regulations of autophagy by apoptosis were mainly con-
ducted in tumor cells. The regulations of autophagy by
apoptosis in normal cells are not clear and need further
research.

Concluding remarks

This review has summarized the interactions and molecular
mechanisms between autophagy and apoptosis under the
hypoxia conditions. Apoptosis is an important pathological
and physiological mechanism of the multiple system injury
induced by hypoxia. Autophagy is an important and evo-
lutionarily conserved mechanism for maintaining cellular
homeostasis, which plays a dual role in hypoxia-induced
cell damage. The dual role of autophagy may be accom-
plished by regulating the apoptosis. On the one hand,
Autophagy could suppress apoptosis by removing damage
mitochondria and clearing of apoptosis proteins and ROS
damaged proteins, which played a cytoprotective role.
Whereas, in special cases, autophagy or autophagy-rele-
vant proteins may speculate the induction of apoptosis by
promoting caspase activation and consuming apoptosis
endogenous inhibitors, ultimately aggravating cell injury. It
is important to note that the relationship between au-
tophagy and apoptosis is mutual. Lots of studies about
tumor or cancer cells have demonstrated that the activation
of caspase8, 3 during apoptosis can cleavage of autophagy
related gene Atg3, Atg4 and Beclinl to inhibit autophagy,
which could aggravate the cellular injury; Nevertheless, the
activation of caspasel0 can inhibit the excessive au-
tophagy, reducing the cell damage. The interactions and
mechanisms between autophagy and apoptosis are rather
complex, still needing further study.
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