
Summary. Hypoxia is a kind of common pathological
condition existing in various diseases such as sleep
apnea syndrome, myocardial infarction and stroke,
which can precipitate the onset of diseases through
inducing cell apoptosis. Ca2+ is the ubiquitous message
in cell. Given the crucial role of Ca2+ in physiology,
intracellular Ca2+ overload is a significant regulator of
apoptosis. Numerous experiments show that hypoxia
may cause changes of multiple cellular Ca2+ channels,
for instance, Na+/Ca2+ Exchanger (NCX), L-type voltage
dependent Ca2+ channel (L-VDCC), inositol
triphosphate receptors (IP3R) and so on, which
contribute to intracellular Ca2+ overload, thus eventually
triggering cell apoptosis. However, the mechanisms
underlying different Ca2+ channels involved in hypoxic
apoptosis are complex. For example, chronic hypoxia or
acute hypoxia may select different Ca2+ channels to
influence cell apoptosis. In addition, intracellular Ca2+
overload may initiate different apoptotic pathways due to
hypoxic duration. Furthermore, different locations in the
cell of specific Ca2+ channels activated by hypoxia will
determine different apoptosis signaling pathways.
Moreover, activation of different Ca2+ channel isoforms
will result in different outcomes of the cell under
hypoxia. Hence, we aim to highlight the potential
mechanisms of the main Ca2+ channels in regulation of
apoptosis under hypoxic stress.
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Introduction

Hypoxia is a kind of pathological stress
characterized by a marked decrease in oxygen tension,
implicated in the development of various diseases such
as coronary heart disease (Arzt et al., 2015), cerebral
infarction (Rocha-Ferreira and Hristova, 2016), and
kidney disease (Yang et al., 2009) and so on. In response
to hypoxic stimulation, a series of changes occur in the
cell through activation of multiple pathological
mechanisms underlying cell injury, among which
apoptosis has been extensively studied. Apoptosis is a
highly regulated process, which is vital for removal of
dead cells or damaged cells and plays a significant role
in maintaining body homeostasis through various
pathways (Kerr et al., 1972). Recent studies found
apoptosis played a central role in provoking cell death,
which was associated with deleterious consequences of
oxygen deprivation (Yao et al., 2010).
It has long been known that Ca2+ is one of the most

important regulators of cell function and governs various
vital processes occurring in living organisms, including
apoptosis (Orrenius et al., 2003). More recently, it has
been confirmed that intracellular Ca2+ overload is a
mechanism responsible for triggering cell apoptosis.
Maintenance of cytoplasmic Ca concentrations and
membrane potential is controlled by multiple Ca2+
channels, including plasma membrane Ca2+ channels
such as NCX, L-VDCC, TRPV1 channels, NMDAR and
intracellular Ca2+ channels such as inositol triphosphate
receptors (IP3R), sarcoplasmic reticulum Ca2+-ATPase



(SERCA). These channels provide passageway for the
influx/ efflux of Ca2+ into/from the cell or intracellular
organelles to regulate intracellular Ca2+ homeostasis.
Currently, accumulated evidence suggests that cellular
Ca2+ dysregulation plays a key part in apoptosis induced
by hypoxia. Chiu et al. (2008) generated the model of
cardiomyocytes hypoxia/reoxygenation and found that
Ca2+ overload caused mitochondrial cytochrome c
leakage and cleavaged caspase 3 that eventually lead to
cell apoptosis. Hypoxia-induced increase in intracellular
Ca2+ has been proved to be due to enhanced activity or
upregulation of cellular different Ca2+ channels.
However, the role of different Ca2+ channels in inducing
apoptosis under hypoxia varies greatly depending on
hypoxic duration, acute or chronic hypoxia, channel
subtypes and intracellular localization.
In this review, we focus on recent research with

respect to the involvement of major Ca2+ channels in the
regulation of apoptosis caused by hypoxia and the
potential signaling pathways.
Na+/Ca2+ Exchanger and apoptosis induced by
hypoxia

Hypoxia and NCX

Na+/Ca2+ Exchanger (NCX) is a ATP-independent
cation transporter on plasma membrane, three subtypes
of this exchanger have been found：NCX1, NCX2, and
NCX3. NCX occurs almost in all cells, among which
NCX1 is the dominant type in the myocardium and
mediates electrogenic signal transduction, while NCX2
and NCX3 are widely expressed in the neuron (Blaustein
and Lederer, 1999). NCX regulates sodium and calcium
homeostasis in a bidirectional way mediating Ca2+ efflux
(forward mode) from or influx (reverse mode) to cells
depending on Na+ or Ca2+ concentration gradient across
the membrane. Under physiological conditions, NCX
works in forward mode extruding 1 calcium for 3 Na+
influx, thus maintaining intracellular low basal Ca2+
level. However, upon pathological stimulus such as
hypoxia, elevated reverse-mode activity results in
intracellular Ca2+ overload. It has been established that
Ca2+ disorder plays a crucial role in leading to cell
injury, even cell apoptosis. Chen et al. (2010) established
a mouse mode of chronic intermittent hypoxia (CIH) and
found that NCX1 was immediately upregulated in
cardiomyocyte, thereby promoting cardiomyocyte
apoptosis and left ventricular dysfunction. However,
these changes were not observed in mice treated with
NCX1 knockouts, suggesting that NCX1 mediating
intracellular Ca2+ overload is considered as an important
pathway inducing cardiomyocyte apoptosis during CIH.
During oxygen deprivation, cells undergo a series of

changes, the activation and upregulation of reverse-
mode NCX contribute significantly to intracellular Ca2+
overload, eventually causing cell apoptosis.
Furthermore, several potential mechanisms might
explain the activation and upregulation of NCX in cells

with exposure to hypoxia stimulus. In hypoxia/
reoxygenation, The Na+/K+ pump comes to a halt due to
cell ATP depletion, which impedes Na+ extrusion.
Meanwhile, cell metabolism is converted into anaerobic
respiration during hypoxia, with production of lactate
and subsequent accumulation of intracellular H+, and
Na+/H+ Exchanger (NHE) is activated to transport H+ to
outside cells. Both cases lead to intracellular Na+
concentration overload which disrupts normal
electrochemical potential of intra- and extracellular Ca2+
and Na+. Accordingly, to balance the intracellular Na+
overload, NCX works in reverse mode, resulting in Ca2+
abnormal influx (Imahashi et al., 2005). Additionally,
production of abundant reactive oxygen species (ROS)
has been detected in myocardium exposed to
hypoxia/reoxygenation. Therefore, oxidative stress
might be an important contributor of reverse NCX
activity (Eigel et al., 2004a). Moreover, sympathetic
excitation is commonly stimulated by hypoxia and has
been demonstrated to increase expression of NCX gene
(Mani et al., 2010). Finally, as a key oxygen-sensitive
transcription factor，Hypoxia-inducible factor-1 (HIF-1)
consists of an alpha and a beta subunit and can be
activated in response to a state of low oxygen
concentration. In recent studies, it is considered that
NCX1 gene can be modulated by HIF-1 (Valsecchi et al.,
2011). Hudecova et al. (2011) have recently shown that
transcript and protein expression of NCX1 and two
proapoptotic proteins caspase 3 and Bax were markedly
elevated in HEK 293 cells treated with
dimethyloxallylglycine (DMOG), an activator of the
HIF-1. Hence, it is possible that HIF1- might trigger the
upregulation of NCX1 protein. In short, hypoxia may
activate NCX to elicit Ca2+ inflow through a number of
different mechanisms, which might be attributed to
different hypoxic forms.
NCX1-mediated Ca2+ overload might initiate two different
apoptotic pathways under different hypoxia duration

It has been reported that NCX plays important effect
at modulating Ca2+ homeostasis in cardiomyocytes
under physiological states. However, there is
overwhelming evidence to suggest that intracellular Ca2+
overload mediated by activated NCX might initiate two
different apoptotic pathways under different hypoxia
duration. Eigel et al. (2004b) generated a guinea pig
myocytes model for 6 h of hypoxia and 1h of
reoxygenation and found that NCX-mediated Ca2+ entry
was entirely responsible for Ca2+ overload during
hypoxia-reoxygenation, with subsequent caspase-3
activation and cytochrome c release, markers of
apoptosis through mitochondrial pathway. Nevertheless,
in another study, NCX activation and increased Ca2+
concentration were detected in human cardiomyocytes
treated with anoxia-reoxygenation (A/R) at an earlier
period (Li et al., 2014). While the greater expression of
glucose-regulated protein 78 (GRP78) and caspase 12,
served as markers of endoplasmic reticulum stress (ERS)
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(Papp et al., 2012), this was statistically significant only
following exposure to hypoxia for up to 14 hours (Li et
al., 2014), suggesting that the mitochondrial-independent
apoptotic signal was involved in the above process.
As mentioned above, there are two main apoptotic

pathways induced by NCX-mediated Ca2+ overload
during hypoxia. One reasonable explanation for the
difference is associated with different hypoxia duration.
Under short-term hypoxia, intracellular excessive Ca2+
caused by action of reverse NCX is uptaken by
mitochondria. However, once a continuous increased
intracellular Ca2+ exceeds mitochondria buffering
capacity, mitochondrial membrane potential collapses
and opening of the permeability transition (PT) pore in
the mitochondrial membrane results in cytochrome c
release and caspase 3 activation triggering mitochondria
mediated apoptotic cascades. On the other hand,
concomitant to prolonged hypoxia exposure, the
sustained rise of intracellular Ca2+ elicits protein
misfolding in endoplasmic reticulum (ER), the major
Ca2+ store in cell, and expression of GRP78, an ER
chaperone. ER stress occurs and intense ER stress can
initiate apoptosis by cleavage of pro-caspase 12 on ER
membrane, with subsequent activation of downstream
caspase signal.
Activation of different NCX isoforms decides different
outcomes of cells exposed to hypoxia

As mentioned earlier, it has been confirmed that
NCX1 isoform activation accelerates cell apoptosis
induced by hypoxia. In contrast, recent studies have
reported the surprising possibility that another isoform
of NCX-NCX3 activation might inhibit apoptosis in
cells exposed to hypoxia. Investigations of BHK cells
transfected with NCX from a hypoxia and reoxygenation
model show that the increase of cellular Ca2+ in BHK-
NCX3-transfected cells was lower than in BHK-NCX1-
and BHK-NCX2-transfected cells, and also that
perturbation of the mitochondrial membrane potential
occurred in NCX1- and NCX2-transfected cells, but not
in NCX3-transfected cells (Secondo et al., 2007).
Altogether, these results suggest that the peculiar
capability of the brain specific NCX3 isoform to
maintain intracellular Ca2+ and preserve cell survival
during hypoxia, which might be correlated with different
sensitivity of different NCX isoforms to ATP levels.
Especially, Ca2+ buffering of NCX1 and NCX2 isoforms
has been proved to decrease in the presence of reduced
ATP formation during hypoxia, while NCX3 activity
was unaffected. Further research (Scorziello et al., 2013)
revealed NCX3, the only NCX isoform localized within
the outer mitochondrial membrane (OMM) of neurons,
colocalizes and interacts with AKAP121, a member of
the protein kinase A anchoring proteins (AKAPs)
expressed on the OMM that controls mitochondrial
metabolism (Carlucci et al., 2008), thereby extruding
Ca2+ from mitochondria in a protein kinase A (PKA)-
mediated manner to promote cell survival under

hypoxia. Indeed, unlike NCX1, NCX3 isoform regulates
Ca2+ handling to prevent hypoxia-induced neuronal
programmed death, and potential mechanisms might be
complex and are still not clear.
In summary, NCX-mediated Ca2+ overload plays a

crucial role in chronic hypoxia-triggered apoptosis.
Several mechanisms have been put forward to explain
reverse NCX1 activation caused by hypoxia. During
short-term hypoxia, mitochondria mediated apoptotic
cascades are responsible for Ca2+-induced apoptosis.
However, persistent ER stress mediated apoptosis plays
the main part during long-term hypoxia. In addition, the
NCX3 isoform has been proposed as a mechanism to
improve cell survival under hypoxia (Fig. 1).
L-type voltage-dependent Ca2+ channel and
apoptosis induced by hypoxia

L-VDCC-induced Ca2+ overload is the main pathway for
myocardial apoptosis during acute hypoxia condition

Hypoxia is the situation where insufficient oxygen is
available to the tissue or cell. The heart, the organ with
highest oxygen consumption in the body, is extremely
sensitive to anoxia. As mentioned earlier, accumulating
evidence supports that reverse NCX-mediated Ca2+
influx pathway accounts for intracellular Ca2+ overload
caused by chronic hypoxia. Nevertheless, in recently
published research, Nehra et al. (2014) administrated rat
ventricular cardiomyocytes exposed to acute hypoxia
(0.5% oxygen) and observed a steep rise in intracellular
Ca2+ and pro-apoptotic Bax, accompanied by increased
caspase-3 and -7 activity, a cellular biomarker of
apoptosis, however, pretreatment with a voltage-gated
calcium channel antagonist prevented cardiomyocytes
apoptosis and restored cellular calcium levels, indicating
that L-type voltage-dependent Ca2+ channel- elicited
Ca2+ overload may be a causative agent of apoptosis in
cardiomyocytes in the case of acute hypoxia.
L-VDCC belongs to voltage-dependent Ca2+ channel

family and is activated by high voltage, which is
enriched in cytomembrane of most excitable cells
including skeletal, cardiac myofibers and neuron
(Catterall et al., 2005). It is clear that L-VDCC activity
is governed mainly by membrane potential. These
channels are closed at the normal resting membrane
potential. Once cells experience stress such as hypoxia,
L-VDCC are activated and open at depolarization of
membrane potential, which contributes to increased
intracellular Ca2+ influx and ensuing apoptotic cell death
(Shimoda et al., 2006).
Currently, based on extensive research, it has been

widely accepted that the release of larger amounts of
Ca2+ from myocardial sarcoplasmic reticulum triggered
by L-VDCC-mediated Ca2+ entry is the main pathway of
calcium-induced calcium release (CICR). Namely, a
small amount of Ca2+ influx into cardiomyocyte through
L-VDCC can combine with ryanodine receptors (RyRs),
a Ca2+ release channel on sarcoplasmic reticulum, which

239
Ca2+ channels and hypoxic cell apoptosis



leads to opening of RyRs and exacerbates Ca2+ release
from sarcoplasmic reticulum to cytoplasm (Yamaoka and
Kameyama, 2003). Hence, acute hypoxia inhibits Na+-
K+ pump activity due to decreases in ATP production,
which reduces Na+ efflux via the pumps and then leads
to cell membrane depolarization followed by
intracellular accumulated Ca2+ through the activation of
L-VDCC (Pieske and Houser, 2003). And then
intracellular increased Ca2+ initiates CICR process to
facilitate a further rise of Ca2+ in cytoplasm, which is
considered as the dominant mechanism inducing
cardiomyocyte apoptosis under acute hypoxic insult.
Different mechanisms control activation of L-VDCC by
different hypoxia duration in nervous system

In addition, L-VDCC is also one of the important
Ca2+ channels on oxygen-sensitive neuronal membrane.
Following hypoxic exposure, excessive Ca2+ influx
mediated by L-VDCC has been implicated to play a
crucial role in mediating neurodegenerative disease
including cognitive dysfunctions and Alzheimer’s
disease. Barhwal et al. (2009) observed the existence of
Ca2+ overload in the hippocampal neurons of rats after
exposure to hypobaric hypoxia, and targets of excess
cytosolic Ca2+-mediated apoptotic signal could be

diverse. An increment in intracellular Ca2+ has been
proved to activate proteases like calpains that result in
protein degradation and neuronal injury. It was also
shown that excess Ca2+ sequestered into the
mitochondria induced the release of cytochrome c and
started mitochondria associated apoptotic cascades.
What is more, intracellular Ca2+ overload was
accompanied by producing free radicals by activation of
calcium dependent enzymes including Xanthine oxidase,
Monoamine oxidase, Phospholipase A2 and
cycloxygenase 2, which ultimately contributed to
neuronal oxidative stress damage. Preconditioned with a
L-type calcium channel antagonist prevented Ca2+
overload and reduced calpains expression in
hippocampal neurons after 3 and 7 days of exposure to
hypobaric hypoxia along with improvement in cognitive
function, but failed in a group following 14 days of
exposure, suggesting the possibility that there may exist
another channel for calcium influx. A further experiment
indicated that activation of N-methyl D-aspartate
receptors (NMDAR), another Ca2+ channel on neuron,
was responsible for delayed neuronal apoptosis during
chronic hypobaric hypoxia (Barhwal et al., 2009), while
Ca2+ influx by L-VDCC played a dominant role in
inducing apoptotic cell death of neuron exposed to short-
term hypoxia. Accumulating evidence indicates that
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Fig. 1. Ca2+ and Na+/Ca2+

Exchanger in the regulation of
apoptosis under hypoxia.
Figure illustrates how NCX1-
mediated Ca2+ overload might
initiate two different apoptotic
pathways under different
hypoxia duration. Under short-
term hypoxia, NCX1-mediated
Ca2+ overload triggers
mitochondria mediated
apoptotic cascades, which are
depicted in black. While during
prolonged hypoxia exposure,
NCX1-mediated Ca2+ overload
promotes apoptosis through
causing ER stress and
subsequent cleavage of pro-
caspase 12, which are
depicted in green. This figure
also shows the activation of
different NCX isoforms
determining different outcomes
of cells exposed to hypoxia.
Cytomembrane NCX1 isoform
activation accelerates cell
apoptosis induced by hypoxia.
NCX3 isoform is localized
within outer mitochondrial
membrane and interacts with
AKAP121 to improve cell
survival in a PKA-mediated
manner under hypoxia, which
are depicted in red.
Arrowheads indicate activation.
For additional details see text.



prolonged hypoxia is closely related with the occurrence
and development of dementia, thus causing a change of
key proteins expression in neuron, especially the
formation of amyloid peptides (APs). Meanwhile,
neuronal cell death in Alzheimer’s disease arose from L-
VDCC-mediated Ca2+ influx potentiated by generation
of ROS in the stage of long-term hypoxia, which
required the formation of APs (Peers et al., 2005). More
strikingly, neuronal APs might form Ca2+ permeable ion
channels, aggravating Ca2+ influx involved in neuron
apoptosis (Peers et al., 2005). In the light of these
findings, it is conceivable that Ca2+ inflow by L-VDCC
is the dominant mechanism behind neuron apoptosis
during short-term hypoxic exposure. Yet prolonged
hypoxia enhances L-VDCC current via the aggregation
of APs, which might act as chaperone molecules.
Different mechanisms govern upregulation of different L-
VDCC isoforms under hypoxia

Up to now, four subtypes of L-VDCC: Cav1.11.4,
originating from four separate genes were cloned, among
which only Cav1.2 and Cav1.3 exist in the nervous
system (Catterall et al., 2005). It has been recognized
that hypoxia may upregulate L-VDCC in PC12 cells, a
kind of neuroendocrine cell expressing multiple voltage-
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Fig. 2. Ca2+ and L-type
voltage-dependent Ca2+

channel in the regulation of
apoptosis under hypoxia. This
figure conveys different
mechanisms of control
activation of L-VDCC by
different hypoxia duration.
Under acute short-term
hypoxia, Na+-K+ pump activity
is suppressed due to ATP
depletion, leading to cell
membrane depolarization and
subsequent activation of L-
VDCC, on the other hand,
production of HIF-1α in
hypoxia may upregulate
expression of L-VDCC Cav1.2.
L-VDCC-mediated Ca2+ influx
can initiate CICR process to
further increase Ca2+ entry,
which are depicted in black.
However, in the stage of long-
term hypoxia, formation of
amyloid β peptides (AβPs) is
essential for activation of L-
VDCC, which are depicted in
blue. In both cases, L-VDCC-
induced Ca2+ overload can
initiate apoptosis through three
mechanisms, which are
depicted in green. Arrowheads
and strigula indicate activation
and inhibitory steps
respectively. For additional
details see text.

gated Ca2+ channels (Peers et al., 2005). However, the
mechanisms underlying up-regulated expression of
different L-VDCC isoforms remain different. Li et al.
(2015) detected that excessive Ca2+ and protein
expression of L-VDCC Cav1.2, Cav1.3 and HIF-1
induced by hypoxia in PC12 cells, was followed by
reduced cell viability and proliferation. Blocking the
function of HIF-1 with echinomycin showed only
Cav1.2 transcription was directly regulated by HIF-1 but
not Cav1.3 under hypoxia, indicating Cav1.2 gene as the
downstream target of HIF-1. Other regulatory
mechanisms of L-VDCC Cav1.3 in response to hypoxia
might exist and should be further investigated. Taken
together, the regulation of L-VDCC by hypoxia might be
isoform-specific (Fig. 2).
Channel gating intracellular Ca2+ Store and
apoptosis induced by hypoxia

Apart from Ca2+ entry across the primary Ca2+
permeable channels on plasma membrane, hypoxia-
induced enhancement in intracellular Ca2+ concentration
can be caused by release of Ca2+ from internal storage
sites, in particular from the major intracellular Ca2+
store Endoplasmic Reticulum (ER) through inositol
triphosphate (IP3) receptors (IP3R), the main Ca2+



release channel on ER membranes. Additional evidence
demonstrates a small amount of distribution of IP3Rs on
the nuclear membranes (Taylor and Tovey, 2010).
Recently, involvement of IP3R activation in hypoxic
cell apoptosis has come from considerable research
data.
Endoplasmic reticulum IP3R and apoptosis induced by
hypoxia

IP3Rs are ligand-gated Ca2+ release channel in
response to IP3 generation, widely expressed throughout
the body. At present, three genes encode for IP3Rs
(IP3R1, IP3R2 and IP3R3) in mammals (Foskett et al.,
2007). Intracellular IP3Rs are located on ER
membranes, modulating Ca2+ outflow from ER. In
physiological situations, the release of Ca2+ through
IP3Rs serves important signaling roles in keeping
normal cellular function. Nevertheless, upon hypoxic
stimulation, activation of cytomembrane G proteins
receptors targets downstream phospholipase C (PLC).
Then, two messenger molecules, IP3 and DAG, are
hydrolyzed from phosphatidylinositol 4, 5-bisphosphate
(PIP2) by PLC, among which IP3 has downstream
effects on IP3R and finally results in increased Ca2+
release into cytoplasm (Lencesova and Krizanova,
2012). Luo et al. (2012) who established a hypoxic
neuron model found significantly increased cytosolic
Ca2+ and neuronal apoptosis was inhibited by the
inositol 1, 4, 5-triphosphate (IP3) receptor blocker
xestospongin C. Soon after, accumulating studies have
explored the pathways pertaining to Ca2+ induced
downstream apoptosis signaling through IP3R in
hypoxic state. Based on a research, it has been observed
that intracellular and mitochondrial Ca2+ increased with
ER Ca2+ depletion and interactions of the voltage-
dependent anion channel 1 (VDAC1)/glucose-regulated
protein 75 (Grp75)/inositol 1,4,5-trisphosphate receptor
1 complex were increased in human umbilical vein
endothelial cells exposed to hypoxia/reoxygenation
(H/R), thereby expediting cell apoptosis (He et al.,
2015). VDAC1 is a Ca2+ influx on channel outer
mitochondrial membrane (Shoshan-Barmatz and Gincel,
2003). Indeed, it is well known that ER and
mitochondria form junctions through VDAC1/Grp75/
IP3R macromolecular complex, referred to as
mitochondria-associated membranes (MAMs),
mediating lipid and Ca2+ exchange between ER and
mitochondria (Cardenas et al., 2010). Accordingly,
released Ca2+ from ER through IP3R is uptaken by
adjacent mitochondria and in turn leads to mitochondrial
Ca2+ overload under hypoxic stimulation, enhancing the
opening of mitochondrial permeability transition pores
(MPTP) and consequently cytochrome c release into
cytoplasma, ultimately provoking a caspase cascade and
apoptosis. Moreover, released cytochrome c and
activated caspase further activate IP3R-mediated Ca2+
efflux to form a positive feed-forward, accelerating the
rate of cell apoptosis. Alternatively, aberrant ER-stress
induction due to ER Ca2+ depletion through IP3R has

been reported to activate and cleave caspase 12
expressed in ER (He et al., 2015), which is suggested as
a mechanism underlying cell apoptosis independent of
mitochondria-associated apoptotic pathway when
prolonged and severe hypoxia occurs.
Intranuclear IP3R and apoptosis induced by hypoxia

Besides the above, small numbers of IP3Rs are
nucleus-localized, especially in neurons. The nuclear
membrane, a double-membrane structure, is composed
of an outer nuclear membrane and an inner membrane.
Inositol triphosphate (IP3) receptors are expressed on the
inner membrane and mediate Ca2+ movement into the
nucleus (Humbert et al., 1996). Research data have
demonstrated that an increase in intranuclear Ca2+
caused by IP3R plays a role in hypoxic induced
programmed cell death. It has been considered that
elevation of intracellular Ca2+ level was the consequence
of Ca2+ influx through NMDAR on neuronal membrane
or due to Ca2+ release from intracellular Ca2+ stores
under severe hypoxic conditions. Then Ca2+-ATPase and
an inositol tetrakisphosphate (IP4) receptor located on
the outer nuclear membrane allow the entry of Ca2+ into
the nuclear lumen, from which Ca2+ is transported into
the nucleoplasm through the inner membrane by IP3R,
contributing to intranuclear Ca2+ overload and
transcription of downstream Ca2+-dependent apoptosis-
associated gene. During the process, density of the IP3R
increases and affinity of the IP3R decreases due to
hypoxia (Mami et al., 2006), and the modification of the
IP3R is caused by NO, which is produced in neurons
during hypoxia (Mishra et al., 2003), and which is a
potential mechanism of increased intranuclear Ca2+.
Intranuclear Ca2+ overload can stimulate activation of
Ca2+/calmodulin-dependent protein kinase IV (CaM
kinase IV) in the nucleus and subsequently increase
phosphorylation of cyclic AMP response element
binding (CREB) protein that triggers transcription of
apoptotic genes including Bax and Bad, conferring
caspase-mediated neuronal apoptosis. Meanwhile,
intranuclear Ca2+ can also activate nuclear Ca2+-
dependent endonucleases which leads to nuclear DNA
disruption (Mami et al., 2006).
In summary, different mechanisms proceeding

towards apoptosis caused by hypoxia are related to
different distribution of IP3Rs in cells. IP3Rs on ER
membrane are involved in the formation of MAMs and
transfer excessive Ca2+ into mitochondria from ER,
initiating mitochondria-associated apoptotic signal under
hypoxia. In addition, ER stress may be a contributing
factor of apoptosis induced by severe hypoxia. On the
contrary, intranuclear IP3Rs are chemically modified by
NO generated during severe hypoxia in neuron, resulting
in Ca2+ release into nuclei and targeting downstream
apoptotic genes (Fig. 3).
SERCA and apoptosis induced by hypoxia

A hypoxia-induced increase in intracellular Ca2+
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concentration can be caused by the function impairment
of sarcoplasmic reticulum Ca2+ -ATPase (SERCA)
located on ER, a membrane calcium pump critical in
transporting Ca2+ from cytoplasm into the ER (Lipskaia
et al., 2009). Suppressed SERCA activity by
hypoxia/reoxygenation has been demonstrated to block
Ca2+ reabsorption of ER and promote protein
misfolding, thereby leading to ER stress, eventually
triggering cell apoptosis in the manner of CHOP and
caspase 12 activation on ER (Guo et al., 2013). It is
possible that decreased SERCA activation exerted by
hypoxia/reoxygenation may be due to xanthine oxidase-
derived ROS generation. On the other hand,
hypoxia/reoxygenation can induce up-regulation of
calpain-1 (Zheng et al., 2015), and SERCA may be a
substrate of calpain-1 (French et al., 2006). Therefore,
up-regulation of calpain-1 activity may accelerate the
proteolytic cleavage of SERCA, which disrupts ER Ca2+
homeostasis involved in H/R-mediated apoptotic
pathway.
Others

The above Ca2+ channels mediating Ca2+ overload
are not the only mechanisms accounting for hypoxia-

induced apoptosis. Additional Ca2+ permeability
passageways have been involved, including Transient
potential receptor vanilloid 1 (TRPV1) channels and N-
methyl-D-aspartic acid receptor (NMDAR), which are
little studied at present. The TRPV1 channel is a
member of the transient receptor potential (TRP)
proteins superfamily (Pedersen et al., 2005). Based on a
recent study, TRPV1 activation can lead to the sustained
rise of intracellular Ca2+ concentration, subsequently
resulting in excessive ROS production and
depolarization of the mitochondrial membrane potential
to enhance apoptosis in cardiomyocytes treated with
hypoxia/reoxygenation stimulation (Sun et al., 2014).
Neurobiological research indicates that NMDARs are
cation channels commonly expressed on neuronal
postsynaptic membrane, gated by the neurotransmitter
glutamate (Yashiro and Philpot, 2008). An increased
neuronal Ca2+ level and caspase expression were found
in hippocampus exposed to CIH associated with
impaired cognitive function in mice, which was reversed
by injection of NMDAR antagonist memantine prior to
exposure to CIH (Wang et al., 2015). Overall,
mechanisms of Ca2+ channels-mediated intracellular
Ca2+ overload that promote apoptosis are complex,
possibly depending on cell types.
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Fig. 3. Ca2+ and inositol
triphosphate receptors (IP3R) in
the regulation of apoptosis under
hypoxia. This figure reveals
different mechanisms
proceeding towards apoptosis
are related to different
distributions of IP3Rs in cells
under hypoxia. Endoplasmic
Reticulum IP3R are involved in
the formation of MAMs and
release excessive Ca2+ from ER
into mitochondria, initiating
mitochondria-associated
apoptotic signal under hypoxia,
which are depicted in black.
Nevertheless, intranuclear IP3Rs
are chemically modified by NO
generated during hypoxic
condition, resulting in Ca2+

release into nuclei and
subsequent transcription of
downstream apoptotic genes,
which are depicted in red.
Arrowheads indicate activation.
For additional details see text.



Conclusions

In this review, we have summarized several main
Ca2+ channels including NCX, L-VDCC, NMDAR,
TRPV1 on plasma membrane and intracellular IP3R and
SERCA in control of apoptosis induced by hypoxia.
Changes in activation and expression level of Ca2+
channels disturb cellular Ca2+ concentration thereby
influencing the occurrence of apoptosis under hypoxia.
In conditions of chronic hypoxia, NCX1 is activated to
mediate excessive Ca2+ influx into the cytoplasm, when
exposed to acute hypoxia, L-VDCC is important for
intracellular Ca2+ overload through CICR. Besides,
NCX1-induced intracellular Ca2+ overload promotes
mitochondria associated apoptotic pathway during
short-term hypoxia, whereas prolonged hypoxia
facilitates apoptosis by causing intense ER stress. In
contrast, NCX3 is the only subtype located on the
neuronal outer mitochondrial membrane and
immunoprecipitates with AKAP121, accelerating Ca2+
efflux from mitochondria via a PKA-mediated way thus
improving cell survival under hypoxia. On the other
hand, activation of L-VDCC on neuronal membrane is
responsible for neuron apoptosis after short-term
hypoxia. Yet neuronal amyloid peptides generated
during prolonged hypoxia are essential for augmenting
L-VDCC current. Additionally, intracellular Ca2+
channels, namely IP3R and SERCA, can also be
regulated by hypoxia to induce apoptotic cell death.
What is more, IP3Rs on ER membrane participate in the
formation of MAMs which link ER with mitochondria,
thereby transferring substantial Ca2+ from ER to
mitochondria to lead to subsequent mitochondria
associated apoptosis. However, NO-mediated
modification of intranuclear IP3Rs allows Ca2+ release
into cell nucleus that in turn enhances expression of
apoptotic genes in hypoxic state. Therefore, it is
important to note that the pathways pertaining to
different Ca2+ channels involved in apoptosis are
complicated, mainly depending on hypoxic duration,
acute or chronic hypoxia, channel subtypes and
intracellular localization. In this regard, further studies
are required to elucidate more detailed underlying
mechanisms.
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