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Abstract
The plasma membrane Ca2+-ATPase (PMCA) is an ATP-
driven pump that is critical for the maintenance of low 
resting [Ca2+]i in all eukaryotic cells. Metabolic stress, 
either due to inhibition of mitochondrial or glycolytic met-
abolism, has the capacity to cause ATP depletion and 
thus inhibit PMCA activity. This has potentially fatal conse-
quences, particularly for non-excitable cells in which the 
PMCA is the major Ca2+ efflux pathway. This is because 
inhibition of the PMCA inevitably leads to cytosolic Ca2+ 
overload and the consequent cell death. However, the 
relationship between metabolic stress, ATP depletion 
and inhibition of the PMCA is not as simple as one would 
have originally predicted. There is increasing evidence 
that metabolic stress can lead to the inhibition of PMCA 
activity independent of ATP or prior to substantial ATP 
depletion. In particular, there is evidence that the PMCA 
has its own glycolytic ATP supply that can fuel the PMCA 
in the face of impaired mitochondrial function. Moreover, 
membrane phospholipids, mitochondrial membrane pot-
ential, caspase/calpain cleavage and oxidative stress 
have all been implicated in metabolic stress-induced 
inhibition of the PMCA. The major focus of this review 
is to challenge the conventional view of ATP-dependent 
regulation of the PMCA and bring together some of the 

alternative or additional mechanisms by which metabolic 
stress impairs PMCA activity resulting in cytosolic Ca2+ 
overload and cytotoxicity.
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INTRODUCTION
The ubiquitously expressed plasma membrane Ca2+-ATPase 
(PMCA) is an ATP-driven Ca2+ pump that removes Ca2+ 
from the cytosol, thereby maintaining the low resting Ca2+ 
concentration ([Ca2+]i) in all eukaryotic cells[1]. In the face of  
cellular stress, when many other Ca2+ transport pathways are 
inhibited or impaired, the PMCA may be the last gatekeeper 
for the control of  resting [Ca2+]i. This is particularly true for 
many non-excitable cells that do not abundantly express the 
Na+-Ca2+ exchanger, such as pancreatic acinar cells[2], where 
the PMCA is the major Ca2+ efflux pathway. In these cells, 
if  the PMCA is inhibited, for example during oxidative or 
metabolic stress, Ca2+ essentially has nowhere else to go and 
thus, over prolonged periods, this will lead to the eventual 
cytosolic Ca2+ overload and the inevitable cell death[1,3-5]. 
The mechanism of  cell death (i.e. necrosis vs apoptosis) 
will largely depend on the extent of  the metabolic stress. 
ATP depletion during extensive metabolic stress has been 
suggested to be the switch from apoptosis to necrosis[6-8], 
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largely because ATP is required for many of  the apoptotic 
processes, but not for necrosis[8]. Intuitively, one might 
predict that ATP depletion would cause inhibition of  the 
PMCA leading to necrotic cell death and indeed there is 
compelling evidence in support of  this idea[9-11]. However, 
this is likely to be an oversimplification and the sequence 
of  these events is not necessarily as straightforward as one 
might predict. The focus of  this review is to challenge this 
rather simplistic and dogmatic view of  ATP-dependent 
regulation of  the PMCA and describe some alternative or 
additional mechanisms by which metabolism, and in pa-
rticular impaired metabolism, may differentially regulate the 
PMCA.

ATP DEPENDENCY OF PLASMA 
MEMBRANE Ca2+-ATPase
PMCA is an ATP-driven pump and so by definition PMCA 
activity is critically dependent on ATP. Early studies showed 
that PMCA has a high affinity catalytic site (Km, 3 μmol/L) 
and a low affinity regulatory site (Km, 145 μmol/L)[12]. 
However, the absolute ATP-dependency of  the PMCA is 
controversial and has recently been suggested to be more 
complex than proposed in earlier studies[13]. Nevertheless, 
this raises two related but critical questions. First, by how 
much would ATP levels have to drop to inhibit PMCA 
activity when metabolism is inhibited? Presumably, this will 
depend on whether mitochondria or glycolysis is inhibited, 
the overall metabolic activity of  the cell and thus how 
quickly ATP is consumed within the cell. Secondly, would 
inhibition of  mitochondrial metabolism alone be enough to 
deplete ATP levels sufficiently to inhibit the PMCA activity, 
especially if  glycolytic ATP production remains active? 
Presumably, this will depend on the relative contribution of  
mitochondrial metabolism versus glycolytic metabolism to 
global ATP production. The classic textbook view is that 
mitochondrial metabolism contributes approximately 95% 
of  ATP (i.e. 32 molecules of  ATP per glucose molecule), 
whereas glycolysis provides only 5% (i.e. 2 molecules of  
ATP per glucose molecule). Although this is likely to be 
true for many cells under optimum, normoxic conditions, 
it is likely to be an oversimplification and many cells exhibit 
metabolic plasticity and an incredible ability to adapt to their 
environment, for example during hypoxia. Cancer cells are 
an extreme example of  this and often undergo a dramatic 
switch from mitochondrial metabolism to glycolytic metab-
olism due to mutations of  key mitochondrial enzymes and 
a profound overexpression of  glycolytic enzymes[14,15].

Moreover, it has been suggested that the PMCA has 
its own localised glycolytic ATP supply that may render 
it largely insensitive to inhibition of  mitochondrial meta-
bolism[16-18]. Specifically, these studies showed that in isola-
ted inside-out plasma membrane vesicles from pig stomach 
smooth muscle enriched with PMCA, an endogenous mem-
brane-bound glycolytic system provided ATP to fuel the 
PMCA-dependent Ca2+ uptake[16,17]. Moreover, providing the 
glycolytic substrates were present the Ca2+ uptake (PMCA  
activity) persisted in the absence of  an exogenously applied 

ATP regenerating system and the presence of  a hexokinase-
based ATP trap[16,17].

An important caveat when interpreting experiments 
to determine the ATP-dependency of  the PMCA is that 
most of  these studies have utilized cell-free in vitro assays, 
such as ATPase phosphorylation assays using purified 
PMCA protein, or Ca2+-uptake assays using PMCA-en-
riched membrane vesicles, whereby the ATP-dependency 
may be influenced by multiple factors such as [Mg2+], 
[Ca2+], calmodulin (CaM) and the phospholipid composi-
tion of  the membrane[12,16,17,19,20]. This makes extrapolation 
to experiments using intact cells difficult, especially when 
one considers the numerous cytosolic factors, metabolic 
factors and plasma membrane interactions that might also 
influence PMCA activity. On the other hand, the benefit 
of  using in vitro assays to determine the ATP-dependency 
of  the PMCA activity is that one has full control over the 
absolute ATP concentration. Although measuring PMCA 
activity in situ (i.e. within intact cells or tissues) clearly rep-
resents a more physiological system in which the PMCA 
is more likely to behave “normally”, it is more difficult to 
accurately predict the ATP concentration and almost all 
methods have their limitations.

MEASUREMENT OF ATP TO DETERMINE 
ATP-DEPENDENCY OF PLASMA 
MEMBRANE Ca2+-ATPase ACTIVITY
In vitro chemiluminescence of firefly luciferase
By far the most commonly used method for measuring 
ATP concentration is the use of  fire-fly luciferase-cataly-
sed ATP-dependent oxidation of  luciferin, which emits 
luminescence[21,22]. This usually requires either lysing, hom-
ogenising or snap freezing the cells to extract the total ATP, 
which is invasive, artefact-prone and insufficient to measure 
dynamic changes of  ATP on a moment-to-moment basis. 
Moreover, these methods also represent a measure of  total 
cellular ATP and do not take into account differences of  
ATP concentration in different organelles.

In vivo bioluminescence of expressed luciferase
An extension of the above method is to overexpress luciferase 
in intact cells, which circumvents some of  the problems 
described above and is regarded by many as the method 
of  choice for measuring ATP in a variety of  cells[9,23-26].  
However, the drawback of  this technique is that the expre-
ssion of  luciferase needs to be relatively high in order to 
detect the low levels of  luminescence and thus usually 
requires adenoviral transduction methods. This is particularly 
useful for cultured cell lines or primary cultured cells but 
is more problematic for terminally differentiated acutely 
isolated cells, such as pancreatic acinar cells. Nevertheless, 
Barrow et al[9] and Voronina et al[26] have perfected this 
technique with relative ease in pancreatic acinar cells. Ho-
wever, one potential problem is that, while functional 
responses (e.g. signalling and secretory responses) appear 
reasonably well-preserved following adenoviral transduction 
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and short-term culture[9,26,27], the metabolic capacity of  these 
cells may be severely compromised. Several studies using 
expressed luciferase have shown that metabolic inhibition 
can induce relatively rapid and severe ATP depletion wit-
hin just a few minutes[9,23-26], broadly in line with in vitro 
methods. 

Nuclear magnetic resonance spectroscopy is a non-in-
vasive technique for accurately measuring ATP levels (and 
metabolites), primarily based on the 31P NMR spectrum, in 
intact perfused organs and tissues, such as heart[28], salivary 
gland[29] and different smooth muscle tissues (vascular, 
uterine and gastrointestinal)[30]. These techniques have gen-
erally demonstrated that severe metabolic inhibition, for 
example using cyanide or ischaemia/anoxia, takes much 
longer (several tens of  minutes) to fully deplete ATP and 
sometimes this is not complete[28,30].

The Mg2+-sensitive fluorescent dyes, such as magfura or 
magnesium green (MgGreen) have been used extensively as 
an indirect measure of  cytosolic ATP concentration[10,31,32]. 
This is based on the principle that almost all cytosolic ATP 
exists as MgATP, such that ATP depletion causes an incr-
ease in free Mg2+ concentration ([Mg2+]i). MgGreen has a Kd 
for Mg2+ of  approximately 0.9mmol/L, close to the resting 
[Mg2+]i, thus making it useful for sensing ATP concentration 
changes around the physiological range[32]. In cardiac 
myocytes, estimates of  ATP concentration using MgGreen 
are comparable to those obtained using NMR methods[33].

DOES ATP DEPLETION INHIBIT PLASMA 
MEMBRANE Ca2+-ATPase ACTIVITY 
DURING METABOLIC INHIBITION?
The answer to this question will depend on the “extent” of  
metabolic stress and whether mitochondria or glycolysis is 
inhibited. It will also depend on the method of  choice for 
measuring ATP depletion, how quickly ATP is depleted 
and whether this is sufficient to inhibit the PMCA. We 
have previously reported that oxidative stress, induced by 
H2O2, which is known to inhibit both mitochondrial and 
glycolytic metabolism[34], induced an irreversible Ca2+ overl-
oad and marked inhibition of  the PMCA in pancreatic 
acinar cells[31,35]. This H2O2-induced PMCA inhibition could 
occur without mitochondrial Ca2+ handling, coincided with 
mitochondrial depolarization and was sensitive to inhibitors 
of  the mitochondrial permeability transition pore (mPTP)[31]. 
However, based on our MgGreen measurements of  ATP, 
inhibition of  the PMCA could occur independent or prior 
to any substantial ATP depletion. 

Using MgGreen fluorescence to measure ATP levels 
we found that maximum ATP depletion could only be 
achieved with an “ATP-depletion” cocktail designed to 
maximise ATP consumption and simultaneously inhibit all 
ATP production. This consisted of  CCCP, a mitochondrial 
uncoupler and protonophore that dissipates the mitochon-
drial membrane potential; oligomycin, to inhibit the ATP 
synthase; iodoacetate, to inhibit glycolysis; and carbachol to 
maximally stimulate the cells and thus maximally consume 
ATP. In addition, even using this ATP depletion cocktail, 

the rise in MgGreen fluorescence (fall in ATP concentra-
tion) took up to 40 min to reach a maximum with a latency 
of  approximately 8 min. In addition when applied sepa-
rately, three mechanistically distinct mitochondrial inhibi-
tors (CCCP, antimycin-A and oligomycin) depleted ATP 
levels by similar amounts (approximately 20%), consistent 
with inhibition of  mitochondrial metabolism. However, 
oligomycin had no effect on PMCA activity, while CCCP 
and antimycin both inhibited PMCA by approximately 
50%[31]. The high concentration of  500 μmol/L H2O2, 
which inhibited PMCA by approximately 80%, caused 
only approximately 55% ATP depletion, which was 
greater than the mitochondrial inhibitors alone but much 
less than the ATP depletion cocktail. This suggested that 
high concentrations of  H2O2 inhibit both mitochondria 
and glycolysis, consistent with previous studies[34,36]. Int-
erestingly, however, the lower concentration of  50 μmol/L  
H2O2 had no effect on ATP depletion and yet signifi-
cantly inhibited PMCA activity by approximately 50%. 
It is also worth noting that H2O2 can directly oxidize the 
PMCA[37] and reduce the PMCA expression at the plasma 
membrane[38] (see later) suggesting that inhibition of  the 
PMCA by H2O2 can occur independent of  metabolic in-
hibition and ATP depletion. Furthermore, the PMCA was 
inhibited within 5-10 min of  treatment with mitochondrial 
inhibitors (CCCP or antimycin), which was well before 
any substantial ATP depletion was observed even with the 
ATP depletion cocktail[31].

This is not an unprecedented phenomena and using 
NMR to measure ATP, inhibition of  mitochondria with cy-
anide caused a partial ATP depletion in smooth muscle[30]. 
This was suggested to be due to compartmentalised gly-
colytic metabolism that was sufficient to maintain ATP to 
fuel plasma membrane pumps[30], consistent with the idea 
that the PMCA has its own glycolytic ATP supply[16,17].

In studies using a luciferase assay to measure ATP in 
HeLa cells, a high concentration of  H2O2 (32 mmol/L) cau-
sed ATP depletion to undetectable levels within 15 min[39].  
Similarly, using the same technique, a variety of  classical 
glycolytic inhibitors (iodoacetate), mitochondrial inhibitors 
(oligomycin, rotenone) and pancreatitis-inducing agents 
(bile acids, ethanol metabolites, fatty acids) that disrupt 
mitochondrial function[10,40], all induced substantial ATP 
depletion within 5-20 min[9,26]. Indeed, many of  these re-
agents also inhibited PMCA activity[9].

There remains compelling evidence that severe ATP 
depletion can inhibit the PMCA under certain conditi-
ons[9-11]. PMCA activity was shown to decrease approxi-
mately 5 fold within 800 s of  “complete” ATP depletion, 
for example following the combined treatment with oligo-
mycin and iodoacetate in pancreatic acinar cells[9]. In anoth-
er study by the same group, fatty acid ethyl esters (FAEE) 
induced a Ca2+ overload response, mitochondrial depo-
larisation and ATP depletion[10]. Moreover, this FAEE-
induced Ca2+ overload response was largely abrogated by 
replenishment of  ATP via a patch pipette, strongly sug-
gesting that this response was due to ATP depletion, which 
the authors partly attributed to inhibition of  the PMCA[10]. 
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However, PMCA activity was not directly measured in this 
study[10].

In relation to this, studies in HeLa cells demonstrated 
that high [necrosis-inducing] concentrations of  H2O2 
(32 mmol/L) for prolonged periods (> 20 min) caused 
a secondary Ca2+ overload response that was due to Na+ 
influx and inhibition of  the PMCA activity[11]. This was 
suggested to be due to ATP depletion[39], which preferent-
ially inhibited PMCA activity over the Na+-K+-ATPase, 
despite having similar ATP dependencies[11]. The authors 
concluded that this was due to a thermodynamic shift 
of  free energies of  the pumps in favour of  the Na+- 
K+-ATPase[11]. It was argued that the H2O2-induced Na+  
influx reduced the free energy for the Na+ pump, due to  
the dissipation of  the ion gradients, without any appre-
ciable effect on the free energy for the PMCA (Ca2+ gra-
dient maintained). After prolonged periods (> 20 min),  
ATP reaches a critical concentration where it becomes 
more energetically favourable to pump Na+ than Ca2+ and 
so the PMCA is inhibited in favour of  a fully functional 
Na+-K+-ATPase. In other words, the Na+-pump “steals” 
ATP from the PMCA[11]. The key evidence in support of  
this idea came from experiments using an in situ [Ca2+]i  
clearance assay, similar to our previous studies[31,35,41], in  
which PMCA activity was functionally isolated in intact 
cells. In these experiments, H2O2-inhibited [Ca2+]i clearance 
(PMCA activity) and induced a Ca2+ overload response, 
both of  which were reversed by ouabain, suggesting that 
inhibition of  the PMCA requires functional Na-K-ATPase 
activity[11]. This study suggests that the PMCA may be 
inhibited by submaximal ATP depletion making this a 
potentially desirable mechanism to help reconcile some of  
the conflicting observations and interpretations. However, 
in the above study[11], the H2O2-evoked Ca2+ overload 
response was biphasic and it was the large, delayed increase 
in [Ca2+]i that was attributed to inhibition of  the PMCA, 
which occured following 20-60 min of  H2O2 treatment. 

ALTERNATIVE MECHANISMS FOR 
PLASMA MEMBRANE Ca2+-ATPase 
INHIBITION DURING METABOLIC STRESS
Regulation of the plasma membrane Ca2+-ATPase by 
acidic phospholipids
There is an important caveat to the idea that submaxim-
al/partial ATP depletion is insufficient to inhibit PMCA 
activity, as observed in our own previous study[31]. Acidic 
phospholipids, such as phosphatidylinositol (PI) and pho-
sphatidylserine (PS) increase the ATP sensitivity of  the 
PMCA and mimic regulation by CaM[19,20]. In particular, 
removal of  PS (or PI) from the lipid environment of  the 
PMCA decreased the affinity for ATP at the low affinity 
regulatory site (Km, 5-10 mmol/L)[42,43]. This therefore 
suggests that depletion of  PS (or PI) from the membrane 
may be sufficient to render the PMCA highly sensitive to 
ATP depletion, or even partially inactive at resting cytosolic 
ATP concentration. However, the evidence is based on 

in vitro experiments whereby PS/PI was either absent or 
present in an artifical membrane, which makes it difficult 
to extrapolate to intact cells. For example, it is unclear from 
these studies what the critical concentration of  PS is to 
maintain “normal” ATP-sensitivity of  the PMCA and if  
any other factors in the membrane or cytosol might affect 
this relationship. In particular, PS is known to line the 
inner leaflet of  the plasma membrane and a proportion is 
thought to flip to the extracellular side of  the membrane 
during apoptosis[44]. This is believed to make the cell surface 
“sticky” allowing macrophages to detect dying cells so that 
they can be phagocytosed and removed from the tissue[44]. 
Furthermore, aminophospholipid translocase (flippase), 
the enzyme responsible for this PS asymmetry within the 
plasma membrane[45], is dependent on millimolar ATP[46,47] 
and can also be inhibited by oxidative stress[48,49]. It is unc-
lear whether externalisation of  PS from the internal phos-
pholipid membrane would be sufficient to affect the ATP 
sensitivity of  the PMCA. However, there is evidence from 
Jurkat T lymphocytes, that H2O2 inhibits PS synthesis[50]. 
Whether either of  these phenomena would be sufficient 
to affect the ATP sensitivity of  the PMCA such that only 
mild ATP depletion would cause marked inhibition of  the 
PMCA remains to be determined. Nevertheless, this is an 
interesting possibility that could help to reconcile some of  
the competing arguments described above. 

Effect of mitochondrially-derived reactive oxygen 
species
Severe mitochondrial stress, whatever the mechanism, often 
leads to the generation of  reactive oxygen species (ROS)[51].  
ROS are generated by incomplete reduction of  oxygen 
during the process of  oxidative metabolism. In fact, 
approximately 1%-5% of  electrons “escape” the electron 
transport chain to generate superoxide (O2

.-)[51]. The principal 
source of  superoxide is complex Ⅲ[52] and complex Ⅰ
[53] which in turn can be converted to H2O2 by superoxide 
dismutase and released by mitochondria. There is also 
good evidence that oxidants (H2O2) can directly oxidise the 
PMCA and also oxidise CaM, which is the main activator of  
the PMCA[37]. Hence, metabolically derived ROS may have a 
profound inhibitory effect on the PMCA activity.

In addition, H2O2 has been reported to reduce the fun-
ctional expression of  PMCA at the plasma membrane of   
culture hippocampal neurons within 1-2 h[38]. Such rapid cha-
nges in functional expression of  PMCA at the plasma mem-
brane could lead to reduced Ca2+ efflux during metabolic 
stress even in the presence of  continued high ATP levels.

Effect of mitochondrial membrane potential on plasma 
membrane Ca2+-ATPase activity
Notwithstanding the various caveats, our data do suggest 
that under conditions of  metabolic or oxidant stress, 
when ATP depletion is only partial, non-ATP dependent 
mechanisms can also inhibit PMCA activity, thus reveal-
ing a potentially novel mechanism[31]. Inhibition of  the 
PMCA was independent of  mitochondrial Ca2+ handling 
and coincided with depolarisation of  the mitochondrial 
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membrane potential (Ψm). Interestingly, all the reagents 
tested that inhibited the PMCA also caused mitochondrial 
depolarisation, regardless of  whether they caused ATP 
depletion (H2O2, CCCP, antimycin-A, but not oligomycin). 
This suggested that collapse of  the mitochondrial Ψm may 
be responsible, at least in part, for the inhibition of  the 
PMCA activity or that both phenomena share a common 
cause. Similar studies in pancreatic acinar cells[10,54] have 
also shown that oxidants, CCCP and antimycin-A all cause 
mitochondrial Ψm depolarisation and in adrenal chromaffin 
cells[55] oligomycin has no effect. Moreover, the oxidant- 
induced mitochondrial Ψm depolarisation and inhibition 
of  the PMCA were both attenuated by inhibitors of  the 
mitochondrial permeability transition pore (bongkrekic 
acid and cyclosporin-A)[31], suggesting that inhibition of  
the PMCA was partly mediated by the opening of  the 
mPTP.

Opening of  the mPTP is likely to cause dissipation 
of  the mitochondrial H+ gradient, which could also con-
ceivably inhibit the PMCA as Ca2+ efflux is coupled to H+ 
influx[56]. This may be particularly important in regions 
where mitochondria are in close proximity to the plasma 
membrane[57] and thus PMCA, whereby local pH changes 
may have a profound effect. However, previous studies 
in pancreatic acinar cells have shown that CCCP has no 
appreciable effect on bulk cytosolic pH[58] and, since any 
local pH changes are likely to be rapidly buffered, it is 
unlikely that local pH changes are responsible for a prolo-
nged and sustained inhibition of  the PMCA.

Release of mitochondrial factors?
Another possibility is that opening of  the mPTP causes 
the release of  some mitochondrial factor, such as a pro-
tein (e.g. cytochrome C[59,60]) or lipid (cardiolipin[61]), that 
normally resides within the matrix, intermembrane space 
or associated with either the inner or outer mitochondrial 
membrane. This phenomenon has been well characterised 
and is strongly implicated as one of  the early events dur-
ing apoptosis[59,62]. The mechanism remains controversial 
but some studies suggest that, under certain conditions, 
the mPTP becomes permeable to small proteins or may 
facilitate mitochondrial swelling that ultimately leads to 
rupture and the release of  much larger proteins[63]. Alth-
ough speculative, such a putative mPTP-dependent, mi-
tochondrially released factor may inhibit the PMCA, either 
by direct binding or most likely by regulation of  some 
other signalling pathway. It is interesting to note that the 
time-frame over which cytochrome C release can occur 
(> 2 min)[54] concides with the time the PMCA can be 
observed to be inhibited, and well before ATP depletion 
was observed[31].

Although cytochrome C is perhaps the best charact-
erised factor to be released from the mitochondria during 
apoptosis, several other proteins have also been charact-
erised, including Smac/DIABLO (second mitochondria-
derived activator of  caspase/direct IAP-binding protein 
with low pl), HtrA2 (high temperature requirement prote-
ase A2), Endo G and AIF (apoptosis-inducing factor)[59,60]. 

Binding and/or regulation of  Ca2+ transport proteins by 
mitochondrially-released proteins is not an unprecedented 
phenomenon. For example, cytochrome C[64], Bax/Bak[65] 
and Bcl-2/Bcl-xL[66-68], have all been shown to bind to and 
regulate inositol 1,4,5-trisphosphate receptors, whereas 
Bcl-2 can regulate SERCA[69]. However, this is highly spec-
ulative and, to the authors’ knowledge, none of  the above 
mentioned, putative mitochondrially-derived, PMCA in-
hibitory factors have been shown to bind directly to the 
PMCA.

However, the release of  cytochrome C and the subs-
equent activation of  caspases and calpain[70] have both been 
reported to cleave and eventually lead to the inactivation 
of  the PMCA[5,71,72]. In fact, the initial cleavage by caspase 
and calpain actually activates the pump, but through the 
subsequent internalisation and degradation of  the PMCA 
the protease effect is manifested as pump inhibition[73,74]. 
Specific caspase-3 cleavage of  PMCA4b produces a 120 kDa  
fragment that is constitutively activated, due to the removal 
of  the autoinhibitory domain[3,4,75]. It is also interesting to 
note that calpain can also be directly activated by H2O2 and 
Ca2+[76].

It is also worth mentioning that, in addition to the re-
lease of  a mitochondrially-derived protein, the mitochondria 
can also release the mitochondrial-specific lipid cardiolipin 
during apoptosis[61]. Under normal situations, cardiolipin 
resides on the inner mitochondrial membrane, where it 
couples to cytochrome C and maintains normal electron 
transport. However, following treatment with apoptosis-
inducing agents (e.g. Fas stimulation of  the death receptor), 
cardiolipin can translocate from the mitochondria to other 
organelles, in particular to the plasma membrane[77,78]. This 
is particularly important because cardiolipin is another of  
the acidic phospholipids reported to modulate the PMCA 
activity in the same way as phophatidylserine and phospha-
tidylinositol[19]. Therefore, the translocation of  cardiolipin 
to the plasma membrane during cell stress or apoptosis 
might be expected to increase PMCA activity or increase 
the affinity for ATP, thereby making the PMCA less sensi-
tive to ATP depletion. This seems counterintuitive but may 
represent a protective mechanism to circumvent the effect 
of  phophatidylserine externalisation on the PMCA that 
occurs during apoptosis. These are interesting possibilities, 
although the direct effects of  phosphatidylserine externali-
sation and plasma membrane cardiolipin on PMCA activity 
within intact cells during apoptosis are unknown and war-
rant further investigation.

In addition, in the context of  cell death and cytopr-
otection, the impairment of  PMCA function and subseq-
uent dysregulation of  cytosolic Ca2+ homeostasis can, in 
some cases, be cytoprotective[79]. During oxidative stress 
or tumour necrosis factor (TNF)-induced cell death, the 
accumulation and damage of  lysosomes has been sugg-
ested to be important[80,81]. In TNF-resistant cell lines, in 
which PMCA4 is mutated, the resulting enhanced Ca2+ sign-
alling has been shown to promote the exocytotic loss of   
lysosomes resulting in protection against TNF-induced 
cell death[79]. This therefore suggests, somewhat counter-
intuitively, that PMCA4 promotes TNF-induced cell death.
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CONCLUSION
The PMCA is critical for maintaining low resting cytosolic 
Ca2+ and for preventing cytotoxic Ca2+ overload and cell 
death. Since the PMCA is an ATP-driven pump, by defini-
tion, severe metabolic stress and ATP depletion should lead 
to inhibition of  the PMCA and thus Ca2+ overload and cell 
death. However, this relationship is likely an oversimplifi-
cation and there is now increasing evidence that there 
are additional mechanisms that link metabolic stress and 
regulation of  PMCA activity. There is good evidence that 
the PMCA has its own glycolytic supply of  ATP that fuels 
the PMCA, which, in the context of  PMCA function, 
makes the mitochondria somewhat redundant as a source 
of  ATP. However, the functional relationship between the 
mitochondria and the PMCA has become increasingly more 
intimate and complex and is not as simple as the provision 
of  ATP. In addition to mitochondrial-derived ATP deple-
tion, impaired mitochondrial function can regulate the 
PMCA as a consequence of  oxidative stress, which can 
directly oxidise the PMCA, alter the membrane expression 
of  the PMCA, and induce the release of  mitochondrial 
factors. This in turn can lead to the subsequent caspase/
calpain cleavage and the regulation of  membrane phospholi-
pids, phosphatidylserine or cardiolipin. Protection of  the 
PMCA via either of  these mechanisms may represent impor-
tant therapeutic strategies for the treatment of  a variety 
of  diseases in which cytosolic Ca2+ overload induces cell 
death, such as pancreatitis, ischaemia-reperfusion injury and 
myocardial infarction. 
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