
A r t i c l e

The Rockefeller University Press $30.00
J. Gen. Physiol. Vol. 139 No. 5 321–331
www.jgp.org/cgi/doi/10.1085/jgp.201210788 321

I N T R O D U C T I O N

Myocardial infarction is caused by sudden loss of blood 
supply to the heart, leading to ischemic damage of car-
diac tissue (Ferreira, 2010a,b). This results in oxygen 
deprivation (ischemia) causing damage or death of heart 
muscle tissue. The treatment requires procedures that 
allow the rapid return of blood flow to the ischemic zone 
of the myocardium, i.e., reperfusion therapy. Although 
therapeutically the return of blood supply to the in-
farcted tissue is of great importance, reperfusion itself 
is known to cause additional complications, such as di-
minished cardiac contractile function and arrhythmia,  
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and to lead to irreversible cell injury, known as ischemia–
reperfusion injury (IRI). Thus, minimization of IRI is an 
important part of clinical strategies to reduce myocardial 
damage after myocardial infarction.

It is widely recognized that loss of mitochondrial 
function is a central event leading to tissue damage and 
cell death in connection with IRI (Halestrap, 2009a; 
Camara et al., 2011). A large body of experimental data 
indicates that mitochondrial dysfunction during IRI is 
caused by a dramatic increase in permeability of the 
inner mitochondrial membrane caused by the opening 
of the large nonselective permeability transition pore 
(mitochondrial permeability transition pore [mPTP]) 
(Bernardi et al., 2006; Halestrap, 2009a). mPTP open-
ing leads to dissipation of mitochondrial membrane 
potential (m), mitochondrial swelling, and rupture 
of the outer mitochondrial membrane (Ricchelli et al., 
2011). This results in collapse of energy production and 
release of mitochondrial proapoptotic factors, followed 
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M A T E R I A L S  A N D  M E T H O D S

Cell isolation and culture
Left ventricular myocytes were isolated from adult New Zealand 
white rabbits (2.5 kg; 3–4-mo old; Myrtle’s Rabbitry). Rabbits were 
anaesthetized with 50 mg kg1 sodium pentobarbital, and hearts 
were excised and mounted on a Langendorff apparatus. Hearts 
were retrogradely perfused with nominally Ca2+-free Tyrode solu-
tion for 5 min, followed by Eagle’s minimum essential medium 
(MEM) solution containing 20 µM Ca2+ and 45 µg ml1 Liberase 
Blendzyme TH (Roche) for 20 min at 37°C. The left ventricular 
free wall was removed from the heart and digested for an addi-
tional 5 min in the enzyme solution at 37°C. Digested tissue was 
then minced, filtered, and washed in an MEM solution contain-
ing 50 µM Ca2+ and 10 mg ml1 bovine serum albumin. Isolated 
cells were kept in MEM solution with 50 µM Ca2+ at room tem-
perature (22–24°C) until they were used for culturing. Myocytes 
were cultured on laminin-covered glass coverslips in PC-1 me-
dium. Experiments were performed 24 h after infection with 
GFP- or exopolyphosphatase (PPX)-expressing adenoviruses. All 
protocols were in accordance with the Guide for the Care and 
Use of Laboratory Animals published by the National Institutes of 
Health and approved by the institutional Animal Care and Use 
Committee.

Mitochondria isolation from rabbit hearts
The mitochondria isolation protocol was based on several pre-
viously published methods with slight modifications (Meta and 
Seitz, 1979; Aon et al., 2010). In brief, a 2.5-kg-weight rabbit was 
anaesthetized with 50 mg kg1 sodium pentobarbital, and the 
heart was quickly excised. The following procedures were per-
formed on ice. The heart was immediately immersed into 20 ml 
of isolation solution (IS) containing 75 mM sucrose, 225 mM 
mannitol, and 0.01 mM EGTA, pH 7.4 (buffered with Trizma; 
Sigma-Aldrich). After washing, the portion of the heart with the 
aorta, the pulmonary arteries, and the atria was discarded. The 
remaining tissue was immersed into 40 ml of fresh IS and minced. 
After the tissue pieces settled, the supernatant was discarded, 
fresh IS (20 ml) was added, and the mixture was transferred to a 
50-ml-capacity homogenization vessel. 3.2 mg proteinase (bacte-
rial; type XXIV, formerly called Nagarse; Sigma-Aldrich) was 
added immediately before starting the homogenization proce-
dure. The heart tissue was homogenized in IS buffer with a Polytron-
type tissue grinder at 11,000 rpm for 2.5 s, followed by five to six 
quick strokes at 500 rpm with a loose-fit tissue grinder (Potter-
Elvehjem; LabGlass). To remove red blood cells, unbroken cells, 
cell membranes, nuclei, and other debris, the homogenate was 
transferred into two 50-ml centrifuge tubes and centrifuged at 
480 g (2,000 rpm) for 5 min. The supernatant was centrifuged 
immediately at 7,700 g (8,000 rpm) for 10 min. The supernatant 
was discarded, and the pellets were rinsed with cold IS. With a 
small amount of medium (2–3 ml) in the tube, the fluffy layer on 
top of the pellets was shaken loose and discarded. Then, the mito-
chondrial pellets were resuspended with 15 ml of cold IS and cen-
trifuged at 7,700 g (8,000 rpm) for 5 min. The washing procedure, 
including rinsing the surface of the pellet, resuspending the mito-
chondria, and centrifugation, was repeated twice using suspension 
solution (IS without EGTA). When the final mitochondrial pellet 
was obtained, the supernatant was discarded, the pellet surface was 
rinsed once more, and the mitochondria were resuspended in 1 ml 
of suspension solution. Mitochondrial protein concentration 
was determined by protein assay (Bradford, 1976) (Pierce BCA; 
Thermo Fisher Scientific), yielding on average 5 mg of mitochon-
drial protein/ml (5 mg of total protein) from one rabbit heart. 
Respiratory control ratios (ratio of state 3 over state 4 respiration 
with glutamate plus malate) of 6–8 were obtained using this method. 
All isolation procedures were performed on wet ice.

by cell death by either necrotic or apoptotic mechanisms 
(Rasola and Bernardi, 2011).

It is recognized that excessive Ca2+ accumulation in-
side mitochondria is one of the key factors responsible 
for mPTP opening during IRI (Bernardi et al., 2006; 
Halestrap, 2009a; Rasola and Bernardi, 2011; Ricchelli 
et al., 2011). However, details of the molecular nature 
of mPTP and the mechanisms of induction of pore 
opening remain poorly understood. Our previous study 
conducted with stable mammalian cell lines and neuro-
nal cultures identified mitochondrial inorganic poly-
phosphate (polyP) as a potent mediator of the process 
of Ca2+-induced cell death, suggesting a role in mPTP reg-
ulation (Abramov et al., 2007); however, the presence of 
polyP in cardiomyocytes and its effect on mPTP activity 
have never been investigated. polyP is an inorganic poly-
mer of multiple orthophosphates linked together by phos-
phoanhydride bonds (Wood and Clark, 1988; Kornberg 
et al., 1999; Kulaev et al., 1999). In mammalian organisms, 
typical lengths of polyP polymers are in the range of 
10–100 orthophosphate (Pi) groups. In striking contrast to 
inorganic phosphate, a known inducer of mPTP (Hunter 
et al., 1976; Di Lisa and Bernardi, 2009), which is present 
inside of mitochondria in millimolar concentrations 
(Werkheiser and Bartley, 1957), polyP is found in mam-
malian cells only in micromolar concentrations (Kumble 
and Kornberg, 1995; Kornberg et al., 1999), ruling out 
its ability to buffer matrix Ca2+, Mg2+, or pH significantly 
and suggesting a direct regulatory role. Indeed, a whole 
range of critical regulatory roles of polyP in mammalian 
cells has been recently discovered, including regulation of 
blood coagulation (Müller et al., 2009), gene expression 
(Müller et al., 2011), cell differentiation (Kawazoe et al., 
2008; Morimoto et al., 2010), bone mineralization 
(Omelon and Grynpas, 2008; Omelon et al., 2009), and 
ion channel function (Zakharian et al., 2009). In mam-
malian mitochondria under normal conditions, polyP 
was suggested to be involved in regulation of the respira-
tory chain and ATP production (Pavlov et al., 2010). 
Importantly, it was also demonstrated that polyP is an 
integral component of an ion channel extracted from liver 
mitochondria with properties similar to mPTP (Pavlov 
et al., 2005b). However, the current understanding of 
the role of polyP in mammalian mitochondria is limited 
and has not been studied in cardiac mitochondria. There-
fore, the aim of this study was to investigate the relationship 
between polyP and mPTP opening in cardiac myocytes. 
We found that: (a) cardiac mitochondria contain signifi-
cant amounts of polyP; (b) depletion of mitochondrial 
polyP does not affect cytosolic Ca2+ cycling, excitation–
contraction coupling (ECC), and mitochondrial Ca2+ trans-
port; however, (c) depletion of polyP inhibits Ca2+-induced 
mPTP opening in cardiomyocytes. These data demonstrate 
that polyP is a previously unrecognized critical activator of 
mPTP in cardiac cells and that reduction of polyP can 
be cardioprotective by preventing mPTP opening.
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signals were background corrected and recorded from individual 
cells. All fluorescent indicators were obtained from Invitrogen.

Cytosolic [Ca2+] ([Ca2+]i) measurements
These were performed in intact cells with Indo-1 using an epifluo-
rescence microscopy setup (Ionoptix). Action potentials were trig-
gered at 1 Hz by electrical field stimulation with a pair of platinum 
electrodes. The electrical stimulus was set at a voltage 50% 
greater than the threshold to induce myocyte contraction. Left ven-
tricular myocytes attached to laminin-coated (20 µg/ml) coverslips 
were loaded with 5 µM Indo-1/AM in the presence of 0.05% 
Pluronic F-127 (Invitrogen) for 15 min, washed for 10 min in 
Tyrode solution to allow for de-esterification of the dye, and then 
superfused continuously (1 ml/min) with Tyrode solution. Indo-1 
was excited at 340 nm, with emission signals simultaneously re-
corded at 405 nm (F405) and 485 nm (F485). Changes in [Ca2+]i are 
expressed as changes of the ratio R = F405/F485. Ca2+ transient ampli-
tudes are presented as R = Rpeak  Rdiast (Rdiast, diastolic [Ca2+]).

polyP levels
These were estimated in intact cells loaded with 5 µg/ml 4,
6-diamidino-2-phenylindole, dihydrochloride (DAPI) for 30 min 
at 37°C (Aschar-Sobbi et al., 2008). DAPI was excited with 408-nm 
laser light, and emitted fluorescence was measured at 552–617 
nm. For DAPI emission spectrum recording, cells were excited  
at 408 nm, and the emission spectrum was collected between  
500 and 675 nm. Data are presented as background subtracted 
fluorescence in arbitrary fluorescence units collected from the 
whole cell.

Mitochondrial matrix [Ca2+] ([Ca2+]m) measurements
These were performed in permeabilized cells loaded with either  
5 µM of X-Rhod-1/AM or Rhod-2/AM for 30 min at 37°C as de-
scribed previously (Sedova et al., 2006; Dedkova and Blatter, 2012). 
In brief, X-Rhod-1 or Rhod-2 was excited with the 543-nm line of a 
green HeNe laser, and emitted fluorescence was measured at 552–
617 nm. Mitochondrial X-Rhod-1 or Rhod-2 fluorescence intensity 
(F) in each experiment was normalized to the level of fluorescence 
recorded before stimulation (F0) but after cell permeabilization. 
Changes in [Ca2+]m are expressed as F/F0, where F = F  F0.

Measurement of m

Changes in m were followed using the potential-sensitive dye 
tetramethylrhodamine methyl ester (TMRM; ex = 543 nm and 
em = 552–617 nm) (Dedkova and Blatter, 2005, 2012). Cells 
were exposed to 5 nM TMRM for 30 min at 37°C before experi-
ments, and then permeabilized with digitonin as described above 
(Dedkova and Blatter, 2009). All solutions contained 5 nM 
TMRM during recordings. The decrease in TMRM fluorescence 
reflects depolarization of the mitochondrial membrane. At the end 
of each experiment, 1 µM FCCP was applied to obtain the mini-
mal signal (maximal depolarization) required for  fluorescence  
normalization.

Activity of mPTP
This was monitored in permeabilized cells loaded with 5 µM cal-
cein red (Invitrogen)/AM (ex = 543 nm and em = 552–617 nm) 
for 30 min at 37°C. Opening of the mPTP resulted in a decrease 
of calcein red fluorescence caused by a loss of mitochondria- 
entrapped calcein red (790 D) (Petronilli et al., 1999; Dedkova 
and Blatter, 2009, 2012). At the end of each recording, 10 µM of 
the pore-forming antibiotic alamethicin (Marsh, 1996) or ala-
methicin in combination with digitonin (10 µM each) was applied 
to provide a control measure for maximum calcein red release 
from mitochondria and to obtain a minimum intracellular calcein 
red fluorescence level required for signal normalization. Loss of 
mitochondrial calcein red induced by elevating [Ca2+]em (2 µM) 

polyP extraction, quantification, and size determination
polyP was extracted using a modified phenol/chloroform extrac-
tion protocol (Kumble and Kornberg, 1995). The mitochondrial 
pellet (see above) was resuspended in 250 µl TELS buffer (100 mM 
LiCl, 10 mM EDTA, and 10 mM Tris, pH 8.0, 0.5% SDS) and 
mixed with 250 µl of acid phenol/chloroform, pH 4.5 (with iso-
amyl alcohol [IAA]; acid phenol/chloroform/IAA [125:24:1]; 
Invitrogen). 425–600-µm glass beads (Sigma-Aldrich) were added 
to the level right below the phenol fraction for extraction of polyP 
associated with the membrane fraction. Samples were vortexed 
for 5 min at 4°C, followed by centrifugation at 1,500 g for 5 min at 
4°C. The water phase was transferred to a new tube and subjected 
to chloroform extraction with the equal volume of chloroform 
to remove traces of organic solvents from the water phase. polyP 
was precipitated from the water phase by adding 2.5 volumes of 
 ethanol, followed by overnight incubation at 20°C. The water– 
ethanol mixture was centrifuged for 10 min at 10,000 g. The re-
sulting pellet containing polyP was resuspended in 50 µl of a 
buffer (0.1% SDS, 1 mM EDTA, and 10 mM Tris-HCl, pH 7.4) 
treated with RNase and DNase to remove nucleic acid contamina-
tion and loaded on a 30% polyacrylamide gel prepared in the 
following solution (in mM): 90 Tris-KOH, pH 8.3, 90 boric acid, 
and 2.7 EDTA in the presence of 7 M urea. A gel size of 70 cm was 
run for 30 min at 80 V, followed by 6 h at 40 V. polyP was visual-
ized by DAPI staining (Smith and Morrissey, 2007). polyP with an 
average size of 25 orthophosphates (polyP 25; Sigma-Aldrich) was 
used as standard. The amount of polyP extracted from mitochon-
drial samples was estimated from the amount of Pi released upon 
treatment with recombinant PPX from yeast (Saccharomyces cerevi-
siae PPX) in the reaction mixture containing (in mM): 100 Tris-HCl, 
pH 7.5, 50 ammonium acetate, 5 magnesium acetate, and PPX 
in excess to ensure complete polyP hydrolysis. Pi released after 
PPX treatment was quantified colorimetrically using the Fiske-
Subbarow method (Fiske and Subbarow, 1925). In brief, 50 µl of 
the samples was mixed with 500 µl of 2.5% solution of ammonium 
molybdate prepared in 5 N sulfuric acid and 50 µl Fiske-Subbarow 
reagent (Sigma-Aldrich), with the total volume adjusted to 1 ml 
with water. The amount of Pi was estimated by the optical density of 
the solution at 650 nm and compared with the standard Pi solution 
(Sigma-Aldrich).

polyP depletion in mitochondria
To decrease the amount of polyP in mitochondria, mitochondrial-
targeted GFP-tagged PPX (Abramov et al., 2007) that specifi-
cally hydrolyzes polyP into inorganic phosphate was adenovirally 
expressed in cardiac myocytes. The adenoviral construct (MTS-GFP) 
expressed GFP together with a mitochondrial targeting sequence 
derived from the precursor of subunit VIII of human cytochrome c 
oxidase. Control cells were infected with an adenoviral vector that 
contained only the DNA for GFP without PPX. polyP levels were 
estimated in myocytes infected with PPX or GFP adenoviruses after 
24 h in culture.

Permeabilized ventricular myocytes
The sarcolemma was permeabilized with digitonin (10 µM for 60 s) 
as described previously (Sedova et al., 2006; Dedkova and Blatter, 
2009). Digitonin was added to the intracellular solution containing 
(in mM): 135 KCl, 10 NaCl, 20 HEPES, 5 pyruvate, 2 glutamate,  
2 malate, 0.5 KH2PO4, 0.5 MgCl2, 15 2,3-butanedione monoxime, 
5 EGTA, and 1.86 CaCl2 to yield a free [Ca2+]i of 100 nM with pH 
7.2. After permeabilization, the bath solution was changed to the 
same intracellular solution but without digitonin.

Fluorescence measurements
Laser scanning confocal microscopy (A1R; Nikon) was used to 
follow the changes in polyP concentration, cytosolic [Ca2+]i, mito-
chondrial Ca2+ uptake, m, and mPTP activity. All fluorescence 
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polyP was further confirmed by its characteristic distribu-
tion on high resolution polyacrilamide gel, where the 
polyP sample and standard appear as a characteristic 
“polyphosphate ladder” (Cowling and Birnboim, 1994). 
The appearance of this ladder is caused by the fact that 
both polyP standard and polyP sample from mitochon-
dria are in fact composed of a heterogeneous mixture of 
polymers of various sizes. Each band seen on the gel rep-
resents a polyP polymer of a certain size, with every next 
band representing the polymer that differs by a single Pi 
group (Fig. 1 A, right). The band distribution of the sam-
ple was comparable to the band distribution of polyP-25 
standard, suggesting that in cardiac mitochondria, the 
average length of polyP is in the range of 25 Pi residues.

Specific depletion of mitochondrial polyP in cardiac 
cells was achieved by targeted expression of PPX using an 
adenoviral infection system. Expression of the enzyme 
was monitored by measuring fluorescence of GFP at-
tached to PPX (Fig. 1 B, top panel). Control cells were 
infected with a virus carrying DNA encoding for GFP 
alone. Cells infected with GFP alone demonstrated an 
evenly distributed fluorescence signal (Fig. 1 B, top left), 
whereas cells infected with mitochondrially targeted 
GFP-PPX showed a fluorescence signal localized predom-
inantly to mitochondrial regions (Fig. 1 B, top right). 
The colocalization of GFP-PPX and TMRM used as a 

was quantified as percent decrease of the normalized calcein red 
fluorescence decrease.

Statistical analysis
Statistical differences of the data were determined with the  
Student’s t test for unpaired data and considered significant at 
P < 0.05. Results are reported as means ± SEM for the indicated 
number (n) of cells unless stated otherwise.

R E S U L T S

Detection and enzymatic depletion of mitochondrial polyP
Although the presence of polyP is documented for nu-
merous mammalian cell types and species (Kumble and 
Kornberg, 1995; Kornberg et al., 1999), it has never 
been measured in cardiac mitochondria. Here, we dem-
onstrate the presence and quantified the amounts of 
polyP in mitochondria of cardiac cells (rabbit ventricu-
lar myocytes). polyP was extracted and purified from 
isolated cardiac mitochondria (Kumble and Kornberg, 
1995). The amount of polyP was quantified using a 
highly specific enzymatic assay that relies on measure-
ments of Pi released from the sample upon treatment 
with recombinant PPX. We estimated that mitochondria 
contain 280 ± 60 pmol/mg of protein polyP (Pi units re-
leased by PPX treatment) (Fig. 1 A, left). The presence of 

Figure 1. polyP detection and ma-
nipulation in rabbit heart mito chon-
dria and cardiomyocytes. (A) Average 
amount of polyP in rabbit heart mito-
chondria (left) and gel images of 
polyP standard and polyP sample 
from isolated rabbit mitochondria 
(right). (B) Images of control GFP 
(left) and GFP-PPX–expressing cells 
(right). The top panel shows global 
GFP fluorescence at 500–530 nm 
that reveals the mitochondrial fluo-
r escence pattern in PPX-expressing 
cells and a homogeneously distrib-
uted fluorescence in control cells. 
The middle panel shows the decrease 
in DAPI fluorescence in polyP-de-
pleted cells. The bottom panel shows 
colocalization of GFP-PPX signal with 
mitochondria. TMRM was used as a 
mitochondrial signal, and the degree  
of overlay is presented in shades 
of yellow in the merged image.  
(C) Fluorescence spectrum of 5 µM  
of DAPI-loaded myocytes express-
ing control GFP (black), PPX (red), 
and control GFP cells not loaded 
with DAPI (gray). (D) Mean values 
from the DAPI spectrum obtained 
in C for GFP (black)- and PPX (red)-
expressing myocytes at em = 584 nm. 
a.u., arbitrary fluorescence units. The 
numbers in parenthesis indicate the 
number of hearts (A) or number of 
cells (D).
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the mitochondria Ca2+-sensitive dye X-rhod-1 (Fig. 3 A). 
The use of such low [Ca2+]em was required to prevent 
the opening of the mPTP caused by excessive intramito-
chondrial Ca2+ accumulation. Expression of PPX and 
depletion of mitochondrial polyP did not cause any sig-
nificant differences in the amount and kinetics of mito-
chondrial Ca2+ uptake or extrusion (Fig. 3 B).

Next, we studied how polyP depletion affected the sus-
ceptibility of mitochondria to Ca2+-induced mPTP open-
ing. In these experiments, mitochondria of permeabilized 

mitochondrial marker is shown in the bottom panel of 
Fig. 1 B. Relative levels of polyP in control and PPX- 
expressing cells were estimated by measuring fluores-
cence intensity of the DAPI–polyP complex (Abramov  
et al., 2007; Aschar-Sobbi et al., 2008). When excited at 
408 nm, control cells showed an emission spectrum with 
a maximum at 584 nm that is characteristic for the DAPI–
polyP complex (Fig. 1 C). Expression of PPX caused a 
significant (80%; P < 0.01; n = 6) decrease in DAPI fluo-
r escence (Fig. 1 B, middle), confirming that mitochon-
dria of these cells underwent a significant depletion of 
polyP compared with control cells expressing GFP alone 
(Fig. 1 D). Control cells that were not loaded with DAPI 
showed no increase in fluorescence (Fig. 1 C). These ex-
periments confirm that PPX can be expressed in cardiac 
myocytes and that its expression leads to the depletion of 
mitochondrial polyP.

Effect of polyP depletion on cytosolic Ca2+ cycling 
during ECC
In a first set of experiments (Fig. 2), we tested whether 
mitochondrial polyP depletion altered normal Ca2+ 
 cycling during cardiac ECC. In intact field-stimulated 
(1 Hz) myocytes, diastolic [Ca2+]i, amplitude and kinetics 
of cytosolic [Ca2+]i transients, and Ca2+ content of the SR 
estimated from the response to the addition of 15 mM 
caffeine were not affected by depletion of mitochondrial 
polyP levels, suggesting that the expression of PPX did 
not have any acute effects on Ca2+ signaling during ECC.

Effect of polyP depletion on mitochondrial Ca2+ handling
We determined whether polyP depletion affected mito-
chondrial Ca2+ uptake and extrusion. In permeabilized 
cells, Ca2+ uptake was induced by elevation of the ex-
tramitochondrial free Ca2+ concentration ([Ca2+]em) 
from 0.1 to 0.8 µM, and [Ca2+]m was measured using 

Figure 2. Expression of PPX 
does not alter cardiac ECC. 
(A) Original recordings of 
[Ca2+]i transients during field 
stimulation at 1 Hz and caf-
feine application from cells in-
fected with control GFP virus 
(black) and PPX virus (gray). 
(B) Average values of dia-
stolic [Ca2+]i. (C)  Amplitude 
of field stimulation–induced 
[Ca2+]i transients. (D) Rise 
time to 90% peak and decay 
time to 10% above baseline of 
electrically stimulated [Ca2+]i 
transients. (E) SR Ca2+ load 
expressed as average ampli-
tudes of caffeine-induced Ca2+ 
release. Here and in the sub-
sequent figures, numbers in 
parenthesis indicate number 
of cells.

Figure 3. Expression of PPX does not alter mitochondrial Ca2+ 
handling during moderate elevation of [Ca2+]em. (A) Original 
recordings of [Ca2+]m changes in permeabilized myocytes upon 
elevation of [Ca2+]em from 0.1 to 0.8 µM, and subsequent return 
to 0.1 µM in control and PPX-infected cells. (B) Average values of 
mitochondrial Ca2+ uptake (left) and extrusion (right) ([Ca2+]m 
amplitudes measured at 5 min of Ca2+ addition or removal) in 
control and PPX-expressing cells.
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by continued loss of indicator dye through the pore, 
leading to a steady decline of the signal. This transient 
increase and the decline were significantly attenuated 
in cyclosporine A (CsA)-treated and/or polyP-depleted 
cells (Fig. 4 D). The overall kinetics of fluorescence 
change after polyP depletion were similar to the kinet-
ics of mitochondria treated with the mPTP inhibitor 
CsA, strongly suggesting the involvement of mPTP 
(Fig. 4, C and D).

polyP depletion prevents m depolarization and opening 
of mPTP during mitochondrial exposure to high Ca2+

To further confirm that the effects observed with  
Ca2+-sensitive dyes were related to mPTP opening, we 
measured Ca2+-induced changes in m using the volt-
age-sensitive dye TMRM in permeabilized myocytes. 
Monitoring m with TMRM revealed no differences 
in basal m between the two groups; however, an el-
evation of [Ca2+]em from 0.1 to 2 µM Ca2+ caused a de-
cline of TMRM fluorescence that was significantly 
more  pronounced in control cells compared with poly P-  
depleted cells (Fig. 5, A and B). Finally, the effect of 
mPTP inhibition by polyP depletion was confirmed by 
measurement of mPTP opening using the calcein red 
assay (Fig. 5, C and D). Mitochondrially entrapped cal-
cein red with a molecular weight of 790 is released from 
mitochondria only through an open mPTP (maximum 

cells were loaded with the Ca2+ indicator dye X-rhod-1 
and exposed to a stepwise increase in [Ca2+]em from 0.1 
to 0.8 and to 2 µM. The amplitude of [Ca2+]m was virtu-
ally identical in control and PPX-expressing cells when 
low [Ca2+]em (0.8 µM) was used to stimulate mitochon-
drial Ca2+ uptake (Fig. 4 A). Subsequent exposure to 
high [Ca2+]em (2 µM) led to an additional increase in 
X-Rhod-1 fluorescence in PPX cells (Fig. 4, A and B). 
However, in control cells, an initial small increase was 
followed by a significant decline in X-Rhod-1 fluor es-
cence, presumably caused by the release of Ca2+ and/or 
X-Rhod-1 dye from mitochondria as a result of mPTP 
opening (Fig. 4, A and B). Subsequent lowering of 
[Ca2+]em to 0.1 µM caused a significantly faster decrease 
in X-Rhod-1 fluorescence in polyP-depleted mitochon-
dria (2.5 times faster; P < 0.05) compared with control 
mitochondria. This further supports the notion that 
polyP-depleted but not control mitochondria retained 
their ability to regulate [Ca2+]m. Similar results were ob-
tained when Rhod-2 was used to measure [Ca2+]m (Fig. 
4 C). Elevation of [Ca2+]em in a single step from 0.1 to 2 
µM caused a rapid increase of [Ca2+]m that was followed 
by a steady decline in Rhod-2 fluorescence caused by 
dye loss via mPTP. The transient increase of the fluor es-
cence signal under control conditions early during expo-
sure to 2 µM Ca2+ likely reflects additional Ca2+ entry 
(presumably through the open mPTP) that was followed 

Figure 4. Depletion of polyP prevents Ca2+ release from mitochondria in permeabilized myocytes. (A) Original recordings of [Ca2+]m 
changes in permeabilized X-Rhod-1–loaded myocytes upon stepwise elevation of [Ca2+]em from 0.1 to 0.8 to 2 µM and subsequent return 
to 0.1 µM in control (black) and PPX-infected cells (gray). The expression of PPX prevented the release of Ca2+ from mitochondria 
during the exposure to 2 µM Ca2+. (B) Average values for [Ca2+]m amplitude measured at 5 min of 0.8 (left)- and 2-µM (middle) Ca2+ 
exposure. (C) Average values for Ca2+ extrusion upon exposure to 0.1 µM Ca2+ (percent decline normalized to [Ca2+]em levels before 
exposure to 0.1 µM Ca2+; right). (D) Original recordings of [Ca2+]m changes in permeabilized Rhod-2–loaded myocytes upon elevation 
of [Ca2+]em from 0.1 to 2 µM in control (black), PPX-infected cells (dark gray), CsA-treated control cells (medium gray), and CsA-treated, 
PPX-infected cells (light gray). (E) Average values of Rhod-2 fluorescence decrease at 10 min after exposure to 2 µM Ca2+, calculated 
as a percentage of the initial maximal increase in control, PPX-infected cells, CsA-treated control, and CsA-treated, PPX-infected cells.
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that contains several proteins with established regula-
tory roles for the adenine nucleotide translocase and 
cyclophilin D (Bernardi et al., 2006; Halestrap, 2009a; 
Ricchelli et al., 2011). In cardiac myocytes, inhibition of 
mPTP opening prevents cell death under hypoxic con-
ditions (Halestrap, 2009a; Camara et al., 2011). Several 
recent clinical trials identified mPTP as a very promis-
ing target for protection against or treatment of IRI (Piot 
et al., 2008; Gomez et al., 2009). Thus, understanding 
the details of structural organization and regulation of 
mPTP in cardiac myocytes is critically important for the 
development of strategies of protection against cardiac 
tissue damage. However, the molecular mechanism of 
mPTP activation by Ca2+ as well as the molecular iden-
tity of the channel portion of the mPTP complex has 
remained elusive. It is known that the sensitivity to ma-
trix Ca2+ is enhanced by several factors such as oxidative 
stress, increased levels of inorganic phosphate, and 
membrane depolarization (Halestrap, 2009a). Indeed, 
mPTP opening can occur even at resting matrix [Ca2+] 
if one of these other factors is changed sufficiently 
(Halestrap, 2009a,b). Phosphate, in particular, has been 

size of mPTP permeable compounds is 1,500 D) 
(Bernardi et al., 2006). As shown in Fig. 5 (C and D), an 
increase of [Ca2+]em from 0.1 to 2 µM caused calcein red 
release from mitochondria that was significantly inhib-
ited in both polyP-depleted and CsA-treated mito-
chondria. The combination of polyP depletion and CsA 
treatment did not further prevent PTP opening, suggest-
ing that the effect of polyP depletion alone was already 
maximal. Collectively, these data support the hypothesis 
that decreased levels of mitochondrial polyP caused a 
significant inhibition of Ca2+-induced mPTP opening.

D I S C U S S I O N

Opening of the mPTP is the central event in many types 
of cell and tissue injuries, including cardiac IRI, leading 
to necrotic and apoptotic cell death (Camara et al., 
2011; Rasola and Bernardi, 2011). The mPTP is a highly 
dynamic, nonselective pore in the inner mitochondrial 
membrane providing a permeation pathway to ions, sol-
utes, and small proteins (Ricchelli et al., 2011). It is gen-
erally accepted that mPTP is a macromolecular complex 

Figure 5. polyP depletion prevents opening of the permeability transition pore induced by mitochondrial Ca2+ overload. (A) Original 
recordings of TMRM fluorescence in permeabilized cells upon elevation of the [Ca2+]em from 0.1 to 2 µM, and subsequent addition of 
1 µM FCCP in control (black) and polyP-depleted (PPX-expressing) myocytes (gray). (B) Average values reflecting the basal levels of 
TMRM fluorescence in control and PPX-expressing cells. (C) Average TMRM fluorescence decrease, measured at the end of exposure 
to 2 µM Ca2+ as percent decrease from initial levels in control and PPX-expressing cells. (D) Original recordings of calcein red fluores-
cence from permeabilized control (black), PPX-expressing (dark gray) and CsA-treated control (medium gray), and CsA-treated, PPX-
expressing (light gray) cells. After permeabilization, cells were exposed to 2 µM Ca2+ in the presence or absence of CsA. To normalize 
calcein fluorescence, 10 µM alamethicin was added at the end of the experiment to achieve the maximal calcein red release from mito-
chondria. (E) Summary of calcein red release (as percentage of total release obtained after alamethicin addition) from mitochondria 
measured at the end of 2-µM Ca2+ exposure in control, PPX-expressing, CsA-treated control cells, and CsA-treated, PPX-expressing cells.
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matrix volume corresponding to 1 mg of mitochondrial 
protein is estimated to be 1.6 µl ( Schwerzmann et al., 
1986), the upper limit of free polyP concentration is 
expected to be in the range of 200 µM. This number is 
most likely an overestimate provided that most polyP  
is likely bound to other macromolecules. Because the 
amounts of polyP are relatively low, it is unlikely that 
polyP hydrolysis by PPX would result in significant 
changes in the total pool of mitochondrial Pi, the latter 
being a known modulator of mitochondrial function 
(Hunter et al., 1976; Di Lisa and Bernardi, 2009). This 
makes it rather unlikely that in cardiac myocytes polyP 
plays a significant role as Ca2+ and phosphate buffer. 
This notion is supported by our data presented in Figs. 2 
and 3, where depletion of the mitochondrial polyP lev-
els in rabbit cardiomyocytes affected neither the ampli-
tude of electrically evoked cytosolic [Ca2+]i transients 
nor the magnitude of the mitochondrial Ca2+ uptake 
during moderate elevations of [Ca2+]em. However, the 
observed protective effect against Ca2+-induced mPTP 
opening in polyP-depleted cells (Figs. 3–5) suggest a 
possible direct structural or regulatory role of polyP in 
mPTP induction rather than a Ca2+/phosphate buffer-
ing function. This is consistent with previous reports 
where, with the exception of acidocalcisomes (Docampo 
et al., 2005), in mammalian organisms a primary role of 
polyP was linked to regulation of multiple processes 
through its interaction with organic polymers including 
proteins, DNA, RNA, and poly--hydroxybutyrate (PHB) 
(Kornberg et al., 1999; Kulaev et al., 1999).

One of the most intriguing and yet to be answered 
questions regarding mPTP relates to the mechanism of 
mPTP activation by Ca2+. The main conclusion that can 
be drawn from the experiments presented in Figs. 4  
and 5 is that depletion of polyP leads to significant inhi-
bition of Ca2+-induced mPTP. The fact that polyP is a 
Ca2+-binding polymer, and its depletion leads to inhibi-
tion of mPTP, allows us to propose that in fact, polyP 
might be the long-sought Ca2+ sensor of the mPTP.

The next important question is how polyP–Ca2+ inter-
action would lead to the activation of mPTP. A possible 
explanation is that formation of polyP–Ca2+ complexes 
in the presence of inorganic Pi would lead to the forma-
tion of aggregates that can be incorporated into the 
membrane and thus would induce an overall nonspecific 
increase in membrane permeability. This is somewhat 
similar to what occurs during Ca2+–Pi–DNA transfection 
in tissue culture cells (Castuma et al., 1995; Huang and 
Reusch, 1995). Although this model could explain an in-
crease in membrane permeability, it cannot explain the 
fact that according to electrophysiological studies, mPTP 
is formed by a stable pore rather than a nonspecific in-
crease in membrane permeability. Based on previous ex-
perimental data (Pavlov et al., 2005b), it is possible that 
formation of polyP–Ca2+ can be directly related to the 
assembly and opening of the mPTP pore through the 

referred to as an mPTP inducer since 1976 (Hunter  
et al., 1976); however, the mechanism of mPTP regula-
tion by phosphate is not quite straightforward. First, by 
its ability to bind to protons, phosphate contributes  
to the maintenance of optimum pH levels for mPTP 
opening at 7.3 (Nicolli et al., 1993). Second, by de-
creasing matrix magnesium concentration, which com-
petes with Ca2+ for a binding site on the mPTP and 
decreases its opening probability (Bernardi et al., 1992), 
phosphate would in fact facilitate mPTP opening  
(Di Lisa and Bernardi, 2009). A mitochondrial phos-
phate carrier was proposed as mPTP component recently 
(Leung et al., 2008), bringing more attention to the role 
of phosphates in mPTP activation. However, the ability 
of phosphate to buffer mitochondrial matrix Ca2+ will 
argue in the favor of phosphate as an mPTP inhibitor 
rather than mPTP inducer (Di Lisa and Bernardi, 
2009). A recent study indicates that phosphate is actu-
ally required for inhibition of mPTP opening by CsA  
or genetic cyclophilin D ablation (Basso et al., 2008). 
The central aim of the present study was to investigate 
the contribution of  inorganic polyP toward regulation 
of Ca2+-induced mPTP activity in mitochondria of car-
diac myocytes.

polyP is a linear polymer of many tens to hundreds of 
Pi residues linked by high energy phosphoanhydride 
bonds similar to those found in ATP (Wood and Clark, 
1988; Kornberg et al., 1999; Kulaev et al., 1999). polyP 
is found in every cell in nature ranging from bacteria to 
mammals (Wood and Clark, 1988; Kornberg et al., 
1999; Kulaev et al., 1999) and likely conserved from pre-
biotic times. Physiological roles of polyP are numerous 
and depend on size, concentration, and localization of 
the polymer. In mammalian cells, the concentration of 
polyP was found to be significantly lower compared 
with bacteria and yeast (Kumble and Kornberg, 1995; 
Kornberg et al., 1999). In bacteria, the majority of polyP 
is present in highly polymerized form of 800–1,000 resi-
dues and plays a role in energy (Wood and Clark, 1988; 
Kornberg et al., 1999; Kulaev et al., 1999) and phos-
phate (Kulaev et al., 1999) storage and as a chelator of 
heavy metals and Ca2+ (van Veen et al., 1993). Unlike 
bacteria, mammalian organisms contain mostly short-
chain polyP, which is found in all tested organisms and 
tissues in various subcellular compartments (Kumble 
and Kornberg, 1995). Estimated levels of 25–120 µM (in 
terms of phosphate residues) were detected in rodent 
 tissues (brain, heart, kidney, liver, and lungs) (Kumble 
and Kornberg, 1995), in striking contrast to polyP levels 
of 50–120 mM detected in bacteria (Escherichia coli) and 
yeast (Saccharomyces cerevisiae) (Kornberg et al., 1999). 
In the present study (Fig. 1 A), we determined that polyP 
is present in mitochondria of rabbit hearts as a short-chain 
polymer with 25 Pi groups. The amount of polyP 
in cardiac mitochondria was estimated to be 280 ±  
60 pmol/mg of protein. Taking into account that the total 
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