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Abstract
Mitochondrial reactive oxygen species (ROS) production is recognized as a major pathogenic event
in a number of human diseases, and mitochondrial scavenging of ROS appears a promising
therapeutic approach. Recently, two mitochondrial antioxidants have been developed; conjugating
α-tocopherol and the ubiquinol moiety of coenzyme Q to the lipophilic triphenylphosphonium cation
(TPP+), denominated MitoE2 and MitoQ10, respectively. We have investigated the effect of these
compounds on mitochondrial Ca2+ homeostasis, which controls processes as diverse as activation
of mitochondrial dehydrogenases and pro-apoptotic morphological changes of the organelle. We
demonstrate that treatment of HeLa cells with both MitoE2 and MitoQ10 induces (albeit with different
efficacy) a major enhancement of the increase in matrix Ca2+ concentration triggered by cell
stimulation with the inositol 1,4,5-trisphosphate-generating agonist histamine. The effect is a result
of the inhibition of Ca2+ efflux from the organelle and depends on the TPP+ moiety of these
compounds. Overall, the data identify an effect independent of their antioxidant activity, that on the
one hand may be useful in addressing disorders in which mitochondrial Ca2+ handling is impaired
(e.g., mitochondrial diseases) and on the other may favor mitochondrial Ca2+ overload and thus
increase cell sensitivity to apoptosis (thus possibly counteracting the benefits of the antioxidant
activity).
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Introduction
Mitochondria contribute to cellular energy balance, cell death, and cell survival pathways in
different ways.1-4 First, the most established function of the organelle is to synthesize ATP
through oxidative phosphorylation, which is associated with reactive oxygen species (ROS)
production, including primarily superoxide (O2

·-) formation by the respiratory chain complexes
I and III;5,6 O2

·- is converted to other potent oxidants, such as peroxynitrite, hydrogen peroxide
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(H2O2), and the most reactive hydroxyl radical (OH·-). While various antioxidant mechanisms
usually inactivate ROS, their relative inefficiency at high levels of ROS production trigger both
a nonspecific increase of mitochondrial membrane permeability and the activation of
mitochondrial apoptotic pathways through the release of pro-apoptotic factors from the
mitochondrial intermembrane space.4

Increasing evidence suggests that mitochondrial dysfunction by oxidative damage plays a
crucial role in major pathologies, such as neurodegenerative diseases (Parkinson’s disease,
Huntington’s disease, Friedrich’s ataxia, and Alzheimer’s disease)7-11 and diabetes.12,13
Innovative therapeutic molecules are mitochondrial antioxidants generated by conjugating α-
tocopherol (vitamin E) or the ubiquinol moiety of coenzyme Q to the lipophilic
triphenylphosphonium cation (TPP+) in novel compounds named MitoE2 and MitoQ10,
respectively.2,14-17 These compounds are able to localize almost exclusively to mitochondria,
to permeate through the plasma membrane bilayer, and then to accumulate into the negatively
charged mitochondrial matrix.16,18-23

Moreover, these molecules have been shown to reduce oxidized lipids in the inner
mitochondrial membrane (IMM) in numerous cellular models, providing protection from lipid
peroxidation and nonspecific membrane damage.24-29 These observations led to the
introduction of these antioxidants in Phase I and II clinical trials in neurodegenerative diseases.

However, the extensive accumulation of lipophilic cations within isolated mitochondria at
concentrations approaching millimolar levels can disrupt membrane integrity and impair
respiration and ATP synthesis.17,30-32 Indeed, MitoQ10 starts to increase the respiration of
isolated mitochondria at low micromolar concentrations. These effects may represent an
unspecific effect on membrane permeability but may also be the consequence of the interaction
of the antioxidant or TPP+ moieties with specific IMM enzymes and transporters, as was
previously reported for TPP+.33 Understanding these interactions is important for the
evaluation of therapeutic strategies using MitoE2 and MitoQ10 as well as for the development
of newer generations of compounds based on the mitochondrial targeting approach.

The electrical gradient (Δψm) across the IMM provides a huge driving force for accumulation
of inorganic cations into the mitochondrial matrix. Indeed, direct measurement of Ca2+

concentration in the matrix ([Ca2+]m) with targeted recombinant probes demonstrated rapid
fluctuations of [Ca2+]m upon cell stimulation, strongly amplifying the parallel cytosolic
Ca2+ ([Ca2+]c) changes. This leads to an extremely efficient increase of [Ca2+]m (100-500
μmol/L), as measured by recombinant low-affinity Ca2+ sensors and determined by three
principal processes: Ca2+ uptake through the mitochondrial Ca2+ uniporter (MCU), driven by
Δψm; (ii) Ca2+ efflux through the Na+/Ca2+ (mNCX) and H+/Ca2+ (mHCX) exchangers; (iii)
Ca2+-buffering activity in the mitochondrial matrix through the formation of insoluble
xCa2+-xPO4

x--xOH- complexes. The exact role of such a large elevation of [Ca2+]m is not yet
clear, but recent data indicate that it might be related to the regulation of mitochondrial
dynamics and sensibility to apoptotic challenges.34

Given the correlation between mitochondrial Ca2+ transport and respiratory chain activity and
the role of mitochondrial Ca2+ accumulation and ROS production in cell fate regulation, we
investigated the effects of TPP+-based antioxidants on mitochondrial Ca2+ homeostasis, using
targeted recombinant aequorin (AEQ) probes. We observed that TPP+, as well as MitoE2 and
MitoQ10 although with different efficiency, specifically interact with the Na+/Ca2+ or H+/
Ca2+Ca2+-exchangers (mCX), leading to profound alteration of mitochondrial Ca2+

homeostasis.
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Results
The Mitochondrially Targeted Antioxidants MitoQ10 and MitoE2 Modify the Kinetics of
Agonist-induced Ca2+ Uptake into the Organelle

To determine the effect of MitoQ10 and MitoE2 on mitochondrial Ca2+ handling, we measured
histamine-evoked mitochondrial Ca2+ transients in HeLa cells. Cells were transfected with a
mitochondrially targeted low-affinity aequorin probe (mtAEQmut).35 After reconstitution of
the probe with coelenterazine, the transfected cells were pretreated for 10 min with 10 μmol/
L MitoQ10 and 5 μmol/L MitoE2. Cells were then stimulated with 10 μmol/L histamine, an
agonist acting on G-protein-coupled receptors and leading to the production of inositol 1,4,5
trisphosphate (IP3), in the continuous presence of the antioxidant. The consequent Ca2+ release
from the intracellular stores induced a mitochondrial Ca2+ transient, which was recorded.

As shown in Figure 1A, MitoE2 caused a profound change in the mitochondrial Ca2+ transient.
In MitoE2 pretreated cells, [Ca2+]m reached a much higher peak than control cells (peak
Ca2+ response was 36.8 ± 5.9 μmol/L for MitoE2, n = 13 versus 20.1 ± 1.6 μmol/L for controls,
n = 11, p = 0.005) and [Ca2+]m returned to basal level at a much slower rate, suggesting an
effect on Ca2+ extrusion from mitochondria. On the other hand, as shown in Figure 1B, while
the effect of MitoQ10 was similar to that of MitoE2, it was not so pronounced, suggesting that
mitochondrial Ca2+ extrusion was more modestly inhibited (22.1 ± 5.2 μmol/L for MitoQ10,
n = 18 versus 21.0 ± 1.6 μmol/L for controls, n = 19, p = 0.7).

Since the above changes suggested the inhibition of the Na+/Ca2+ exchanger, we compared
the effect of the mitochondrial antioxidant MitoE2 to that of CGP37157, a specific inhibitor
of mCXs.36,37 Figure 1C shows that the effect of 20 μmol/L CGP37157 on [Ca2+]m kinetics
was almost identical to those observed in cells treated with MitoE2 (peak [Ca2+]m response
was 40.3 ± 2.4 μmol/L for 20 μmol/L CGP37157, n = 17 versus 27.5 ± 2.3 μmol/L for controls,
n = 11, p = 0.002). Importantly, the effects of CGP37157 and MitoE2 were not additive (data
not shown).

MitoQ10 and MitoE2 Specifically Inhibit the Mitochondrial Na+/Ca2+ Exchanger
In the next series of experiments we verified whether the effects of MitoQ10 and MitoE2 are
specific to mitochondria. We first analyzed for comparison the effect on mitochondrial Ca2+

homeostasis of untargeted antioxidants. For this purpose, we pretreated HeLa cells with vitamin
E (α-tocopherol) at different concentrations (5 and 20 μmol/L) that were shown to exert a potent
antioxidant effect in whole-cell systems.38-40 The application of the experimental protocol of
Figure 1 showed that there were no alterations in the peak of mitochondrial Ca2+ uptake
following histamine stimulation (at 5 μmol/L vitamin E, the peak rise was 17.3 ± 1.4 μmol/L,
n = 15 versus 21.5 ± 1.5 μmol/L in controls, n = 16, p = 0.043; and at 20 μmol/L vitamin E,
the peak was 17.1 ± 1.4 μmol/L, n = 19 vs. 19.8 ± 1.6 μmol/L in controls, p = 0.39 Fig. 2). The
kinetics of the decay phase was identical in vitamin E-treated and control cells. Similarly, the
use of other nontargeted antioxidants was without effect on mitochondrial Ca2+ homeostasis
(ascorbic acid 1 mmol/L, 20 min and trolox 750 μmol/L, 20 min; data not shown).

We then investigated the effect of MitoE2 (which had the stronger effect on mitochondrial
Ca2+ signals) on the cytosolic Ca2+ signal. For this purpose, we transfected HeLa cells with
the cytosolic form of the aequorin probe35 and again we analyzed the [Ca2+]c rise triggered
by histamine stimulation. As shown in Figure 3, the [Ca2+]c rise following the application of
10 μmol/L histamine was not significantly altered in cells treated with MitoE2 (2.00 ± 0.09
μmol/L for 5 μmol/L MitoE2, n = 16 versus 1.79 ± 0.07 μmol/L for controls, n = 17, p = 0.08),
in agreement with previous observations using the mCX inhibitor CGP37157.41
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Lastly, we performed experiments in cells in which the plasma membrane was permeabilized
in order to apply a defined extramitochondrial buffer. For this purpose HeLa cells, expressing
the mtAeqmut probe, were incubated for 1 min with 25 μmol/L digitonin and then perfused
with a buffer mimicking the ionic composition of the intracellular milieu [(intracellular buffer
([IB]): 130 mmol/L KCl, 10 mmol/L NaCl, 1 mmol/L MgSO4, 0.5 mmol/L K2HPO4, 5 mmol/
L succinic acid, 1 mmol/L pyruvic acid, 3 mmol/L MgCl2, glucose 5.5 mmol/L, and 20 mmol/
L HEPES, pH = 7.4) supplemented with 2 mmol/L ethylene glycol tetraacetic acid (IB/EGTA).
Mitochondrial Ca2+ uptake was initiated by replacing IB/EGTA with IB containing a buffered
Ca2+ concentration of 1 μmol/L (IB/Ca2+). When [Ca2+]m reached a steady state level, the
kinetics of Ca2+ extrusion were analyzed by blocking Ca2+ influx through the application of
10 μmol/L ruthenium red (RR), an inhibitor of the MCU. As shown in Figure 4A, the addition
of RR causes a rapid return of mitochondrial [Ca2+] to basal levels because of the activity of
the mCX. With this procedure we compared the effect on the mCX of the mitochondrially
targeted antioxidant with that of CGP37157. The rate of Ca2+ calcium extrusion was measured
as a function of [Ca2+]m. As shown in the histograms of Figure 4B and C, MitoE2 and
CGP37157 induced a comparable inhibition of Ca2+ extrusion (0.050 0.004 μmol/L/s for 5
μmol/L MitoE2, n ± 15 vs. 0.100 ± 0.004 μmol/L/s for controls, n = 25, p = 7.8e-6; 0.06 ± 0.01
μmol/L/s for 20 μmol/L CGP37157, n = 17, p=1.1e-6). To rule out a possible effect of
MitoE2 on a MCU-independent uptake pathway, RR-insensitive Ca2+ uptake has been directly
measured in permeabilized cells. For this purpose cells were perfused with 10 μmol/L RR from
the very beginning of the experiments. As shown in Figure 4D under those conditions
mitochondrial Ca2+ uptake is strongly reduced (less than 1% of control cells, plateau [Ca2+]
μmol/L 144.9 ± 6.3 cont vs. 0.88 ± 0.05 RR). Moreover the initial rate of Ca4 uptake showed
no differences in cells perfused with RR ** μmol/L and MitoE2 5 μmol/L compared to cells
perfused only with RR 109 μmol/L (0.020 + 0.04 [μmol/L])/s for controls, 0.0205 + 0.04
[μmol/L]/s for 5 μmol/L Mito E2, p > 0.05). Thus, summarizing the last three experimental
approaches, we concluded that MitoQ10 and MitoE2 exert a specific inhibitory effect on the
mitochondrial Na+/Ca2+ exchanger independently of changes in global cellular Ca2+

homeostasis, and that for this effect, their mitochondrial targeting is essential.

The Effect of MitoQ10 and MitoE2 Relies on the Presence of Their Triphenylphosphonium
Moiety

In the next set of experiments we investigated the possible mechanism of mCX inhibition by
MitoQ10 and MitoE2. These molecules are composed of the lipophilic cation
tetraphenilphosphonium bromide (TPP+) and ubiquinol (MitoQ10) or vitamin E (MitoE2), and
the subscript in the compound refers to the number of carbons in the alkyl chain connecting
the TPP and antioxidant moieties. Transport studies have shown that these complex molecules
are well absorbed by the IMM, having their mostly lipophilic part embedded in the
membrane42 and TPP+ interacting with the hydrophilic lipid surface. Thus, we hypothesized
two scenarios. In the first, the antioxidant activity of MitoQ10 and MitoE2, by changing the
lipid oxidation state in the membrane, might change the microenvironment of the mCX and
thus its activity. Alternatively, the membrane surface-associated TPP+ moiety may interact
directly with the protein responsible for the Na+/Ca2+ (or H+/Ca2+)-exchange activity, leading
to its inhibition.

To distinguish between these possibilities, we performed two set of experiments. First, we
assessed the effect of TPP+ on agonist-induced mitochondrial Ca2+ signals in mtAEQmut-
transfected HeLa cells. Cells were treated with 5 μmol/L TPP+ and then stimulated with 10
μmol/L histamine. Strikingly, the effects on [Ca2+]m were the same as of those of MitoE2, that
is, TPP+ induced an increase of the [Ca2+]m peak and reduced the rate of Ca2+ extrusion
([Ca2+]m peak TPP+ = 38.9 ± 3.0 μmol/L, n = 11 vs. controls = 19.4 ± 1.5 μmol/L, n = 11,
p=8.1e-6) (Fig. 5). These results demonstrated that TPP+ in itself can inhibit the mitochondrial
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Ca2+ extrusion machinery. However, it did not exclude that the antioxidant moiety of
MitoQ10 and MitoE2 could induce a similar effect. To examine this possibility, we assumed
that for the effect of antioxidants on the oxidative state of membrane lipid, a relatively long-
term accumulation and reaction time is necessary,16,17 thus the effect on Ca2+ kinetics should
not be immediate. Therefore, using the above described permeabilized cell model, we applied
MitoE2 directly in the perfusion buffer and carried out a longer measurement of [Ca2+]m. Under
those conditions, the [Ca2+]plateauwas followed by a slow [Ca2+]m decline, dependent on
Ca2+ extrusion and possibly buffering. Application of both MitoE2 and TPP+ during this decay
phase caused a rapid transient inversion of the [Ca2+]m decline (Δ[Ca2+]m = 8.04 ± 1.24 μmol/
L and 6.77 ± 1.06 μmol/L, respectively p = 0.46), indicative of inhibition of Ca2+ extrusion
(Fig. 6). Altogether, our results strongly suggest that the MitoQ10 and MitoE2 mitochondrially
targeted antioxidants inhibit the Na+/Ca2+ (or H+/Ca2+) exchange mechanism through the TPP
+ moiety present in both molecules.

Discussion and Perspectives
Our results disclosed a specific interaction of the mitochondrially targeted antioxidants
MitoE2 and MitoQ10 with the Na+ (H+)/Ca2+ exchanger. Moreover, they provide evidence that
this interaction is mediated by the TPP+ moiety of the compounds. Even if analyses of steady-
state tetramethyl rhodamine methyl ester (TMRM) accumulation showed a slight reduction of
mitochondrial membrane potential (about 10%) induced by MitoE2 and TPP+, the interaction
resulted in increased Ca2+ accumulation in the mitochondria following both IP3-mediated
Ca2+ release from the ER or incubation of permeabilized cells with Ca2+. Interestingly, the
effect of MitoE2 by far exceeded that of MitoQ10 and was comparable to the effect of TPP+
alone. These differences in the efficiency of the three molecules may provide some clues for
identifying the site of TPP+ interaction with the mCX. Indeed, MitoQ10 has a long alkyl chain,
which was shown to increase the tendency of the lipophilic cations to absorb to the inner surface
of the IMM. In addition, a longer alkyl chain increases the extent to which the attached molecule
(TPP+ in this case) penetrates into the membrane. Thus, we can speculate that loose attachment
of TPP+ to the inner surface of the IMM promotes its interaction with the mCX while its
penetration into the membrane counteracts it and diminishes the inhibitory effect. A further
hypothesis arises by taking into consideration that TPP+ is a cation, making it possible that it
directly interacts with the site of Ca2+ or Na+ binding on the transporter.

To be pharmaceutically manageable an antioxidant should be a small molecule, should have a
high rate of mitochondrial localization in order to selectively protect mitochondria from
oxidative stress, should be recycled back to its active form after its antioxidant action, and last,
but not least, should be orally bioavailable. MitoE2, the triphenylphosphonium-conjugated
form of α-tocopherol, was shown to be taken up rapidly by isolated mitochondria because of
the TPP+ ability to pass through phospholipid bilayers, and it has been demonstrated that in
mice after intravenous injection it can diffuse from the bloodstream to most tissues. If we add
its capacity to be cleared from all organs approximately in 1.5 days, oral administration of the
mitochondrial form of vitamin E appears a reasonable prospective.

However, the side effects shown by our study raise a series of important questions. How does
the alteration of mitochondrial calcium signaling modify cell metabolism? Will this effect
influence (or even reverse) the anti-apoptotic effect of the antioxidants? Mitochondrial Ca2+

accumulation is determined by three principal processes: (i) Ca2+ uptake through the MCU,
driven by Δψm and activated in a cooperative manner by external [Ca2+] ([Ca2+]e); (ii) Ca2+

efflux through the mNCX and mHCX exchangers, saturated at ≈ 1 μmol/L [Ca2+]m; (iii)
Ca2+-buffering activity in the mitochondrial matrix through the formation of insoluble
xCa2+-xPO4

x--xOH- complexes, driven by HxPO4
x- uptake accompanying Ca2+ accumulation

and the alkaline pH of the mitochondrial matrix. As a result of these processes, in isolated
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mitochondria two patterns of [Ca2+]m changes were observed following elevation of [Ca2+]e.
At submicromolar [Ca2+]e, [Ca2]m increases in a range (0.2-3 μmol/L), which allows the
parallel activation of Ca2+-dependent enzymes of the Krebs cycle, leading to increased supply
of reducing equivalents (NADH+/NADPH+).43-45 This [Ca2+]m increase activates
mitochondrial metabolism, i.e., the supply of ATP under aerobic conditions.34,46 At
[Ca2+]e above the μmol/L level, the mitochondrial efflux mechanisms, assisted by the matrix
Ca2+-buffering activity, keep [Ca2+]m relatively stable, allowing mitochondria to accumulate
as much as 700-1000 nmol Ca2+/mg mitochondrial protein. On the other hand, mitochondria
positioned at the cytoplasmic face of the ER Ca2+ release channels (inositol 1,4,5-trisphosphate
receptors and ryanodine receptors) or close to plasma membrane (PM) Ca2+ influx channels
(e.g., capacitative Ca2+ entry or ionotropic glutamate receptors) are exposed to Ca2+

concentrations well above those measured in the bulk cytosol. Such a large elevation of
[Ca2+]m might be related to the regulation of mitochondrial dynamics and sensibility to
apoptotic challenges.34

As detailed in the introduction, both mitochondrial ATP production and Ca2+-mediated cell
death can be positively modified by the increased mitochondrial Ca2+ uptake induced by TPP
+ and its derivatives. The former effect, that is, increased mitochondrial ATP production, might
enhance the protective effect of the antioxidant moiety in cell types with high ATP demand,
such as the cardiomyocytes. On the other hand, increased cell death by mitochondrial Ca2+

overload might cancel the benefits from the antioxidant effect. Further work in cell types of
pathophysiological interest and using experimental approaches for investigating cell
metabolism and apoptotic death (ATP measurements with targeted luciferases, enzymatic
assays of caspase activation, monitoring of mitochondrial structure with targeted green
fluorescent proteins (GFPs) will be needed to clarify this issue.

Matherial and Methods
Cell Culture and Transfection

HeLa cells were grown in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with
10% fetal calf serum (FCS), in 75 cm2 Falcon flasks. For aequorin measurements, the cells
were seeded before transfection onto 13-mm glass coverslips and allowed to grow to 50%
confluence. At this stage, transfection with 4 μg of plasmid DNA (3 μg mt-GFP + 1 μg mtAEQ
or cytAEQ) was carried out as previously described47 and aequorin measurements were
performed 36 h after transfection.

Aequorin Measurements
For cytosolic aequorin (cytAEQ) and mtAEQ measurements, the coverslip with the cells was
incubated with 5 μmol/L coelenterazine for 1-2 h in DMEM, supplemented with 1% FCS, and
then transferred to the perfusion chamber. All aequorin measurements were carried out in
Krebs-Ringer modified buffer (KRB): 125 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L
Na3PO4, 1 mmol/L MgSO4, 5.5 mmol/L glucose, 20 mmol/L HEPES, pH 7.4, 37 °C)
supplemented with 1 mmol/L CaCl2 (KRB/Ca2+). Agonists and other drugs were added to the
same medium, as specified in the figure legends. The experiments were terminated by lysing
the cells with 100 μmol/L digitonin in a hypotonic Ca2+-rich solution (10 mmol/L CaCl2 in
H2O), thus discharging the remaining aequorin pool. The light signal was collected and
calibrated into [Ca2+] values as previously described.48,49 All the results are expressed as
means ± standard error.

Experiments in permeabilized HeLa cells were performed as previously described,50 except
that 25 μmol/L digitonin was used in order to preserve mitochondrial integrity.
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Figure 1.
Effect of two different mitchondrial targeted antioxidants, mitochondrial vitamin E (mtVitE)
and MitoQ, on mitochondrial Ca2+ signaling in HeLa cells. HeLa cells were transfected with
a mitochondrially targeted low-affinity aequorin (mtAeqmut) probe, treated with (A) 5 μmol/
L MitoE2, (B) 10 μmol/L MitoQ10, or (C) 20 μmol/L CGP37157 for 10 min, and then stimulated
with histamine 10 μmol/L. Agonist stimulation induced a rapid Ca2+ uptake into mitochondria
and a consequent release, which is strongly inhibited in MitoE2- and CGP37157-pretreated
cells. MitoQ10 has a milder effect. These and the following traces are representative of more
than five independent experiments that gave similar results.
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Figure 2.
Effect of different doses of cytosolic vitamine E on mitochondrial Ca2+ homeostasis. HeLa
cells were transfected with the mtAeqmut probe, treated with (A) 5 μmol/L or (B) 20 μmol/L
unmodified vitamine E (α-tocopherol), and then stimulated with 10 μmol/L histamine. No
major difference on the amplitude and kinetics of the [Ca2+]m rise is observed compared to
untreated cells.

Leo et al. Page 11

Ann N Y Acad Sci. Author manuscript; available in PMC 2009 May 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Effect of MitoE2 on cytosolic Ca2+ homeostasis. HeLa cells were transfected with cytosolic
Aeq probe, treated with 5 μmol/L MitoE2, and than stimulated with 10 μmol/L histamine. No
major effect on the amplitude and kinetics of the [Ca2+]c rise is observed.
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Figure 4.
Effect of ruthenium red on mitochondrial Ca2+ homeostasis in permeabilized HeLa cells. HeLa
cells were transfected with the mtAeqmut probe, permeabilized by a 1-min treatment with 25
μmol/L digitonin, and then perfused with intracellular buffer (IB)/ethylene glycol tetraacetic
acid (EGTA) buffer (composition in the text). When indicated the medium was switched to
IB/Ca2+. When a plateau [Ca2+]m level was reached, the perfusion medium was supplemented
with (A) 10μmol/L ruthenium red (RR). The rate of Ca2+ extrusion in control cells versus
(B) MitoE2- and (C) CGP37157-treated cells was then calculated. (D) When 10 μmol/L RR
was added (right panel) both to IB/EGTA and to IB/Ca2+, mitochondrial Ca2+ uptake was
strongly reduced as compared to nontreated cells (left panel). Note the different scales on the
two panels. Traces are representative of > nine measurements.
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Figure 5.
Effect of triphenylphosphonium cation (TPP+) on mitochondrial Ca2+ homeostasis. HeLa cells
were transfected with mtAeqmut probe, treated with TPP+ 5 μmol/L, and then stimulated with
10 μmol/L histamine. The amplitude of the [Ca2+]m rise is increased in TPP+ treated cells and
the return to basal levels significantly delayed.
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Figure 6.
Effect on [Ca2+]m of perfused MitoE2- and TPP+-permeabilized cells. Permeabilization of the
plasma membrane with digitonin and initiation of mitochondrial Ca2+ uptake through perfusion
of 1 μmol/L Ca2+ were carried out as in Figure 4A. Panel (A) shows the slow decay of the
[Ca2+]m plateau. During the decay phase the perfusion medium was supplemented with (B) 5
μmol/L MitoE2 or (C) 5 μmol/L TPP+. In both cases, a rapid inversion of the decay phase is
observed. Statistical analysis of Δ[Ca2+]m (μmol/L, measured from the application of the drugs
until the signal initiated decay again) is shown in panel D.
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