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During cell activation, mitochondria play an important role in
Ca*" homoeostasis due to the presence of a fast and specific Ca>*
channel in its inner membrane, the mitochondrial Ca®" uniporter.
This channel allows mitochondria to buffer local cytosolic [Ca®*]
changes and controls the intramitochondrial Ca** levels, thus
modulating a variety of phenomena from respiratory rate to
apoptosis. We have described recently that SB202190, an inhibitor
of p38 MAPK (mitogen-activated protein kinase), strongly activ-
ated the uniporter. We show in the present study that a series
of natural plant flavonoids, widely distributed in foods, produced
also a strong stimulation of the mitochondrial Ca*" uniporter. This
effect was of the same magnitude as that induced by SB202190 (an
approx. 20-fold increase in the mitochondrial Ca** uptake rate),
developed without measurable delay and was rapidly reversible.
In intact cells, the mitochondrial Ca** peak induced by histamine

was also largely increased by the flavonoids. Stimulation of the
uniporter by either flavonoids or SB202190 did not require ATP,
suggesting a direct effect on the uniporter or an associated protein
which is not mediated by protein phosphorylation. The most
active compound, kaempferol, increased the rate of mitochondrial
Ca’* uptake by 85+ 15 % (mean £+ S.E.M., n=4) and the hista-
mine-induced mitochondrial Ca** peak by 139+ 19 % (mean +
S.E.M., n=15) at a concentration of 1 ©M. Given that flavonoids
can reach this concentration range in plasma after ingestion of
flavonoid-rich food, these compounds could be modulating the
uniporter under physiological conditions.

Key words: calcium uniporter, flavonoid, genistein, kaempferol,
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INTRODUCTION

Cell stimulation often triggers an increase in [Ca®"]. (cytosolic
[Ca®*]), either through activation of plasma membrane Ca®* chan-
nels or through release of Ca** from intracellular stores, mainly
the ER (endoplasmic reticulum). These [Ca*"]. changes are non-
homogeneous on a fast timescale, being much larger in regions
close to the Ca*" source (the plasma membrane or ER Ca*" chan-
nels). In the last few years it has become evident that these fast
local changes in the [Ca®"], in defined subcellular environments
(the high-Ca®>* microdomains) are specially relevant from a
physiological point of view [1]. In particular, the extent of Ca**
uptake by mitochondria is critically dependent on these high-
Ca?* microdomains [2—3]. This is because the mitochondrial Ca**
uniporter has low-Ca?" affinity, in the micromolar range, so that
its activation requires a rise in [Ca®"], much larger than the
mean global [Ca®"], transient. Ca>" uptake by mitochondria fulfils
a variety of functions in cell physiology. The increase in [Ca®" ]y
(mitochondrial [Ca*"]) activates several dehydrogenases, leading
to an increase in the respiratory rate and ATP production [6,7].
Moreover, the fast mitochondrial Ca** uptake can modulate the
local rise in [Ca®"]., thus controlling associated phenomena such
as secretion [3,8]. Finally, large and prolonged increases in
[Ca’"]y can lead to opening of the permeability transition pore
and apoptosis [9,10].

The mitochondrial Ca** uniporter is therefore the key controller
of the amount of Ca?" that enters into the mitochondria during cell
stimulation, and thus of the different physiological consequences
of mitochondrial Ca®* uptake. However, there is little information

on the possible mechanisms of physiological regulation of the
activity of the uniporter. We have described recently that
SB202190, an inhibitor of p38 MAPK (mitogen-activated protein
kinase), strongly activated the uniporter by enhancing its Ca*"
affinity [11]. Our suggestion from this finding was that the activity
of the uniporter could be modulated by phosphorylation. However,
we show in the present paper that several natural plant flavonoids,
widely available in foods [12—14], produce the same effects on
the uniporter. In addition, activation of the uniporter by either
flavonoids or SB202190 in permeabilized cells did not require
ATP, thus excluding the involvement of any protein kinase. Rather,
these compounds apparently produce a direct reversible activation
of the uniporter, either acting on the channel molecule or on an
associated protein. The observed effects of the flavonoids on mito-
chondrial Ca** uptake occur at concentrations that could be
reached in human plasma under physiological conditions [15-17].
Thus this novel target may contribute to explain some of the
biological effects of these phytochemicals.

EXPERIMENTAL
Materials

Wild-type coelenterazine, coelenterazine n and fura 2/AM (fura 2
acetoxymethyl ester) were from Molecular Probes (Eugene, OR,
U.S.A.). SB202190 was from Tocris (Bristol, U.K.). Genistein and
genistin were from LC laboratories (Woburn, MA, U.S.A.). The
other flavonoids used were from Sigma (Madrid, Spain). Other
reagents were from Sigma or Merck (Darmstadt, Germany).

Abbreviations used: [Ca®*];, cytosolic [Ca®*]; [Ca?* ]y, mitochondrial [Ca*]; ER, endoplasmic reticulum; MAPK, mitogen-activated protein kinase.
" To whom correspondence should be addressed (email jalvarez@ibgm.uva.es).
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Cell culture and transfection

The construction strategy of the mutated mitochondrially targeted
aequorin chimera has been described previously [18]. HeLa
cells were grown in Dulbecco’s modified Eagle’s medium sup-
plemented with 5% fetal calf serum. The HeLa cell clone
MMS5, which stably expresses mitochondrially targeted mutated
aequorin, has been described previously [11]. Similar results
were obtained using wild-type cells transiently transfected with a
pcDNA3.1 plasmid containing the construct for mitochondrially
targeted mutated aequorin. The construct for cytosolic aequorin
has been also described previously [11]. It was cloned into
the pcDNA3.1. plasmid and used to transfect wild-type HeLa
cells. Transfections were carried out using Metafectene (Biontex,
Munich, Germany).

[Ca%t]y and [Ca%+], measurements with aequorin

The HeLa cell clone MMS5 expressing mitochondrially targeted
mutated aequorin was used for [Ca**]y; measurements. [Ca**],
measurements were carried out using HeLa cells transiently trans-
fected with the plasmid for cytosolic aequorin. Cells were plated
on to coverslips (diameter, 13 mm). For aequorin reconstitution
in experiments using intact cells, HeLa cells expressing either
cytosolic or mitochondrially targeted aequorin were incubated for
1-2 h at room temperature (22 °C) in standard medium (145 mM
NaCl, 5 mM KCI, 1 mM MgCl,, 1 mM CacCl,, 10 mM glucose
and 10 mM Hepes, pH 7.4) with 1 uM wild-type coelenteraz-
ine. Cells were then placed in the perfusion chamber of a purpose-
built luminometer maintained at 37 °C. For experiments with
permeabilized cells, MMS5 cells expressing mitochondrially tar-
geted mutated aequorin were reconstituted with 1 M coelentera-
zine n for 1-2 h and then placed in the luminometer as above.
Then standard medium containing 0.5 mM EGTA instead of
Ca®" was perfused for 1 min, followed by 1 min of intracellular
medium (130 mM KCI, 10 mM NaCl, 1 mM MgCl,, 1 mM
K;PO,, 0.5 mM EGTA, 1 mM ATP, 20 uM ADP, 2 mM suc-
cinate and 20 mM Hepes, pH 7) containing 100 uM digitonin.
Then intracellular medium without digitonin was perfused for
5-10 min, followed by buffers of known [Ca**] prepared in in-
tracellular medium using HEDTA (N-hydroxyethylethylenedi-
aminetriacetic acid)/Ca®"/Mg>* mixtures. The basal [Ca**]y was
not modified by cell permeabilization. However, it should be noted
that mitochondrially targeted mutated aequorin reconstituted with
coelenterazine n is an aequorin chimera of very low Ca’* affinity,
which allows the measurement of [Ca?"] up to the near millimolar
range, but is insensitive to [Ca®>"] values below 10-20 uM.
Because of this, residual background luminescence makes the
basal [Ca’"] measured with this probe appear artificially high
compared with the basal [Ca’" | measured using aequorin chimeras
of higher Ca®" sensitivity (as in the measurements in intact cells).
When cells expressing mitochondrially targeted mutated aequorin
reconstituted with native coelenterazine were permeabilized, the
basal Ca’" was the same as in intact cells expressing the same
aequorin chimera (results not shown). Calibration of the lumin-
escence data into [Ca**] was carried out using an algorithm as
described previously [18]. Statistical data are given as the means +
S.E.M. ECs, values were calculated using the four-parameter
(log ECy) fitting routine of the BioDataFit program (Chang
Bioscience, Castro Valley, CA, U.S.A.).

RESULTS

In intact cells, the rate of Ca®" uptake by mitochondria during cell
stimulation depends not only on the activity of the uniporter, but
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Figure 1 Stimulation of mitochondrial Ca?* uptake by several natural
flavonoids in permeabilized cells

MM5 cells expressing mitochondrially targeted mutated aequorin reconstituted with co-
elenterazine n were permeabilized as described in the Experimental section. Then a Ca?* buffer
containing 3.5 M [Ca®*+] was perfused either in the absence (Control) or in the presence of
different concentrations of each compound, as indicated. The results are representative of 3-5
experiments for each compound.

also on additional variables that influence the magnitude of the
local high-Ca®" microdomain, e.g., the proximity of mitochondria
and the Ca** source (the Ca’>* channel in the plasma membrane
or the ER) or the rate of Ca’" flux through that channel. Thus
structural modifications of the mitochondrial network or changes
in the activity of any of the Ca** channels may lead to secondary
variations in mitochondrial Ca** uptake independent of the activ-
ity of the uniporter. In fact, because of the steep dependence of
the activity of the uniporter with the level of extramitochondrial
Ca*", minor changes in [Ca**], may lead to much larger changes
in mitochondrial Ca*" uptake [19]. For this reason, we have
investigated the kinetics of the uniporter using permeabilized cells
expressing mitochondrially targeted aequorin and perfused with
controlled Ca*" buffers. This method allows the direct monitoring
of the activity of the uniporter with no interference from other
steps of the Ca’* homoeostatic machinery. Mitochondrially tar-
geted aequorin has been widely used before to monitor mito-
chondrial [Ca®"] both in transformed cell lines and in primary
cultures [3,11,19-22].

Figure 1 shows the effects of several of the most naturally
abundant flavonoids on mitochondrial Ca** uptake in permeabil-
ized HeLa cells, and Figure 2 shows the corresponding dose—
response curves. These compounds produced a concentration-
dependent activation of the rate of Ca®" entry into mitochondria
induced by perfusion of a Ca** buffer. The most active compound
was kaempferol, which increased mitochondrial Ca>* uptake by
85+ 15% (mean + S.E.M., n =4), already at 1 ©M. However, the
maximum effect was not completely reached, even at a concen-
tration of 40 uM which stimulated mitochondrial Ca®" uptake by
19 + 1-fold (mean + S.E.M., n=4) over the control values. The
large magnitude of this activation is consistent with that pre-
viously shown for SB202190, suggesting that both kinds of
compounds acted by the same mechanism. SB202190 activated
mitochondrial Ca®" uptake by 10.4 +0.5-fold at 10 uM and by
13.8 £ 0.3-fold at 20 uM (means + S.E.M., n=4; see Figure 7
in [11]), a value that was also below saturation. Each compound
was added in each case together with the Ca>" buffer, without pre-
incubation, and activated Ca?" uptake into mitochondria without
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Figure2 Concentration dependence of the activation of mitochondrial Ca**
uptake by several natural flavonoids

Activation of mitochondrial Ca®+ uptake was calculated as the fold increase in the rate of Ca?*
uptake in the presence of the drug compared with the rate of Ca?* uptake in the control.
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Figure 3 Reversible activation of mitochondrial Ca?* uptake by kaempferol
in permeabilized cells

MM5 cells expressing mitochondrially targeted mutated aequorin reconstituted with co-
elenterazing n were permeabilized as described in the Experimental section. Then a Ca’*+
buffer containing 2.5 ;M [Ca?*] was perfused as indicated. Addition of 5 .M kaempferol to
that buffer induced a large increase in the rate of Ca>+ entry into mitochondria, which was
rapidly reversible when the compound was taken out. The experiment shown is representative
of 5 similar ones.

measurable delay. The rate of mitochondrial Ca>" uptake was
not significantly modified by pre-incubation with the drug. In
parallel experiments, 5 uM kaempferol activated mitochondrial
Ca*™ uptake by 7.1 +0.1-fold when added simultaneously to
the Ca** buffer, and by 8.0 +0.5-fold when it was pre-incubated
for 5 min prior to perfusion of the Ca>" buffer (mean + S.E.M.,
n=3,P>0.05).

The effect of the flavonoids on mitochondrial Ca’* uptake was
rapidly reversible. Figure 3 shows that the activation of Ca*"
uptake induced by kaempferol disappeared rapidly after washing
the compound, and could be induced again by re-introducing the
activator. Both the fast activation and reversibility of the effect
were present also in the case of SB202190 [11], providing further
evidence for acommon mechanism. Figure 4 shows that activation
of mitochondrial Ca*" uptake by both kaempferol and SB202190
was fully inhibited by 100 nM Ru360, the specific inhibitor of
the mitochondrial Ca?" uniporter. In conclusion, the flavonoids
appear to stimulate the mitochondrial Ca®* uniporter by the same
mechanism as SB202190.

The results obtained above demonstrate that flavonoids activate
mitochondrial Ca** uptake in permeabilized cells. To study their
effect in intact cells, we measured the histamine-induced mito-
chondrial [Ca®"] peak in the presence or in the absence of the
flavonoids. Figure 5 shows the effect of increasing concentrations
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Figure 4 Inhibition by Ru360 of the mitochondrial Ca>* uptake induced by

kaempferol and SB202190

MM5 cells expressing mitochondrially targeted mutated aequorin reconstituted with co-
elenterazing n were permeabilized as described in the Experimental section. Then a Ca’*
buffer containing 3.5 M [Ca*+] was perfused either in the absence (Control) or in the presence
of 5 uM kaempferol, 10 M SB202190, 5 «M kaempferol plus 100 nM Ru360 or 10 M
SB202190 plus 100 nM Ru360, as indicated. The experiments shown are representative of 3
similar ones of each type.
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Figure 5 Effect of kaempferol on the mitochondrial Ca?* peak induced by
histamine

MMS5 cells were reconstituted with native coelenterazine as described in the Experimental section.
Then cells were placed in the luminometer and stimulated with 100 ..M histamine (Hist) either in
control cells orin cells treated for 2 min prior and during stimulation with different concentrations
of kaempferol (kaemp), as indicated. The experiments shown are representative of 3—6 similar
ones of each type.

of kaempferol on the mitochondrial [Ca**] peak induced by
histamine. It can be observed that kaempferol produced a large
increase in the [Ca’"]y peak induced by histamine at the same
concentrations shown above for the stimulation of mitochondrial
Ca’* uptake in permeabilized cells. A concentration of kaempferol
of 1 uM produced also here an increase in the histamine-induced
[Ca*"]y peak of near 100% (in 5 similar experiments the peak
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was increased by 139+ 19 %; mean + S.E.M.). Quercetin and
genistein, but not genistin, also increased the [Ca’']y peak
induced by histamine. The reason for the lack of effect of genistin
in intact cells probably lies in the inability of this compound to
enter the cells, because of the presence of the attached glucose
molecule. In contrast with the effects on the [Ca*'], peak, the
[Ca*"]. peak showed little change in the presence of kaempferol.
In a series of experiments carried out in parallel, the [Ca**]. peak
induced by histamine was 0.80 & 0.03 uM (n = 13) in the control
cells and 0.85 4 0.05 uM (n=15) in cells treated with 10 uM
kaempferol with the same protocol used in Figure 5.

We now addressed the questions regarding the mechanism of
the activation of mitochondrial Ca’>t uptake by flavonoids or
SB202190. Given that this compound is considered a specific
inhibitor of p38 MAPK [23], we proposed that this kinase could
be involved in the regulation. On the other hand, some flavonoids,
such as genistein, are known to inhibit tyrosine kinases. However,
its glucose-derivative genistin, generally considered to be an
inactive analogue as a tyrosine kinase inhibitor, was highly
active here to activate mitochondrial Ca’>" uptake. To obtain
more definitive evidence on the possible participation of a protein
kinase in the effects of flavonoids or SB202190, we decided to test
if their effect requires the presence of ATP. In permeabilized cells,
we can control the composition of the intracellular medium. ATP
at a concentration of 1 mM is normally included in the medium,
together with 2 mM succinate as mitochondrial substrate. We
then investigated if the activation of mitochondrial Ca*" uptake
by flavonoids or SB202190 could be somehow modified in the
absence of ATP. Several experimental conditions were used: cells
were permeabilized and then washed for at least 15 min (and in
some experiments for 30 min) prior to the addition of the Ca*"
buffer with (i) medium with no ATP added; (ii) no ATP added and
in the presence of the non-hydrolysable ATP analogues ATP[S]
(50 uM) or adenosine 5'-[ 8,y -imido]triphosphate (‘AMP-PNP’,
100 uM); and (iii) no ATP added and in the presence of 1 mM
ADP to wash out intramitochondrial ATP via ATP/ADP ex-
changer. In this case, although addition of ADP may allow some
ATP synthesis through the myokinase reaction, the large excess
and continuous perfusion of ADP assures that the phosphate
transfer potential remains low enough to avoid any phosphoryl-
ation taking place. In all the cases, 5 uM oligomycin was also
included to inhibit local mitochondrial ATP production. Figure 6
shows the results obtained using medium containing 1 mM ADP
and no ATP, but similar results were obtained using the other op-
tions. SB202190 and genistein similarly activated mitochondrial
Ca’* uptake both in the presence and in the absence of ATP.
SB202190 (10 uM), for example, increased mitochondrial Ca**
uptake by 10.7 £ 0.9-fold (mean + S.E.M., n = 3) in the presence
of ATP and by 10.9 £ 0.9-fold (mean £ S.E.M., n =3) in the ab-
sence of ATP. This suggests that phosphorylation is not involved.
Moreover, the same effects were also obtained when a concen-
tration of SB202190 producing a half maximal effect was tested
both in the presence or in the absence of ATP (Figure 6). Given
that this compound inhibits p38 MAPK by competition with ATP,
the large decrease in ATP concentration (in case any residual
ATP could be still present under our experimental conditions)
should have strongly potentiated its effect if it were mediated by
kinase inhibition. This was found not to be the case.

The main alternative mechanism is a direct effect of flavonoids
or SB202190 on the uniporter. However, because flavonoids are
strong antioxidants, it could be proposed that reactive oxygen
species play a role in the process. To investigate this possibility,
we have tested the effects on mitochondrial Ca** uptake of several
classical antioxidants (both lipid and water soluble): a-tocopherol
(100 uM), lipoic acid (100 uM), ascorbic acid (1 mM) and
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Figure 6 Effect of the absence of ATP in the activation of mitochondrial
Ca?+ uptake by genistein or SB202190

MM5 cells expressing mitochondrially targeted mutated aequorin reconstituted with
coelenterazine n were permeabilized as described in the Experimental section. After
permeabilization, cells were perfused for 15 min either with the usual intracellular medium
containing 1 mM ATP (upper left panel) or with intracellular medium containing 1 mM ADP
instead of ATP and 5 1M oligomycin (upper right panel). Then, when indicated, 3.5 ;cM Ca?*
buffers made in the corresponding intracellular medium (with or without ATP) were perfused
either in the absence (Control) or in the presence of 10 .M SB202190 (SB10), 40 1M genistein
or 1 «M SB202190 (SB1). The lower panel shows the mean uptake rates obtained in 3 similar
experiments of each type. SB202190 activated mitochondrial Ca?* uptake similarly when ATP
was substituted with nothing or by the non-hydrolysable ATP analogues ATP[S] (50 nM) or
(adenosine 5'-[ 8,y -imido]triphosphate (AMP-PNP) (100 M) (results not shown).

N-methyl-cysteine (5 mM). None of them produced any effect on
mitochondrial Ca** uptake (results not shown), suggesting that
the effect of flavonoids is not mediated by their antioxidant
properties.

If, as the above results suggest, the effects of flavonoids are due
to a direct interaction with the uniporter or an associated protein,
there should be a structural motif in the molecules responsible
for the interaction. To obtain information on the structure—activity
relationship of the effect of these compounds on the mitochondrial
uniporter, we have measured the activity of several closely
related flavonoids. Figure 7 shows the structural formulae of the
compounds used, together with that of SB202190, and Table 1
shows the apparent ECs, for each one assuming that full activation
corresponds to 20-fold stimulation over the control value. As
shown above, full saturation of the effect could not be reached even
at 40 uM kaempferol, which activated Ca’" uptake by 19-fold.
Thus 20-fold is probably an underestimation for the maximum
possible activation. The value shown in Table 1 is therefore not a
true ECs, but indicates the concentration of the drug that activates
mitochondrial Ca** uptake by 10-fold. In the case of the less active
compounds, the activation observed at 50 uM is shown instead.
Two structural motifs can be seen. (i) A 4-monohydroxy phenyl
group in the B-ring of the flavone. Both addition of a second
hydroxy group (as in quercetin) or the absence of hydroxy groups
(as in galangin) lead to a 3-5-fold decrease in activity. The same
happened in the case of apigenin which lost all the activity when
its 4'-hydroxy group was methylated (as in acacetin). (ii) The
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Figure 7 Chemical structures of SB202190 and the natural flavonoids used
in this study

The structure of kaempferol shows the standard letter code used to name flavone rings.

Table 1 Activation of mitochondrial [Ca?*] uptake by several flavonoids

The Table shows the concentration of each compound producing 10-fold activation of
mitochondrial Ca?* uptake. ECsp and S.D. values were calculated using a four-parameter
fitting of log ECsp after fixing the maximum effect at 20-fold stimulation. When ECs values were
above 50 1M, the activation obtained at 50 M (means + S.E.M., n=4) is shown instead.

Compound Apparent ECs (M)
Kaempferol 7+1

Quercetin 21+1

Genistin 29+2

Genistein 37+2

Galangin 33+2

Apigenin 50+2

Acacetin 13+0.2°

Daidzein 41+03"
SB202190 10+1

* Fold activation at 50 M.

hydroxyl group in the 3 position of the C-ring of the flavone.
Its absence decreased by approx. 7-fold the activity (compare
kaempferol with apigenin). The loss of activity from genistein to
daidzein could perhaps be explained by the same reason, although
the fact that genistin is even more active than genistein suggests
that the A-ring is less involved in the binding.

DISCUSSION

In the present paper we show that natural plant flavonoids produce
adirect activation of the mitochondrial Ca** uniporter. Flavonoids
constitute a large series of compounds found ubiquitously in foods
of plant origin and therefore they constitute an integral part of the
human diet. The dietary intake of flavonoids has been significantly
associated in epidemiological studies with a reduced risk of heart
disease and cancer [13,14,16,24]. Substantial evidence supports
also the potential beneficial and neuromodulatory effects of
flavonoid-rich gingko biloba extracts in the central nervous system
[25,26]. Kaempferol, the stronger activator of the mitochondrial
Ca*" uniporter in this study and one of the main flavonoids in

gingko biloba extracts, has been shown to protect neuronal cell
cultures from B-amyloid-induced toxicity [27]. However, little
information exists on the actual molecular mechanisms of action
of these compounds.

With regard to concentrations of these compounds in plasma,
accurate measurements have been hindered by the large diversity
of this family of compounds (more than 4000 identified in plant
sources) and the uncertainty of the metabolism and biodisponi-
bility of each one. However, the global daily intake with normal
food is around 1-2 g, and concentrations in the low micromolar
range of the main flavonoids may be reached in plasma after con-
sumption of flavonoid-rich food or dietary supplements [15—-17].
According to our results, these concentrations may be enough
to produce a significant activation of mitochondrial Ca®" uptake.
The apparent ECs, for kaempferol was 7 uM, but, because of the
large magnitude of the stimulation (maximum effect of at least
20-fold increase in the uptake rate), much smaller concentrations
were required to increase the uptake rate by 100% (which is
only 5% of the maximum effect). In particular, a concentration
of kaempferol as low as 1 uM was able to nearly double the
rate of mitochondrial Ca?" uptake. The long-term effect of such
activation is presently unclear. Mitochondrial Ca®" uptake has
been shown to perform multiple roles in the regulation of the re-
spiratory rate and ATP production [6,7], in the opening of the
permeability transition pore and subsequently in apoptosis [9,10],
or in the regulation of processes dependent on local cytosolic high-
Ca’* microdomains, such as secretion [3,8,21]. However, there
is no information available yet on the possible effect of in vivo
changes in the rate of mitochondrial Ca>" uptake.

On the other hand, it is important to highlight that these com-
pounds are essentially not toxic to mammalian cells [13,14,16,17].
For example, concentrations of kaempferol that produce maximal
activation of mitochondrial Ca®" uptake have been shown to
produce little effects in HeLa cell cultures over several days [17].
Therefore, these compounds may now provide an opportunity
to investigate the role of specific changes in mitochondrial Ca®*
uptake in the regulation of [Ca’"].-dependent processes, such as
secretion or in the triggering of apoptosis. In addition, the low
toxicity in vivo will be essential in case a possible pharmacological
use of their effects in mitochondrial Ca?>" homoeostasis is dev-
eloped.

Regarding the mechanism of the activation, our results indicate
that phosphorylation is not involved. If the effect of flavonoids
or SB202190 was mediated by the inhibition of any protein
kinase, we would have expected to obtain a similar stimulation of
mitochondrial Ca** uptake simply by removing ATP. In addition,
these compounds should not produce any further stimulation
under those conditions. This was found not to be the case. Per-
fusion of the Ca’* buffer in the absence of ATP or in the presence
of ADP or non-hydrolysable ATP analogues did not modify
the rate of mitochondrial Ca>" uptake, and both flavonoids and
SB202190 stimulated mitochondrial Ca?" uptake similarly in the
presence or in the absence of ATP. An alternative mechanism of
action for the flavonoids could be an interaction with reactive
oxygen species, thanks to their widely known antioxidant pro-
perties [28,29]. However, the lack of effect of a series of clas-
sical antioxidants («-tocopherol, lipoic acid, ascorbic acid and
N-methyl-cysteine) argues against this hypothesis. Finally, the
simplest alternative is a direct stimulation of the uniporter.
Structure—activity relationship suggests that both the 4'-hydroxy-
phenyl group in the B-ring and the 3-hydroxy group in the C-ring
are involved in binding. Interestingly, SB202190 shares the first
motif, but the rest of the molecule differs considerably.

In conclusion, we have found a new molecular target for
natural flavonoids at low concentrations, which may be important
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to interpret some of the physiological effects of this important
class of plant compounds. In addition, our finding suggests that
modulation of mitochondrial Ca®*" uptake may occur in vivo
depending on the dietary intake of these compounds. Of course,
a highly attractive hypothesis would be the possible presence of
endogenous substances able to act through the same mechanism
as local modulators of mitochondrial Ca** uptake, but we have no
evidence for the presence of these substances at present.
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