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Oxaloacetate- and acetoacetate-induced calcium efflux from mitochondria
occurs by reversal of the uptake pathway
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1. Addition of oxaloacetate or acetoacetate to isolated rat liver mitochondria results in
an efflux of Ca2+. Concomitant with this efflux is an immediate oxidation of endogenous
nicotinamide nucleotides, a fall in the mitochondrial membrane potential and an increase
in the rate of respiration. The primary effect in this sequence may be either (a)
physiologically important stimulation of a Ca2+-efflux carrier, followed by Ca2+
re-uptake, a fall in membrane potential and increased respiration, or (b) physiologically
unimportant damage to mitochondrial integrity, followed by a fall in membrane
potential, increased respiration and Ca2+ efflux. 2. Ruthenium Red and EGTA will
restore the increased respiratory rate to one approximating to the control rate of
respiration. However, addition of lanthanide, at a concentration which inhibits the
uptake but not the normal efflux of Ca2 , inhibits the rate of Ca2+ effiux induced by
oxaloacetate or acetoacetate. Therefore the observed efflux is occurring by a reversal of
the uptake pathway (uniporter) and thus follows the fall in membrane potential. 3. From
these results we conclude that the decrease in membrane potential and increase in the
rate of respiration seen during oxaloacetate- or acetoacetate-induced Ca2+ efflux cannot
be accounted for by rapid Ca2+ cycling, but are due to damage to mitochondrial
integrity.

The current model for Ca2+ uptake and efflux
from mitochondria invokes two separate pathways,
an electrophoretic uniporter for uptake driven by the
membrane potential, and a Ca2+/2H+ or Ca2+/nNa+
antiporter for efflux driven by the pH gradient (for
reviews, see Nicholls & Crompton, 1980; Saris &
Akerman, 1980). The two carriers allow Ca2+
cycling; thus intramitochondrial free Ca2+ is con-
trolled by cytosolic free Ca2+ at low cytosolic Ca2+
concentrations (Denton & McCormack, 1980), and
extramitochondrial free Ca2+ is set at about 1 ,M in
the presence of larger amounts of Ca2+ (Nicholls,
1978).
Modulation of the activity of either carrier would
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consequently be of considerable interest. One
putative mechanism for the control of the carriers'
activity is the redox state of intramitochondrial
NAD and NADP. This follows the demonstration
by Lehninger et al. (1978) and Fiskum & Lehninger
(1979) that addition of oxaloacetate or acetoacetate
to rat liver mitochondria oxidized endogenous
nicotinamide nucleotides and induced Ca2+ efflux.
Lehninger et al. (1978) proposed an allosteric
activation of the efflux pathway to explain the
induced efflux. Some support for this hypothesis has
come from L6tscher et al. (1980) and Prpic &
Bygrave (1980). The suggestion that this represents
a mechanism for the control of Ca2+ in vivo has been
challenged by Nicholls & Brand (1980), who argued
that acetoacetate sensitized mitochondria to Ca2+-
induced damage, since concomitant with induced
efflux there was a fall in Ay/. Both effects required
critical concentrations of Ca2+ and Pi and could be
prevented by 'protective' agents (e.g. oligomycin or
ATP). Nicholls & Brand (1980) concluded that the
fall in A,v allowed Ca2+ efflux to occur via a reversal
of the uniporter. Others have come to similar
conclusions (Beatrice et al., 1980).
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The experiments in the present paper were
designed to differentiate between two hypotheses.
The first is that oxidation of endogenous nicotin-
amide nucleotides activates net efflux on the
Ca2+/2H+ antiporter, resulting in Ca2+ efflux, faster
Ca2+ cycling, fall in Ay, and increased respiration.
The second is that acetoacetate addition potentiates
Ca2+-induced damage, resulting in a fall in Ay/ and
Ca2+ efflux via a reversal of the uniporter. Our
results show that although elimination of Ca2+
cycling does protect mitochondria from the effects of
acetoacetate and oxaloacetate, the Ca2+ efflux that is
seen occurs on the uniporter. This argues against the
first hypothesis and is consistent with the second.

Experimental

Materials
Oxaloacetic acid was obtained from BDH

Chemicals, Poole, Dorset, U.K. Acetoacetic acid
(lithium salt) was obtained from Sigma (London)
Chemical Co., Poole, Dorset, U.K. Bovine albumin
powder (fraction V from bovine plasma) was from
Armour Pharmaceutical Co., Eastbourne, Sussex,
U.K. CCCP was obtained from E. I. Du Pont De
Nemours and Co., Central Research Department,
Experimental Station, Wilmington, DE, U.S.A. All
other reagents were obtained from BDH or Sigma.

Mitochondria
Rat liver mitochondria were prepared by the

method of Chappell & Hansford (1972). Initial
homogenization was performed in a medium con-
taining 250 mM-sucrose, 5 mM-Tris/HCl, pH 7.4, and
1 mM-EGTA. The mitochondrial pellet was sub-
sequently washed in EGTA-free medium. Protein
concentration was determined by the biuret method
(Gornall et al., 1949).

Ca2+ determination
The concentrations of Ca2+ in the incubation

medium and in Ca2+ solutions added to the medium
during the course of the experiments were deter-
mined with a Perkin-Elmer 380 atomic-absorption
spectrophotometer.

Protocols
The rate of oxygen consumption and pCa2+

values were measured simultaneously by using a
Rank oxygen electrode (4ml volume), which had
been modified to incorporate a Ca2+-selective elec-
trode (Radiometer 2112, with KCl reference elec-
trode type K801). The modification involved widen-
ing the diameter of the incubation chamber and
replacing the screw-top with a cylinder of Perspex,
through which two appropriately sized holes had
been bored. A small needle-sized hole was cut into

the side of the cylinder to allow the addition of
various reagents.

The absorbance of the nicotinamide nucleotides
was measured with a Perkin-Elmer 557 dual-
wavelength double-beam spectrophotometer at
340-370nm.

All measurements were carried out at 300C.

Results and discussion
Inhibition ofCa2+ cycling

Fig. 1 shows that prevention of Ca2+ cycling by
Ruthenium Red or EGTA after the addition of
oxaloacetate decreases the respiratory rate, as
predicted by the first hypothesis.

In a medium containing 2 mM-P,, it required
12.3,uM-Ca2+ before oxaloacetate-induced Ca2+
release could be observed. Addition of this amount
of Ca2+ even without oxaloacetate increased the
state-4 respiratory rate of the mitochondria from 53
to 80nmol of 0/min (Fig. la). This indicates that
under the conditions necessary to induce Ca2+ efflux,
there is already some damage to mitochondrial
integrity. The increased rate of respiration evoked by
Ca2+ under these conditions was not due to Ca2+
cycling, since neither Ruthenium Red nor EGTA
affected the rate of respiration if added after the
Ca2+ (results not shown).

In the presence of oxaloacetate (0.5 mM), the
respiratory rate increased to 90nmol of 0/min when
Ca2+ was added, and after a short time Ca2+ efflux
occurred (Fig. lb). Addition of Ruthenium Red (Fig.
1c) or EGTA (Fig. Id) decreased the accelerated
rate of respiration. Similar results were obtained with
acetoacetate (2 mM), except that higher concen-
trations of P1 and/or Ca2+ were required before
induced efflux occurred. Ruthenium Red or EGTA
did not decrease the respiratory rate if added at later
times (results not shown).

Thus it seems that Ca2+ cycling might be
accelerated by oxaloacetate and acetoacetate,
although this would only be true in the early stages
of oxaloacetate- or acetoacetate-induced Ca2+ efflux.
However, other interpretations of this experiment are
possible; for example, it could be that the intra-
mitochondrial Ca2+ concentration had not risen
sufficiently to cause damage before further uptake
was prevented by Ruthenium Red or EGTA. For
this reason we performed the more definitive
experiment using lanthanide described below.

Inhibition ofoxaloacetate-induced Ca2+ efflux
The critical difference between the two hypo-

theses is that Ca2+ efflux is on the normal efflux
pathway in the first, but on the uniporter in the
second. We have taken advantage of the fact that the
two carriers show very different sensitivities to
inhibition by lanthanides under appropriate con-
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Fig. 1. Respiratory rate in the presence ofoxaloacetate: inhibition by Ruthenium Red andEGTA
Mitochondria (mito; 5.5 mg of protein/ml) were incubated at 300C in a medium containing 75 mM-NaCl, l0mM-Tes,
1 ,um-rotenone, 2 mM-nitrilotriacetic acid, 2 mM-phosphate, 2.2 mg of bovine serum albumin/ml, 2 mM-succinate, at a
final pH of 7.0. Total [Ca2+I was 12.3 pM. (a) Control, (b) addition of 0.5 mM-oxaloacetate (OAA) and subsequent
addition (c) of 1 nmol of Ruthenium Red (RR)/mg or (d) of 2 mM-EGTA. Numbers by the 02 traces are respiration
rates in nmol of 0/min per mg of protein.

ditions (Crompton et al., 1979). A lanthanide
concentration was found which inhibited the uni-
porter substantially but had no effect on the
Ruthenium Red-insensitive efflux (antiporter). This
lanthanide concentration was then used to identify
the carrier catalysing oxaloacetate-induced Ca2+
efflux.

Addition of 0.4 nmol of Nd3+/mg of protein
inhibited the Ca2+-uptake rate by 77% (Fig. 2a), but
did not greatly affect the rate of effiux seen in the
presence of Ruthenium Red (Fig. 2b). At this
concentration Nd3+ is thus a specific inhibitor of the
uniporter. This concentration of Nd3+ inhibited
oxaloacetate-induced Ca2+ efflux by 79% (Figs. 2c
and 2d), demonstrating that the efflux was catalysed
by the uniporter. This inhibition was observed even
in the initial phase of induced efflux, when it can be
reversed by fJ-hydroxybutyrate (Fig. 2e). Respiration
was monitored to eliminate the possibility of Ca2+
efflux owing to the inhibition of succinate dehydro-
genase. In the absence of Nd3+, the mitochondria
showed respiratory control and maintained a pCa2+
of approx 6.1 for at least 13 min. Ca2+ efflux induced
by an uncoupler occurs via the uniporter; therefore
the inhibition of Ca2+ efflux by Nd 3+ on addition of
CCCP (Fig. 2f) was measured. Ca2+ efflux induced
by the addition of CCCP was inhibited by 45% by
Nd3+.

It is pertinent that Panfili et al. (1980) demon-
strated that oxaloacetate- and acetoacetate-induced
Ca2+ efflux was inhibited by antibody prepared
against Ca2+-binding glycoprotein. This antibody
inhibits Ca2+ uptake on the uniporter, but not Ca2+
efflux on the Ca2+/Na+ antiporter of heart mito-
chondria (Panfili et al., 1981). This evidence also
suggests that oxaloacetate-induced Ca2+ efflux oc-
curs on the uniporter.

Nucleotide oxidation
A decrease in absorbance at 340-370nm was

seen immediately on addition of acetoacetate or
oxaloacetate under conditions that did not induce
Ca2+ efflux. Therefore oxidation of the nicotinamide
nucleotides may be a necessary condition for
induced efflux, but it is not sufficient. This observa-
tion is in accord with the findings of Nicholls &
Brand (1980) and Wolkowicz & McMillin-Wood
(1980).

Conclusions
The following observations from published data

(Nicholls & Brand, 1980; Beatrice et al., 1980;
Wolkowicz & McMillin-Wood, 1980) and from our
own work suggest strongly that oxaloacetate- and
acetoacetate-induced Ca2+ efflux is not a physio-
logically important phenomenon.
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Fig. 2. Oxaloacetate-induced Ca'+ release: inhibition by Nd34
Mitochondria (mito; 1.3 mg/mi) were incubated at 300C in a medium containing 75 mm-NaCl, 10mm-Tris/HCI,
1 pm-rotenone, 2 mm-acetate, 2.2mg of bovine serum albumin/mi, 2 mm-succinate, at a final pH of 7.0. Total [Ca2+I
was 51 /Lm. Where indicated Nd34 (oxide) was added at 0.4 nmol/mg of protein. (a) Ca24 uptake in the presence or
absence of Nd3+; (b) Ca24 efflux after addition of 1 nmol of Ruthenium Red (RR) in the presence or absence of Nd34;
(c) Ca2+ efflux induced by 0.5 mm-oxaloacetate (OAA); (d) inhibition of OAA-induced Ca24 effiux by Nd34; (e)
reversal of OAA-induced Ca24 efflux by 5 mm-fl-hydroxybutyrate (BOB); (f) Ca24 efilux induced by 25 pM-CCCP in
the presence or absence of Nd34.

(a) Efflux is associated with a fall in membrane
potential;

(b) both efflux and the fall in membrane potential
can be prevented by ATP or Mg2+ at concen-
trations in vivo, as well as by several other
compounds;

(c) NAD(P)H oxidation is not a sufficient
condition for Ca2+ efflux to occur;

(d) the concentration of Ca2+ required to induce
efflux depends on the phosphate concentration and
the acetoacetate or oxaloacetate concentration;

(e) induced Ca2+ efflux occurs on the uniporter.
We conclude that, since the Ca2+ efflux induced

by acetoacetate and oxaloacetate occurs on the
uniporter, it must therefore follow a fall in mem-

brane potential caused by damage to the mito-
chondria. A stimulation of Ca2+ cycling caused by
increased Ca2+ efflux and followed by a fall in
membrane potential is incompatible with our results.

M. E. B. is grateful to Girton College, Cambridge, and
the Department of Education, Ireland, for financial
support. This work was supported by an S.R.C. grant to
a Cell Biology Group on the Control of Growth of
Eukaryotic Cells, in the Departments of Biochemistry and
Physiology, University of Cambridge.

References
Beatrice, M. C., Palmer, J. W. & Pfeiffer, D. R. (1980) J.

Biol. Chem. 255, 8663-8671

1982



Calcium efllux from mitochondria 201

Chappell, J. B. & Hansford, R. G. (1972) in Subcellular
Components-Preparation and Fractionation (Birnie,
G. D., ed.), 2nd edn., pp. 77-91, Butterworths, London

Crompton, M., Heid, I., Baschera, C. & Carafoli, E.
(1979) FEBS Lett. 104, 352-354

Denton, R. M. & McCormack, J. G. (1980) Biochem.
Soc. Trans. 8, 266-268

Fiskum, G. & Lehninger, A. L. (1979) J. Biol. Chem.
254, 6236-6239

Gornall, A. G., Bardawill, C. J. & David, M. M. (1949) J.
Biol. Chem. 177, 751-760

Lehninger, A. L., Vercesi, A. & Bababunmi, E. A. (1978)
Proc. Natl. Acad. Sci. U.S.A. 75, 1690-1694

Lotscher, H.-R., Winterhalter, K. A., Carafoli, E. &
Richter, C. (1980) J. Biol. Chem. 255, 9325-9330

Nicholls, D. G. (1978) Biochem. J. 176,463-474
Nicholls, D. G. & Brand, M. D. (1980) Biochem. J. 188,

113-118
Nicholls, D. G. & Crompton, M. (1980) FEBS Lett. 111,

261-268
Panfili, E., Sottocasa, G. L., Sandri, G. & Liut, G. F.

(1980) Eur. J. Biochem. 105, 205-210
Panfili, E., Crompton, M. & Sottocasa, G. L. (1981)
FEBS Lett. 123, 30-32

Prpic, V. & Bygrave, F. L. (1980) J. Biol. Chem. 255,
6193-6199

Saris, N. E. & Akerman, K. E. 0. (1980) Curr. Top.
Bioenerg. 10, 104-179

Wolkowicz, P. E. & McMillin-Wood, J. (1980) J. Biol.
Chem. 255, 10348-10353

Val. 202


