
Stimulatory Effects of Calcium on Respiration and NAD(P)H
Synthesis in Intact Rat Heart Mitochondria Utilizing
Physiological Substrates Cannot Explain Respiratory Control
in Vivo*

Received for publication, March 25, 2011, and in revised form, June 21, 2011 Published, JBC Papers in Press, July 11, 2011, DOI 10.1074/jbc.M111.242529

Kalyan C. Vinnakota, Ranjan K. Dash, and Daniel A. Beard1

From the Biotechnology and Bioengineering Center and Department of Physiology, Medical College of Wisconsin,
Milwaukee, Wisconsin 53226

Mitochondrial TCA cycle dehydrogenase enzymes have been
shown to be stimulated by Ca2� under various substrate and
ADP incubation conditions in an attempt to determine and
understand the role of Ca2� in maintaining energy homeostasis
in working hearts. In this study, we tested the hypothesis that, at
physiological temperature and 1 mM extramitochondrial free
magnesium, Ca2� can stimulate the overall mitochondrial
NAD(P)H generation flux in rat heart mitochondria utilizing
pyruvate andmalate as substrates at both subsaturating and sat-
urating concentrations. In both cases, we found that, in the
physiological regime of mitochondrial oxygen consumption
observed in the intact animal and in the physiological range of
cytosolic Ca2� concentration averaged per beat, Ca2� had no
observable stimulatory effect. A modest apparent stimulatory
effect (22–27%) was observable at supraphysiological maximal
ADP-stimulated respiration at 2.5 mM initial phosphate. The
stimulatory effects observed over the physiological Ca2� range
are not sufficient to make a significant contribution to the con-
trol of oxidative phosphorylation in the heart in vivo.

Mitochondria synthesize ATP by oxidative phosphorylation
in response to cellular ATP demand, thereby maintaining the
cytosolic phosphorylation potential to drive a variety of pro-
cesses coupled to ATP hydrolysis. One of the central questions
in cardiac physiology is the nature of the mitochondrial
response to changes in cellular ATP demand, i.e.whether feed-
back from products of ATP hydrolysis is sufficient to explain
observed phenomena in cardiac phosphoenergetics at various
levels of work (1). On the basis of the apparent stability of cre-
atine phosphate/ATP and Pi over a wide range of workloads,
Balaban et al. (2, 3) postulated that this apparent stability is due
to a “positive feedback” mechanism enabling mitochondrial
response to match the demand. More properly, such a mecha-
nismwould be an example of open-loop control, where parallel
Ca2�-dependent pathways would stimulate ATP utilization
and synthesis. Cytosolic free Ca2�, which is a signal coupling
cardiac electrical excitation tomechanical contraction, thereby

increasing ATP demand, was identified as a putative open-loop
controller activating mitochondrial matrix dehydrogenases
and F1F0-ATPase in studies on isolated mitochondria utilizing
glutamate/malate (4) or 2-oxoglutarate alone (5, 6) as substrate,
whereas pyruvate is a physiological substrate entering the ter-
minal oxidative pathway in the mitochondrial TCA cycle. In
this study, we measured the respiration and redox responses of
mitochondria to extramitochondrial free Ca2� when utilizing
the physiological substrates pyruvate and malate at saturating,
physiological, and subphysiological concentrations at physio-
logical temperature and free magnesium (Mg2�) concentra-
tion.We tested the hypothesis that an increase in Ca2� concen-
tration could support higher respiration without a reduction in
NAD(P)H concentration over the physiological range for respi-
ration rates or a higher NAD(P)H concentration at a given res-
piration rate. Previous studies (4, 6) have been restricted to
substrates that provided themaximal calcium effect. Themajor
point of this study was to examine the effect of calcium on
mitochondrial respiration andNAD(P)Husing pyruvate, which
is the product of glycolysis entering the terminal oxidative
pathway in mitochondria.
Neither the respiration and NAD(P)H production rates nor

the observed redox levels showed any apparent stimulatory
effect of external Ca2� over an average concentration range
observed in isolated trabeculae and cells at physiological tem-
perature and stimulation frequencies (7, 8). Over a range of
substrate concentration and at high initial Pi, only a 22–27%
stimulatory effect on maximal State 3 respiration (which is
never attained in vivo) was observed without a significant
change in the corresponding NAD(P)H fraction.

MATERIALS AND METHODS

Isolation ofMitochondria—Mitochondria were isolated from
the hearts of 12–14-week-old Dahl/SS rats using protocols that
were approved by the Institutional Animal Care and Use Com-
mittee at theMedical College ofWisconsin. The ratswere anes-
thetized with an intraperitoneal injection of pentobarbital.
After the animal was in the deep plane of anesthesia, the ven-
tricles of the heart were excised and immediately placed in ice-
cold isolation buffer containing 200 mM mannitol, 50 mM

sucrose, 5 mM KH2PO4, 5 mM MOPS, 1 mM EGTA, and 0.1%
BSA. The ventricles were minced, added to 2.5 ml of a solution
of 5 units/ml protease (Bacillus licheniformis), and homoge-
nized for 1min in a cold room. Isolation buffer was added to the

* This work was supported, in whole or in part, by National Institutes of Health
Grant R01 HL094317 (to D. A. B.).

1 To whom correspondence should be addressed: Medical College of Wiscon-
sin, 8701 Watertown Plank Rd., Milwaukee, WI 53222. Tel.: 414-955-6764;
Fax: 414-955-6568; E-mail: dbeard@mcw.edu.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 35, pp. 30816 –30822, September 2, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

30816 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 35 • SEPTEMBER 2, 2011



homogenate to a final volume of 25 ml and centrifuged at
8000 � g for 10 min to remove the protease. The supernatant
was discarded, and the pellet was resuspended in isolation
buffer to 25 ml and centrifuged at 700 � g. The pellet was
discarded, and the supernatant was centrifuged at 700 � g. The
pellet from the previous step was discarded, and the superna-
tant was centrifuged at 8000 � g. The pellet, which contained
the mitochondrial fraction, was resuspended in 0.5 ml of iso-
lation buffer, and the protein concentration was quantified in
terms of an equivalent BSA concentration using the Bio-Rad
Quick Start Bradford assay kit (9).
Respirometry and Testing Functional Integrity of Isolated

Mitochondria—The functional integrity of the mitochondria
was determined bymeans of respiratory control indices defined
as the ratio of State 3 to State 4 respiration upon addition of
ADP at a final concentration of 375 �M at 37 °C. Respiration
measurements at saturating substrate concentrationswere per-
formed using a Clark-type electrode (Mitocell S200, Strathkel-
vin Instruments Ltd.) with mitochondria suspended at a con-
centration of 0.5 mg/ml in pH 7.2 buffer containing 130 mM

KCl, 2.5 mM K2HPO4, 20 mM MOPS, 1 mM EGTA, and 0.1%
BSA.Mitochondrial preparationswith respiratory control indi-
ces �6 with 10 mM sodium pyruvate and 10 mM potassium
malate as substrates were considered to be of acceptable quality
for our experiments. Mitochondrial respiration was also mea-
sured in the presence of 1mM freeMg2�. State 4 respirationwas
much higher in the presence of Mg2� due to ADP generation
from extramitochondrial ATPases hydrolyzing MgATP, simi-
lar to the observations of Bishop andAtkinson (10). Respiration
measurements at limiting substrate concentrations were made
using a high resolution respirometer (Oxygraph 2k, Oroboros
Instruments GmbH, Innsbruck, Austria).
Measurement of Mitochondrial NAD(P)H Fluorescence

during a State 2-3-4 Transient—NAD(P)H fluorescence was
recorded at 470 nm with excitation at 350 nm and a 12-nm
bandwidth in a multimode plate reader equipped with reagent
dispensers (Varioskan Flash, Thermo Scientific) with the sam-
ples placed in 24-well microplate wells with thermal incubation
tomaintain the sample temperature at 37 °C. Themaintenance
of sample temperature at 37 °C during the course of an experi-
ment, from the introduction of the sample into the plate reader
until the end of the experiment, was verified by testing our
protocol in a 24-well microplate custom-instrumented with a
microthermistor (10 kiloohms QTUT-14C3, Quality Thermis-
tor, Inc). Substrates and ADP were dispensed in the microplate
wells using the automated reagent dispensers.
At the start of a fluorescence time course recording, mito-

chondria were suspended in a microplate well in 1 ml of pre-
heated experimental buffer to obtain a final concentration of
0.5 mg/ml protein. NAD(P)H fluorescence was recorded every
3.5 s, and the samples were kept well mixed by 600 shakes/min
(orbital shaking) between successive readings. A time course
recording consisted of the following events: 1) 0 s, introduction
of the sample into the plate reader and start of recording; 2) 70 s,
addition of substrate; 3) 164.5 s, addition of ADP; 4) 514.5 s,
addition of rotenone or carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone; and 5) 654.5 s, end of recording.

Substrates were added as 10-�l aliquots of stock solutions to
the 1-ml mitochondrial suspension to reach the desired final
concentrations. ADP was added as a 15-�l addition of a 25 mM

stock solution (375 �M final concentration) when saturating
substrate concentrations were used or as a 7-�l addition of the
same stock solution (175�M final concentration) when limiting
substrate concentrations were used. The saturating concentra-
tion for pyruvate/malate was 10 mM for both components, and
the limiting concentrations were 0.1 mM pyruvate and 0.25 mM

malate. The saturating concentration for 2-oxoglutarate was 5
mM, and the limiting concentration was 0.5 mM with 1 mM

malate. The recorded time courses of NAD(P)H fluorescence
were normalized with respect to maximally reduced (obtained
after rotenone addition) and oxidized (obtained after carbonyl
cyanide p-trifluoromethoxyphenylhydrazone addition) states
to express them on a percentage scale of NAD(P) reduction.
Control of Extramitochondrial Free Buffer Ca2� Concen-

trations—[Ca2�]ewas controlled by using appropriate amounts
of total added Ca2�, calculated by solving multiple cation equi-
libriumequations based on temperature-corrected dissociation
constants from Tsien and Pozzan (11) for the given amount of
EGTA and other components in the experimental buffer. The
correspondence between total added Ca2� and Ca2�

e is given
by 0 �M to 0 nM, 300 �M to 50 nM, 450 �M to 100 nM, 630 �M to
200 nM, and 750 �M to 350 nM. The calculated [Ca2�]e values
are subject to �5% uncertainty due to a 1% uncertainty in the
stability constants or 0.01 pH unit uncertainty in the measured
pH.The [Ca2�]e rangewas designed to include a nominally zero
level of Ca2�, the typical Ca2� level in a resting myocyte (100
nM), and the Ca2� level averaged over a beat (350 nM) in a
myocyte stimulated at heart rates achievable in the intact ani-
mal (7, 8). Themeasurements of Dibb et al. (7) showed an aver-
age Ca2� concentration of 361.5 nM at 6 Hz in isolated myo-
cytes (control group), and those of Ward et al. (8) showed an
average Ca2� concentration of 300 nM at 5 Hz in isolated tra-
beculae. Experiments were also performed at [Ca2�]e � 750 nM
with limiting pyruvate/malate.
Data Analysis and Characterization of NAD(P)H Tran-

sient Shape Parameters—Fig. 1 shows a typical normalized
NAD(P)H fluorescence transient obtained during the course of
the experiment described above with 2.5mM initial Pi. The nor-
malization converts the fluorescence recording into fraction of
NAD(P)H in the total NAD(P) � NAD(P)H pool based on a
linear scaling between the fully reduced end point obtained by
addition of the Complex I blocker rotenone and a fully oxidized
end point obtained by addition of the uncoupler carbonyl cya-
nide p-trifluoromethoxyphenylhydrazone. The increase of the
NAD(P)H fraction after addition of substrate was fitted to an
exponential function, N2 � (N1 � N2)exp(�k2t2), where N1 is
the initial normalized fluorescence at the beginning of State 2,
N2 is the normalized fluorescence toward the end of State 2, k2
is the rate constant of reduction of NAD(P) into NAD(P)H
(which is ameasure of the flux through the TCA cycle dehydro-
genases generating NAD(P)H)), and t2 is the time during the
State 2 segment. Note that our definition of State 2, as an
approximate steady state in respiration rate andNAD(P)H level
attained after addition of substrate in the presence of Pi to the
buffer, differs from that of Chance and Williams (12). The
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standard deviations of N2 and k2 were estimated using a local
sensitivity-based method described by Landaw and DiStefano
(13). The maximally oxidized state N3 following ADP addition
was recorded as the minimal normalized NAD(P)H fluores-
cence value during State 3. The normalized State 4 NAD(P)H
fluorescence N4 was calculated by averaging 10 normalized
fluorescence readings at the end of the State 4 recording. In the
presence of 1mMMg2�,N4 attained a value betweenN2 andN3
due to the presence of the magnesium-dependent ATP hydro-
lysis reaction. When Mg2� was not added to the buffer, N4
recovered to the N2 value, and the State 4 respiration rate
equaled the State 2 rate (data not shown). Thus, with 1 mM

Mg2�, the observed State 4 represents a mitochondrial ATP
synthesis rate roughly halfway between the minimal and maxi-
mal in vivo rates.

RESULTS AND DISCUSSION

Mitochondrial respiration and NAD(P)H fluorescence were
measured at 0, 50, 100, 200, and 350 nM Ca2�

e and 1 mM free
Mg2� buffered by EGTA under State 2 conditions (after addi-
tion of 10 mM pyruvate/malate), under State 3 conditions (the

maximally stimulated respiration reached upon addition of 375
�M ADP); and under State 4 conditions (the steady-state respi-
ration achieved after State 3 due the presence of ATPases cat-
alyzing the hydrolysis of MgATP) (10). These measurements
were conducted at two initial buffer Pi concentrations: 0.5 mM

(near the resting physiological level) and 2.5mM (near themax-
imal level, which may be attained at very high workloads) (14).
The physiologically achievable myocardial oxygen consump-
tion rate range of 73–305 �l/min/g (wet weight) (15) corre-
sponds to a mitochondrial oxygen consumption rate range of
0.0613–0.2559 �mol/min/mg of mitochondrial protein calcu-
lated by using data on myocardial composition and water
spaces fromVinnakota andBassingthwaighte (16). Fig. 2 (A and
B) shows the relationship between [Ca2�]e and State 2, 3, and 4
respiration rates at 2.5 and 0.5 mM initial buffer Pi, respectively.
The shaded boxes represent the physiological extent of average
free Ca2� and mitochondrial oxygen consumption rates. At
high initial buffer Pi (Fig. 2A), there was no significant effect of
[Ca2�]e on State 2 and 4 respiration rates. State 3 respiration
rates showed a slight increase with [Ca2�]e over the physiolog-
ical Ca2� range. However, the State 3 respiration rate exceeded
the maximal in vivo rate by 20%. The State 4 respiration rate in
the presence of Mg2� most closely represented a physiological
state. In Fig. 2 (A (high Pi) and B (near resting Pi)), there was no
apparent influence of [Ca2�]e on State 4 respiration rates. State
3 respiration rates at low Pi may not be compared with the
upper limit of the physiological respiration rate because the
upper limit of the physiological respiration rate is reached
under high workloads and is attained at Pi levels that are higher
than the resting Pi level (14).
Fig. 3 (A and B) shows normalized NAD(P)H levels (N2, N3,

and N4), defined under “Materials and Methods,” plotted as
functions of [Ca2�]e at 2.5 and 0.5 mM initial buffer Pi, respec-
tively. Linear fits to these data yield estimated slopes that were
not different from zero (except for N4 in Fig. 3B) as inferred
from the t test at a 95% significance level. The rate constant of
NAD(P)H generation (k2) is a measure of the dehydrogenase
(NAD(P)H-generating) flux. The estimated percent coeffi-
cients of variation of k2 were �100%, i.e. no statistically signif-
icant effects of [Ca2�]e on this parameter could be inferred.

N2, N3, and N4 are plotted against their corresponding State
2, 3, and 4 respiration rates at high initial Pi at 100 nM (open

FIGURE 1. NAD(P)H transient during a State 2-3-4 transition (at 2. 5 mM

initial buffer Pi and 100 nM Ca2�
e) normalized on a scale of 0 –1, with 1

representing the fully reduced state and 0 representing the fully oxi-
dized state based on rotenone and carbonyl cyanide p-trifluorome-
thoxyphenylhydrazone end points, respectively (see “Materials and
Methods”). Shown is the time course of normalized NAD(P)H upon addition
of 10 mM pyruvate and 10 mM malate as substrates at 70 s, leading to the
development of State 2 (fitted to an exponential function with rate constant
k2 and a final NAD(P)H fraction of N2), which is followed by addition of 375 mM

of ADP at 164.5 s, leading to maximal oxidation of NAD(P)H (N3) in State 3,
followed by recovery to State 4 (N4).

FIGURE 2. Ca2� effect on State 2, 3, and 4 respiration. Shown are respiration data plotted against [Ca2�]e during State 2 (E), State 3 (�), and State 4 (Œ) at 2.5
mM (A) and 0.5 mM (B) initial buffer Pi. The shaded boxes represent the physiological regime for oxygen consumption in an intact animal and for cytosolic average
free Ca2�. The data are presented as means � S.D. of three (A) and four (B) replicates.
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symbols) and 350 nM (closed symbols) Ca2�
e in Fig. 4A. If Ca2�

stimulation of mitochondrial dehydrogenase enzymes drives
the mitochondrial response to [Ca2�]e, then for a given
NAD(P)H level rate, an increase in [Ca2�]e should result in a
higher respiration rate. The data in Fig. 4A do not support this
hypothesis except at State 3 respiration rates outside of the
physiological oxygen consumption rates. Fig. 4B shows the
same variables plotted at low initial Pi. Here, all of themeasured
respiration rates were within the physiological range. Only
State 3 rates demonstrated a slight effect in maintaining the
same NAD(P)H level with the observed increase in respiration
rate upon increasing [Ca2�]e from 100 to 350 nM. However,
high ADP concentrations do not occur at resting Pi levels in
vivo.
The effects of Ca2� on respiration rates and NAD(P) reduc-

tion could depend on substrate concentrations as shown for
2-oxoglutarate (6, 17–19). Therefore, we examined the effect of
[Ca2�]e on respiration and NAD(P) reduction at limiting pyru-
vate andmalate concentrations. The initial pyruvate andmalate
concentrations used were equivalent to the total tissue content
of those metabolites measured in a glucose-perfused heart (20)
normalized to the cellular water space (16). Fig. 5 shows the
time courses of normalized NAD(P)H fluorescence and respi-
ration under limiting substrate conditions at 2.5 mM initial
buffer Pi at 350 nM Ca2�

e. The concentration of ADP added to
induce State 3 was reduced to 175 �M to permit the formation
of State 4 before the substrate became severely limiting, result-

ing in NAD(P)H oxidation. The plot of the NAD(P) reduction
fraction versus respiratory rate in Fig. 6A shows a 22% stimula-
tory effect of [Ca2�]e on State 3 respiration at a constant
NAD(P)H level. Fig. 6 (B and C) shows State 2-3-4 respiratory
rates and redox levels plotted as functions of [Ca2�]e. The data
show an apparent stimulatory effect of Ca2� on State 3 and 4
respiration rates from 0 to 100 nM Ca2�

e and no effects on
NAD(P)H fractions. Extending the range of [Ca2�]e to�750 nM
increased the stimulatory effect on both State 3 respiration and
the NAD(P)H fractionN3 to 35%, with no apparent stimulatory
effects on State 4 compared with the observations at 100 nM
Ca2�

e (data not shown). Although the initial concentrations of
pyruvate and malate used here represent approximate physio-
logical levels, other carbon substrates were not added. In addi-
tion, a significant fraction of pyruvate and malate was con-
sumed before State 3 was reached in these experiments. Thus,
themodestCa2�-induced stimulationwas observed under con-
ditions of subphysiological substrate concentrations.
Bishop andAtkinson (10) found that the rate of respiration in

rat heart mitochondria was both a function of the ATP/ADP
ratio and Pi concentration, with the Pi effects described as
kinetic rather than thermodynamic as in the mass action ratio
of ATP hydrolysis. However, the Pi range in those experiments
was high at 2–25 mM compared with the physiological range of
0.29–2.3 mM (14). Mootha et al. (21) reported maximal mito-
chondrial respiration rates measured as a function of ADP at a
saturating level of Pi and as a function of Pi at a saturating level

FIGURE 3. Influence of Ca2� on State 2, 3, and 4 normalized NAD(P)H levels. Shown are normalized NAD(P)H data plotted against [Ca2�]e during State 2 (E),
State 3 (�), and State 4 (Œ) at 2.5 mM (A) and 0.5 mM (B) initial buffer Pi. The shaded boxes represent the physiological regime for cytosolic average free Ca2�. N3
and N4 data are presented as means � S.D. of three replicates. N2 data are presented as mean � S.D. estimated from exponential curve fitting and a local
sensitivity-based method described by Landaw and Distefano (13).

FIGURE 4. NAD(P)H versus respiration at low and high [Ca2�]e at 2. 5 mM Pi (A) and 0.5 mM initial buffer Pi (B). The open symbols represent data at low
[Ca2�]e (100 nM), and the closed symbols represent data at high [Ca2�]e (350 nM). Circles, State 2; squares, State 3; triangles, State 4. The shaded boxes represent
the physiological range of respiration rates in an intact animal. All data are presented as means � S.D. of three replicates.
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of ADP in pig and dog heart mitochondria utilizing glutamate/
malate as substrate. Both sets of measurements show the high-
est sensitivity of the State 3 respiration rate to ADP or Pi in the
physiological range of concentrations of those metabolites.
Similar to the observations of Mootha et al. (21) that the

physiological maximal mitochondrial rate is 80–90% of the
State 3 oxygen consumption rate in their mitochondrial prep-
aration, we found that, at 100 nM or base-line Ca2�

e, the maxi-
mal physiological oxygen consumption rate was 78.2% (21.8%
gap) of the State 3 respiration rate at 2.5mM initial buffer Pi.We
found that the gap between the physiological maximal mito-
chondrial consumption and the State 3 respiration rate was
increased to 32.7% of the State 3 respiration rate at 350 nM
Ca2�

e. This increase corresponds to an 11% increase in respi-
ration rate over the 100–350 nMCa2�

e range. Over a 0–350 nM
Ca2� range, the State 3 respiration rate increased by 19%,which
is similar to the observations of Mildaziene et al. (6) using rat
heart mitochondria respiring on 2-oxoglutarate. Mildaziene et
al. reported the Ca2� stimulation of respiration and phosphor-
ylation fluxes by examining the relationship between mem-
brane potential and respiratory rate during oligomycin and
rotenone titrations with and without Ca2�. The highest effect
on the respiratory subsystem was reported during State 3, but
no data were presented for the oligomycin titration experiment
that would have shown the Ca2� effects on the respiratory sub-
system during State 3.5 in their study, which corresponds to
State 4 in our study.

We tested the hypothesis that Ca2� could stimulate 2-oxogl-
utarate dehydrogenase and thereby help support higher respi-
ration rates at a given NAD(P)H level (18) by recording respi-
ration rates and NAD(P)H fluorescence in mitochondria
respiring on 5mM 2-oxoglutarate at 0, 100, and 350 nMCa2�

e at
2.5 mM initial buffer Pi. The results plotted in Fig. 7 (A (respi-
ration) and B (redox versus respiration)) show that respiration
was stimulated from 0 to 100 nM Ca2�

e and thereafter seemed
to remain constant. The normalized NAD(P)H versus respira-
tion rate plot shows that there is no noticeable difference
between low Ca2� (open symbols) and high Ca2� (closed sym-
bols) data.

FIGURE 5. NAD(P)H and respiration rates with limiting pyruvate/malate
at 2. 5 mM initial Pi and 350 nM Ca2�

e. A shows the time course of NAD(P)H
resulting from addition of 0.1 mM pyruvate and 0.25 mM malate as substrates
at 70 s and of 175 �M ADP at 164.5 s. B shows a plot of the respiration rate
corresponding to the NAD(P)H data in A. All data are presented as means �
S.D. of three replicates.

FIGURE 6. Ca2� effect on State 2, 3, and 4 respiration and normalized
NAD(P)H levels at subsaturating pyruvate/malate concentrations and
2.5 mM initial Pi. A shows a plot of NAD(P)H versus respiration rates at low
(open symbols) and high (closed symbols) [Ca2�]e. B shows the respiration data
plotted against [Ca2�]e during State 2 (E), State 3 (�), and State 4 (Œ). C shows
the NAD(P)H fractions plotted against [Ca2�]e during State 2 (E), State 3 (�),
and State 4 (Œ). All data are presented as means � S.D. of three replicates.
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The effect of Ca2� on the respiration and redox responses of
cardiac mitochondria has been found to be dependent on the
substrates used, the species of the animal, and the experiment
temperature (5, 6, 19, 21). The cited studies reported that the
stimulatory effect of Ca2� on State 3 mitochondrial respiration
with pyruvate/malate was between 20 and 30%; therefore, sub-
saturating 2-oxoglutarate or saturating glutamate and malate
were used as substrates to demonstrate Ca2� stimulation of
mitochondrial State 3 respiration. We found that 2-oxoglu-
tarate achieved an overall increase in State 3 respiration rate
similar to pyruvate/malate at saturating substrate concentra-
tions (Fig. 7A), and substantial stimulation was observed at a
subsaturating substrate concentration (Fig. 7C), as shown in
previous studies (6, 17–19). The normalized NAD(P)H versus
respiration rate plotted in Fig. 7B has a slope that is lower com-
paredwith the data in Fig. 3 (A andB) formitochondria utilizing
saturating pyruvate/malate, with no apparent Ca2� stimulation
in the physiological regime. At subsaturating 2-oxoglutarate
concentrations, a 50% Ca2� stimulation effect was seen in both
respiration and redox levels in States 3 and 4 with [Ca2�]e
increasing from100 to 350 nM (Fig. 7D) (100% stimulation from
0 to 350 nM Ca2�

e). These data show that the range of [Ca2�]e
spanned in our study stimulates �-ketoglutarate dehydrogen-
ase by 100%. However, note that the redox levels and respira-
tion rates with limiting 2-oxoglutarate/malate are much lower
than those obtained with limiting pyruvate/malate.
Calcium is known to be a modulator of TCA cycle enzyme

kinetic fluxes as shown in part by Wan et al. (18) and Scaduto

(22). Indeed, as has been observed previously, our observations
reveal that, with subsaturating 2-oxoglutarate as the substrate,
both respiration and NAD(P)H levels are significantly stimu-
lated. This significant effect suggests a potential role of Ca2� in
controlling TCA cycle intermediate concentrations. The main
finding of this study is that calcium stimulation of mitochon-
drial dehydrogenases cannot provide adequate stimulation of
mitochondrial oxidative phosphorylation to serve as a primary
open-loop control mechanism of oxidative phosphorylation in
vivo in the heart.
A limitation of this study is the measurement of mitochon-

drial responses to fixed buffer Ca2� concentrations, whereas
themitochondrion in the cell experiences transientCa2� levels,
which might influence mitochondrial Ca2� influx in a manner
different from influx with fixed [Ca2�]e. Additionally, Baniene
et al. (5) showed that the cardiac mitochondrial respiratory
response in the rat has a low calcium sensitivity with succinate
as a substrate compared with rabbit and guinea pig. Similarly,
the low Ca2� sensitivity of mitochondrial respiration and
NAD(P)H fraction with pyruvate/malate observed in our study
could potentially be species-specific. Baniene et al. also
observed that the Ca2� sensitivity of rat heart mitochondrial
respiration decreased with an increase in temperature from 28
to 37 °C, which underlines the importance of maintaining the
temperature in the in vitromitochondrial preparation close to
37 °C.
In summary, in the physiological Ca2� range, mitochondrial

respiration is only modestly stimulated in State 3, at a supra-

FIGURE 7. Influence of Ca2� on respiration and NAD(P)H versus respiration using 5 mM 2-oxoglutarate (A and B) and 0. 5 mM 2-oxoglutarate and 1 mM

malate (C and D) as substrates at 2.5 mM initial Pi. A and C show the respiration data plotted against [Ca2�]e during State 2 (E), State 3 (�), and State 4 (Œ)
presented as means � S.D. of six (A) and two (C) replicates. B and D show the normalized NAD(P)H level plotted against the corresponding respiration rate at
100 nM (open symbols) and 350 nM (closed symbols) Ca2�

e. Circles, State 2; squares, State 3; triangles, State 4. The shaded boxes represent the physiological range
of respiration rates in an intact animal. The NAD(P)H fraction data in C and D are presented as means � S.D. of three to five replicates.
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physiological ADP concentration and respiration rate. In the
physiological regime, there is no apparently significant Ca2�

stimulation effect. The 22–27% stimulatory effect on State 3
respiration observed when [Ca2�]e was increased from 100 to
350 nM with both saturating and limiting substrate concentra-
tions is not nearly enough to account for the �400% difference
between resting and exercising respiration rates in cardiac
mitochondria in vivo in terms of relative changes. Thus, the
apparent direct Ca2� stimulation of rat heart mitochondrial
respiration and NAD(P)H synthesis that can be demonstrated
in vitro cannot explain the full extent of in vivo regulation of
oxidative phosphorylation in the heart. Our observations do
not preclude potentially important effects of calcium on TCA
cycle kinetics and intermediate concentrations as shown by
Wan et al. (18) and Scaduto (22). Finally, the alternative
hypothesis that feedback through products of ATP hydrolysis
(particularly inorganic phosphate) is the primary controlmech-
anism remains the much more feasible hypothesis (10, 14, 23).
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