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Intracellular Na+ Is approximately two times higher in diabetic
cardlomyocytes than In control. We hypothesized that the In-
crease In Na+, activates the mitochondrial membrane Na+/Ca2+

exchanger, which leads to loss of intramltochondrial Ca2+, with
a SUbsequent alteration (generally depression) In bioenergetic
function. To further evaluate this hypothesis, mitochondria
were isolated from hearts of control and streptozotocln-Induced
(4 weeks) diabetic rats. Respiratory function and ATP synthesis
were studied using routine polarography and 31p_NMR meth-
ods, respectively. While addition of Na+(1-10 mM) decreased
State 3 respiration and rate of oxidative phosphorylation in both
diabetic and control mitochondria, the decreases were signifi-
cantly greater for diabetic than for control. The Na+effect was
reversed by providing different levels of extramitochondrial
Ca2+ (larger Ca2+ levels were needed to reverse the Na+ depres-
sant effect In diabetes mellitus than In control) and by Inhibiting
the Na+/Ca2+exchanger function with dlltlazem (a specific
blocker of Na+/Ca2+ exchange that prevents Ca2+ from leaving
the mitochondrial matrix). On the other hand, the Na+depres-
Sant effect was enhanced by Ruthenium Red (RR, a blocker of
mitochondrial Ca2+ uptake, which decreases Intramltochondrial
Ca2+). The RR effect on Na+depression of mitochondrial bioen-
ergetic function was larger In diabetic than control. These find-
ings suggest that intramltochondrlal Ca2+ levels could be lower
In diabetic than control and that the Na+ depressant effect has
some relation to lowered Intramitochondrial Ca2+. Conjoint ex-
periments with 31p_NMR In Isolated superfused mitochondria
embedded In agarose beads showed that Na+ (3-30 mM) led to
significantly decreased ATP levels in diabetic rats, but pro-
duced smaller changes in control. These data support our hy-
pothesis that In diabetic cardlomyocytes, increased Na+ leads
to abnormalities of oxidative processes and subsequent de-
crease In ATP levels, and that these changes are related to Na+
Induced depletion of intramltochondrial Ca2+.
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Introduction
Cytoplasmic Na" (Na'j) is elevated in diabetic cardio-

myocytes (1-5). This increase is partially explained by a
decrease of sarcolemmal Na+-K+ pump function (I, 2,4, 5)
by an increase of sarcolemmal Na+-H+ exchanger function
(6) and, possibly, by changes in sarcolemmal membrane
Na+-Ca2+ exchanger function.

Na+-induced abnormalities in energetics have been
demonstrated in diabetes mellitus (OM) heart and isolated
cardiomyocytes (5, 7). The role of mitochondria in these
changes is still unclear. In OM heart mitochondria, we and
others have shown that parameters of respiration and oxi-
dative phosphorylation are decreased when «-ketoglutarate
(KG) or pyruvate (plus malate) are used as substrate (7-10).
At present, it is unclear whether changes in bioenergetics
contribute to altered Na" transport, or whether altered Na"
transport leads to progressively depressed mitochondrial
bioenergetic function (or both), possibly by inducing
changes mitochondrial matrix Ca2+ levels.

Mitochondrial Ca2+ uptake capacity is significantly de-
pressed in diabetic cardiomyocytes compared with control
(11). Cox and Matlib (12) have shown that activation of the
mitochondrial Na"-Ca2+ exchanger by extramitochondrial
Na" leads to Ca2+ efflux and subsequent decrease in matrix-
free Ca2+. The role of mitochondrial Ca2+ is important in the
regulation of several matrix dehydrogenases (OH; including
pyruvate OH, isocitrate OH, and «-ketoglutarate OH) in-
volved in oxidative ATP synthesis (13-15). It is possible
that the decrease of mitochondrial Ca2+ can result in de-
creased activity of these Ca2+-sensitive dehydrogenases,
which can lead to a decrease in turnover of the Krebs cycle
intermediates, resulting in a decreased rate of oxidative
phosphorylation.

The goal of the work presented in this paper was to
further evaluate the role of Na", in regulation of mitochon-
drial respiration and oxidative phosphorylation in diabetic,
in contrast to control, hearts. We found that Na", does regu-
late mitochondrial ATP levels.
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Materials and Methods
Streptozotocln- (STZ) Induced Diabetes Melli-

tus. An animal model of DM was made using STZ to
damage pancreatic cells. Sprague-Dawley (SD) male rats
were injected intraperitoneally with STZ (65 mg/kg body wt
dissolved in citrate buffer) (16). Blood glucose was mea-
sured from the tail vein blood using the blood glucose moni-
tor, Accu-Chek bG (Bio-Dynamics-Boehringer, Indianapo-
lis, IN). The diabetic state was maintained for 4 weeks prior
to mitochondria isolation. In control (CON) and DM rats,
blood glucose was 7.12 ± 0.10 mM and 20.7 ± 0.59 mM,
respectively.

Polarographic Experiments. Heart mitochondria
preparation for polarographic studies. For polaro-
graphic experiments, mitochondria were isolated from one
or two male rat hearts using a method of differential cen-
trifugation previously described (10). Briefly, hearts were
quickly excised and chilled. Blood was washed from the
heart through the aorta and pulmonary artery with cold
buffer No.1 containing (in millimoles): sucrose, 300; N-[2-
hydroxyethyl]piperazine-N' -[2-ethanesulfonic acid]
(HEPES), 10 (pH 7.4); ethylene glycol-bistjs-aminoethyl
ether)-2N,N,N',N'-tetraacetic acid) (EGTA), 5 or 10; and
bovine serum albumin (BSA), 0.25% at a temperature of 00

to 4°C.
Hearts were initially homogenized in buffer No. 1 (8 ml

of buffer per 1 g of tissue) with a Teflon pestle containing
a metal core. The primary homogenate was homogenized
again with a routine Glassffeflon Potter-Elvehjem homog-
enator. Nuclei and other cellular debris were sedimented at
420 to 500g for 8 min. The supernatant was centrifuged at
8oo0g for 15 min. The mitochondria pellet was resuspended
and re-centrifuged in buffer No. 2 containing (in milli-
moles): KCl, 180; HEPES, 10 (pH 7.4); and EGTA, 0.05 at
a temperature of 00 to 4°C. Finally, the mitochondrial pellet
was diluted in buffer No. 2 to a concentration of 6 to 7 mg
of protein per 1 ml, and was kept in the tube on ice until
polarographic measurements were made.

Measurement of oxygen consumption. Mitochon-
dria respiration and oxidative phosphorylation were studied
with polarographic methods using a Clark oxygen electrode
(YSI 5300 Biological Oxygen Monitor, YSI Inc., Yellow
Springs, OH). State 3 (oxygen consumption stimulated by
ADP), State 4 (oxygen consumption after cessation of ADP
phosphorylation), respiratory control index (RCI; ratio State
3 and State 4), and rate of oxidative phosphorylation (Rap;
State 3 x ADP/O) were measured. The incubation medium
(buffer No.3) for this procedure contained (in millimoles):
KCI, 180; KHP04, I; and HEPES, 5 (pH 7.4). Because Cox
and Matlib (12, 17) demonstrated that 0.2 to 1 mM a-ke-
toglutarate (but not 10 mM) was the optimal substrate con-
centration's range to reveal the Na+ effect on State 3 and
NADH formation in heart mitochondria, we decided to use
I mM a-ketoglutarate as oxidative substrate for our polaro-
graphic experiments. Different concentrations of NaCI (in
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millimoles: 1.0, 3.0, 5.0, and 10) were added to the polaro-
graphic cuvette (volume of 1.5 ml) to evaluate the effects of
Na+ on mitochondrial function.

To check that mitochondrial function for NMR experi-
ments was comparable with that of mitochondria used for
routine polarography, mitochondrial respiratory func-
tion was determined prior to NMR studies using buffer
No.4 containing (in millimoles): sucrose, 250; KCI, 50;
HEPES, 5 (pH 7.4); and ethylenediaminetetraacetic acid
(EDTA), 0.5.

For polarography experiments, the concentration of mi-
tochondria in the cuvette was 1.13 ± 0.04 mg of protein. In
some experiments, 1 /-LM Ruthenium Red (RR), a blocker of
mitochondrial Ca2+ uptake, or 250 /-LM diltiazem (DLTZ), a
blocker of Na+/Ca2+ exchange, was added to the cuvette
before the addition of NaC!. In another set of experiments to
evaluate the effect of Ca2+on the Na" effect, two different
concentrations of Ca2+ (0.035 and 0.114 /-LM) were added to
the cuvette before the addition of NaC!. In another set of
experiments to evaluate the pH dependence of Na" effect,
buffer No.3 with different pHs (adjusted with KOH and/or
HCI to 6.7, 7.0, 7.2, and 7.4) were used.

NMR Experiments. Heart mitochondria prepara-
tion for NMR studies. Mitochondria were isolated from
four hearts for each experiment. The mitochondria isolation
techniques for NMR studies were similar to those described
above for polarographic studies with the following differ-
ences. After final centrifugation, three-fourths of the mito-
chondria pellet was suspended in 0.8 ml of buffer No. 5
containing (in millimoles): sucrose, 150; KCl, 50; KH2P04 ,

1; HEPES, 20 or 30; MgS04, 2; EDTA, 0.5; creatine, 2.5;
KG, 5; ADP, 0.6; and ATP, 2. The remainder (approxi-
mately one-fourth) of the mitochondria pellet was sus-
pended in buffer No.2 (0.2 ml) for polarographic measure-
ment of mitochondrial function. After completion of polaro-
graphic measurements, all isolated mitochondria not used in
polarography were combined with the other mitochondria
and were embedded in agarose beads.

Incorporation of mitochondria into agarose beads
for NMR experiments. To maintain mitochondria in a
stable environment during NMR experiments, they were
placed in agarose beads using methods previously described
(18, 19). In brief, the mitochondria suspension was added to
1.5 ml of gelling agarose (6%; Sigma type VII: low gelling
temperature of70°C) in buffer No.5 (37°C) and stirred. The
mitochondria/agarose suspension was immediately added to
50 ml of mineral oil (37°C) and was stirred continuously
with a magnetic stirrer for 5 min, while decreasing the water
bath temperature to 100C. The interaction of the oil and
agarose caused the formation of the beads with the follow-
ing characteristics: bead size -800 to 1000 /-Lm; 2000 to
2500 beads/em": 6 to 7 mg of mitochondrial protein per I
ml; and the average volume of mitochondria in the beads
was 84 to 120 I-LI (18). The oil was removed and beads were
rewashed with 200 ml of buffer No.5, now containing
0.25% BSA.



Perfusion apparatus for NMR experiments. Beads
containing mitochondria were placed in a 10-0101 diameter
glass NMR tube and maintained in place by a filter (I OO-J.Lm
pore size) (17) and continuously superfused at 2.7 ml/min
(28°C). The superfusion medium (buffer No.3 without ATP
and BSA) was gassed with 95% Oi5% CO2,

31P-NMR. The NMR measurements were performed
on a Broker AM-400 spectrometer (Billerica, MA) at 162
MHz using 60° pulses and a 0.62-sec repetition time with
1000 accumulations over 10 min (18, 19).

Protein Measurement. Mitochondrial protein was
measured prior to polarography with the Bio-Rad Protein
Assay (Bio-Rad Assay, Hercules, CA) method (rapid deter-
mination of protein) to estimate the amount of protein to add
to the polarography cuvette (-I mg of protein/cuvette). To
accurately measure mitochondrial protein used for each set
of polarographic studies, mitochondrial protein was mea-
sured with the Lowry method (19) after each polarographic
experiment. Rates of respiration and oxidative phosphory-
lation were calculated per 1 mg of protein (Lowry method).

To determine protein for each NMR experiment, mito-
chondria in agarose beads were homogenized in 10 011 of
0.1 N NaOH, and protein concentration was measured with
the Lowry method.

Statistical Analysis. The parameters of mitochon-
drial respiration and high-energy phosphate content were
analyzed by two-way analysis of variance (ANOVA). Then,
post hoc comparisons among the experimental groups were
performed using least significant difference (LSD) tests. All
values are reported as means ± SEM.

Results
Polarographic Experiments. Na+ effects on mi-

tochondrial respiratory function in control and diabetic
heart mitochondria. We hypothesized that increased cy-
tosolic sodium is involved in regulation of mitochondrial
oxidative phosphorylation (State 3, RCI, and ROP). To in-
vestigate this hypothesis, different concentrations of NaC!

were added to mitochondria in a polarographic cuvette,
while respiratory function was monitored. Of note, baseline
respiratory parameters were lower in DM than CON (Table
I). State 3 and ROP were the most sensitive parameters of
the Na" effect. Na" in concentrations greater than 3 mM
significantly decreased mitochondrial respiratory function
in both CON and DM (P < om compared with baseline;
Table I). Maximum effects of Na" were found at 5 and 10
mM NaC!. The effects of increasing Na" concentrations in
DM mitochondria were greater than those found in CON
(Fig. I, State 3 data are presented).

When comparisons between CON (Na" 5 mM) and DM
(Na" 10 mM) (Na" concentrations, which could exist ill
vivo) were done, we found that State 3 and ROP were sig-
nificantly lower in DM than CON (see Table I).

Na+ effects on mitochondrial function in diabetic
heart compared with control: overall ANOVA analysis.
The overall two-way ANOVA showed a significant disease
(diabetic) effect with respect to State 3, State 4, ROP,
ADP/O ratio, and RCI (Table II). The ANOVA also showed
a significant sodium effect with respect to State 3, State 4,
ROP, but not with respect to ADP/O ratio and RCI. The
results of post hoc comparisons for CON and DM groups
are presented following text.

RR effects on Na+-induced changes in mitochon-
drial respiratory function. To evaluate the possible role of
mitochondrial Ca2+-uptake andlor intramitochondrial Ca2+

levels on Naf-induced effects on State 3, RR, which blocks
Ca2+ uptake into mitochondria, was added to the polaro-
graphic cuvette before addition of Na".

RR alone did not change mitochondria respiratory func-
tion. For example, State 3 (in nanograms of atoms of oxy-
gen per minute per milligram of protein) without RR was
184.5 ± 16.6; and with RR it was 184.8 ± 16.9. However,
when RR was used in conjunction with Na", Na" caused
larger depression in mitochondria respiratory function
(State 3) in both CON and DM (Fig. 2). For example, in
CON mitochondria, the decrease of State 3 after addition 10

Table I. Effect of Na+ on Respiratory Function in Control and Diabetic Mitochondria (Means ± SE)

Parameters N NaCI State 3 State 4 RCI AOPIO Rap
(mM)

CON 8 0 183.1:1:10.2 58.7:1:4.83 3.12±0.17 2.50 ± 0007 8.08 ± 0.45
OM 8 0 148.7:1:12.78 46.9±4.59 3.17:1:0.27 2.52:1:0.08 6.26 ± 0.75
CON 5 1 155.4:1:21.9 58.5±3.69 2.66±0.37 2.52±0.12 7.20 ± 0.59
OM 5 1 102.4 :I: 18.1b 46.6 ± 6.60 2.20 ± 0.39 2.30 ± 0.10 4.30 ± 0.888

CON 5 3 144.0:1: 19.3 5209 ± 4.80 2.72 ± 0.36 2.47 ± 0.09 6.47 ± 0.83
OM 5 3 87.6 ± 14.480b 41.9 ± 6.78 2009 ± 0.34 2.29 ± 0.09 3.94 ± 1.00
CON 5 5 123.6 :I: 2.32c 46.1 ± 3.63 2.68 ± 0.21 2.43 ± 0.05 5.07 ± 0.1o-
OM 5 5 81.5 ± 11.6doB 39.7 ± 5.78 2.05 ± 0.29b 2.22 ± 0.08 b 2.74 ± 0.5380b

CON 4 10 101.2:1:7.17c 37.4±3.03' 2.71 ±0.19 2.44±0.10 3.87 ± 0053c

OM 4 10 73.4 ± 8.9580B.9 34.7±5.21 2.11±0.26b 2.31±0.10 2.64 ± 0.8180Boh

Note. State 3, oxygen consumption stimulated by ADPo(200 IJM)in nog-atoms O/min/mg pr~ein; State 4, oxy~en consum~ti~>n after ce~sat~on
of ADP phosphorylation in ng-atoms O/minlmg protein; RCI, Respiratory Control I~de~ - State 3/State ~, ADP/O, ?ffICI~nc:~ of OXidative
phos h rylafon in nmoles ADP/ng-atoms 0; ROP, Rate of Oxidative Phosphorylation In nmoles ADP/mln/mg protein: Significance: CON
versts gM: s~ P < 0.05, ". P < 0.01; CON: Na+versus baseline (0 m~ Na+): " P < 0005, c, P < 0.01; OM: Na+versus baseline (0 mM Na+): b, P
< 0.05, s, P < 0.01; CON 5 mM versus DM 10 mM: g, P < 0.0006, ,P < 00001 0
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NaCI,mM

Figure 1. Influence of different concentrations of Na" on AOP stlrnu-
lated mitochondrial oxygen consumption (State 3) in CON and OM
heartmitochondria (means ± SE,n= 5).", P< 0.05CONversus OM.
Baseline State3 (without Na") is assumed to be 100%.

mM Na" without RR was -32.3% (P < 0.05) and with RR
it was -42.1 % (P <0.01). In OM, this effect was -43.3% (P
< 0.05) and -61.1 % (P < 0.01), respectively (Fig. 2). It
appears the RR influence on the Na" effect is greater in OM
than in CON.

c;;l+ effects on Ne'-induced changes in mitochon-
drial respiratory function. To further demonstrate that
Na" effects can be related to intramitochondrial Ca2+ levels,
CaCl2 (0.035 and 0.114 IJ.M) was added to the buffer before
adding 3 mM NaCl. In this set of experiments, because we
were looking for Naf-induced regulatory mechanisms
(which very likely would occur at low Na" levels), we used
a Na+ concentration (3 mM) that we have shown earlier to
produce a metabolic effect, but that is not the maximal effect
(Table I). The lower Ca2+ concentration (0.035 IJ.M) abolished
the Na" effect on State 3 and Rap in CON mi- tochondria,
but not in OM mitochondria (Fig. 3). The higher Ca2+ con-
centration (0.114 IJ.M) abolished the Na" effect in both
CON and OM mitochondria. In fact, Ca2+ in this concen-
tration actually stimulated respiration in both CON and OM.

Effect of DLTZ on Ne'-induced changes in State 3.
The depletion of intramitochondrial Ca2+ can result from
mitochondrial Na+-Ca2+ exchanger activation by extramito-
chondrial Na". To estimate the possible role of mitochon-
drial Na+-Ca2+ exchange on respiratory function, OLTZ, a
specific inhibitor of the mitochondrial Na+-Ca2+ exchanger
(which maintains the intramitochondrial Ca2+ levels), was
used in conjunction with exogenous Na", (OLTZ, a well-
known inhibitor of L-type Ca2+ channels in sarcolemma,
can be used as specific blocker of Na+-Ca2+ exchange with
Km 250 IJ.m in isolated mitochondria [12]). The post hoc
LSO test showed a significant effect of OLTZ (250 IJ.M)

with respect to State 3. OLTZ abolished the Na"- (5 mM)
induced decrease of State 3 in both CON (P < 0.015) and
OM (P < 0.023) mitochondria (Fig. 4). Of note, OLTZ alone
did not change State 3 compared with baseline.

pH effects on Ns"-initiated changes in mitochon-
drial respiratory. The pH experiments were done to deter-
mine the optimum pH to evaluate the Na" effect (polarog-
raphy and 31pNMR), and to evaluate effects of H+ change
on Nat-induced changes in metabolism (Na+-H+ ex-
changer). We exposed isolated mitochondria to different H+
levels by changing pH in the polarographic cuvette. In
CON, the largest effects of Na" were found at buffer pH 7.4;
State 3 decreased 13.8% (P < 0.05); Rap decreased 14.1%
(P < 0.05; Table III). Increasing pH above 7.4 did not lead
to significant increases in the Na" effect. On the other hand,
decreasing buffer pH (7.2, 7.0, and 6.7) led to decreased
Na" effect on State 3 and Rap in both OM and CON.
However, in OM mitochondria, pH needed to be decreased
to lower levels to abolish the Na" effect; i.e., lowering pH to
7.0 did not abolish the Naf-induced changes in State 3,
which is in contrast to what we found in CON (Table III).
At pH 7.0, the effect without Na" minus the effect with Na"
was significantly different in OM than in CON (Table III).
This may be because the baseline intracellular pH (and thus,
intramitochondrial pH) is lower in OM than CON. (Note:
As measured with a pH electrode, the addition of mitochon-
dria to buffer caused pH to decrease from 0.1 to 0.15 units:
for example buffer pH 7.4 was decreased to 7.30 to 7.25.
Thus, the actual pHs of the buffer/mitochondria combina-
tion were similar to those found in intact cells).

NMR Experiments. Greater sensitivity of diabetic
heart mitochondria to increasing extramitochondrial
Ne', In support of the polarographic data, we used 31p
NMR to study the influence of different concentrations of
NaCI on mitochondria ATP levels (Table IV). (For NMR
experiments, only well-functioning mitochondria with RCI
of 7.10 ± 0.53 in polarographic buffer No. 4 were used).
Exposure of OM mitochondria to Na+ (5-30 mM) led to
greater decreases in ~A TP and greater increases in Pi than
that found in CON. In this case, ~ATP/Pi ratio was signifi-
cantly lower in OM mitochondria (mostly due to decrease of
~ATP) after perfusion with 3, 5, 10, and 30 mM NaCI (Fig.
5A). OLTZ, an inhibitor of mitochondrial Na+-Ca2+ ex-
change, abolished the Na" (5-30 mM) initiated decrease of
ATP in OM mitochondria and reduced the increase of Pi.
with resultant values of ~A TPlPi similar in both CON and
OM mitochondria (Fig. 5B).

Discussion
Others have demonstrated that Na" transport mecha-

nisms such as sarcolemmal Na+-K+ ATPase, Na+·Ca2+ ex-
change, Ca2+-pump, and Ca2+-binding activities are de-
creased in diabetic cardiomyopathy (1, 21-26). Experimen-
tal data collected in our laboratory with 23Na NMR also
suggest that abnormalities in Na" transport mechanisms
may be involved in the OM disease process (4). We and
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Table II. Result of F Test for Overall Two-Way Analysis of Variance (ANOVA) Comparison of Diabetic and
Control Mitochondria and Different NaCI Concentrations on Parameters of Oxidative Phosphorylation

Effect State 3 State 4 Rei ADP/O ROP

Disease 20.4* 9.21* 13.9* 5.64* 24.6*
(P < 0.000035) (P < 0.0041) (P < 0.0006) (P < 0.0223) (P < 0.000012)

Sodium 11.6* 3.97* 2.54 1.48 13.0*
(P < 0.000001) (P < 0.0084) (P < 0.055) (P < 0.226) (P < 0.000001)

Note. Disease, Diabetes Mellitus; Sodium, NaCI (in mM): 0, 1, 3, 5, and 10. For definitions of other abbreviations, see Table I.
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F!9ure 2. Effect of RR (1 ~M) on Na+-initiated changes in CON (A) and OM (B) mitochondria (means e SE, n = 5).•, P < 0.05 with RR versus
without RR. Baseline State 3 (without Na+) is assumed to be 100%.

others have found that Nat is significantly increased (at
least 1.5-2 times) in OM cardiomyocytes (1, 3, 5, 22, 23).
The changes in myocardial contractile function (depression
of contractile force and slower rate of relaxation [27]) may
be related to changes in sodium transport and Na",

Other studies in animal models of OM reveal that myo-
cardial dysfunction is associated with depressed cardiomyo-
cyte bioenergetics, as evidenced by changes in mitochon-
drial function (State 3, ROP, and ATP levels) (7-10, 28).

The goal of the present group of studies was to show
that increased Na", is a cause of depressed mitochondrial
bioenergetics. Our first set of experiments, done with mi-
tochondria from CON rats, was designed to simulate the
increased intracellular Na" found in the diabetic condi-
tion (5, 29). In this case, exposure of heart mitochondria
from control rats to increasing levels of Na" caused de-
creases in State 3 and ROP; thus suggesting that changes in
cellular Na" levels can be involved in depression of bio-
energetic function in cardiomyopathies such as those asso-
ciated with OM.

To further evaluate the Na" effect in a OM model, we
also exposed OM mitochondria to varying levels of Na+.
We found that OM mitochondria were much more sensitive
to extramitochondrial Na" levels than CON, suggesting that

the OM condition (and long-term exposure to increased
Na'.) causes residual changes (possibly with upregulation
and/or downregulation of various mitochondrial membrane
and transport systems) in mitochondrial function. We went
on to further explore the potential etiology of these effects.

Since we knew from the literature and from some our
earlier studies that Na" and Ca2+ transport (and their poten-
tial effects on metabolism) are intimately related (17, 29),
we completed a number of experiments to evaluate the po-
tential role of intramitochondrial Ca2+ on the Na" effects in
both CON and OM mitochondria. We found that when Ca2+

uptake was blocked by RR, the Na" (10 mM) depressant
effect on bioenergetics was increased in both CON and OM,
but that in OM mitochondria, the effect of RR was signifi-
cantly greater. These data suggest that baseline Ca2+ is
lower in OM than CON. Further support of this hypothesis
was found when the addition of Ca2+ to the mitochondrial
cuvette caused an amelioration ofthe Na" depressant effects
on State 3 and ROP. Of note, higher concentrations of Ca2+

were needed to reverse the effects of Na" in OM compared
with CON.

These results are consistent with those of others, which
show that in OM the energy-dependent intramitochondrial
Ca2+ uptake is inhibited, resulting in decreased intramito-
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Figure 3. Effectof Ca2 + on Nat-lnltiateddecreasein State3 (A)and
on Rap (B) in CON and OM mitochondria (means ± SE, n = 5). 1,
Baseline (NaCI, 0 mM);2, NaCI, 3 mM;3, NaCI, 3 mM+ CaCI2 , 0.035
IJM; 4, NaCI, 3 mM + CaCI2, 0.114 IJM. Significance: CON versus
OM: " P < 0.03, ", P < 0.004; Na" with Ca2 + versus Na" without
Ca2+: #, P < 0.05, ##, P < 0.01; Na" (3 mM NaCI) versusbaseline(0
mM NaCI): &, P < 0.05.

chondrial Ca2+ (8, II, 26). Ca2+ regulation of bioenergetic
functions can be realized in the physiological range of Ca2+

(0.1-1 V-M). In our experiments, the absence of a clear
saturation effect of Naf-induced decrease of State 3 could
be explained by a decrease of mitochondrial Ca2+ to a range
lower than that found in physiological conditions, which in
turn could lead to depletion of bioenergetic processes and
nonreversible decrease of membrane potential and ATP
synthesis.

The level of intramitochondrial Ca2+ is also under con-
trol of the mitochondrial Na+-Ca2+ exchanger, which medi-
ates the efflux of Ca2+ in exchange for the influx of Na+ (30,
31). It is possible that the increase Na+; in diabetic cardio-
myocytes leads to activation of the Na+·Ca2+ exchanger,
which mediates mitochondrial Ca2+ release from mitochon-
dria (1-3, 22, 23). OLTZ, an inhibitor of the Na+-Ca2+

exchanger, abolished the Na" effect on bioenergetics in
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CON and OM, further confirming the intimate relationship
of Na" and Ca2+ on bioenergetics.

With depletion of intramitochondrial Ca2+, bioenergetic
functions (State 3, Rap, and substrate oxidation) have been
found to be significantly reduced (7-10, 28). These abnor-
malities could be the result of altered dehydrogenase activ-
ity; e.g., Ca2+-dependent OH such as a-ketoglutarate OH,
pyruvate OH, or isocitrate OH could be depressed due to
decrease in Ca2+. The decrease of enzyme activity can lead
to a decrease in turnover of the Krebs cycle intermediates,
resulting in a decreased rate of oxidative phosphorylation.
The decrease of the Ca2+-dependent Krebs cycle OH activ-
ity could also lead to an increased NAO+/NAOH ratio, thus
decreasing electron flow through the mitochondrial respira-
tory chain, and decreasing the electrochemical proton gra-
dient on the mitochondrial membrane. These changes sub-
sequently could lead to decreased ATP synthesis. Our 31P
NMR data support this hypothesis; i.e., exposure of mito-
chondria to increasing levels of exogenous Na" was asso-
ciated with decrease of ATP levels. These decreases were
significantly greater in OM mitochondria compared with
CON. The energetic deficit may be a causal factor in the
development of contractile dysfunction and may be linked
to the lower levels of Ca2+ in mitochondria from OM rats.

Because the Na" effect may be related to H+ levels and
may be at least partially dependent on Na+-H+ exchanger
activity, in one set of experiments we exposed mitochondria
to different H+ levels (by changing pH) to evaluate the
interaction of Na" with H+ ions. We found in both OM and
CON that external buffer pH 7.4 (the plasma pH that is
generally considered to be the most physiologic) allowed
the largest Na" effect. Higher pHs did not significantly
change the Na" depressant effect, while lower pHs (7.2, 7.0,
and 6.7) decreased the Na" depressant effect on State 3 and
Rap. However, OM mitochondria were less sensitive to
changes in external buffer pH, as demonstrated by persis-
tence of Na+ effects down to pH 7.0. This may be due to the
fact that intracellular pH is generally lower in OM com-
pared with CON cardiomyocytes due to downregulation of
the Na+-H+ exchanger (32). The pH effect may be related to
a number of physiological processes, including pH depen-
dence of the mitochondrial Na+-Ca2+ exchanger and the
Na+-H+ exchanger. In addition, the pH effect may be related
to the opening of the permeability transition pore (PTP).
The mitochondrial permeability transition can be caused by
a loss of Ca2+ (for example, due to Na-induced activation
of the Na+-Ca2+ exchanger), and an entry of protons, giving
rise to a greater decrease of the transmembrane potential
and ~pH (33). The maximum opening probability is ob-
served at pH close to 7.3 (34, 35). It is interesting that our
data show that the maximum effect of Na" depression on
State 3 was found at pH 7.27 ± 0.02 (Table II), a pH close
to the maximum opening probability for the PTP. At pH 7.0
and lower, the opening of the PTP is inhibited (34). This
may explain why the Na" inhibitory effect on State 3 does
not occur at lower pHs (7.0 and 6.7).
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Table III. Effect of Na" and pH on Respiratory Function in Control (CON) and Diabetic (DM) Heart
Mitochondria (Means ± SE, N =4)-

NaCI
State 3' Rap'

pH CONIDM State 3 (value of State 4 RCI ADPia Rap (value of(mM) Na" effect) Na+ effect)

6.7 CON 0 262.7 ± 16.2 -2.43 ± 4.94
47.3 ± 5.83 5.68 ± 0.43 2.58 ± 0.15 10.5 ± 0.29

0.22±0.10CON 5 265.2 ± 19.4 41.0 ± 4.17 6.47 ± 0.29 2.52 ± 0.15 10.3 ± 0.21
OM 0 211.2 ± 15.7 -1.45 ± 6.66

37.8 ± 5.74 6.04 ± 0.47 2.65 ± 0.12 9.78 ± 0.79
OM 5 212.6 ± 10.2 36.6 ± 5.32 6.13 ± 0.75 2.74 ± 0.09 9.73 ± 0.43 0.05 ± 0.64

7.0 CON 0 240.2 ± 7.08 3.75 ± 5.45
55.7 ± 7.81 4.45 ± 0.55 2.53±0.14 9.78 ± 0.30

CON 5 236.4 ± 10.3 52.5 ± 8.25 4.87 ± 0.68 2.57 ± 0.11 9.66 ± 0.33 0.12 ± 0.09

OM 0 210.4 ± 14.9 21.4 ± 4.31 8 52.5 ± 8.12 4.40 ± 0.53 2.67 ± 0.06 9.63 ± 0.72
OM 5 189.0 ± 11.4 47.5 ± 8.13 4.48 ± 0.65 2.64 ± 0.18 8.39 ± 0.68 1.24 ± 0.46 8

7.4 CON 0 189.1 ± 5.20 26.1 ± 5.52
70.7 ± 8.45 2.81 ± 0.38 2.39 ± 0.18 7.45 ± 0.50

1.06±0.14CON 5 163.0 ± 5.17 b 66.8 ± 10.2 2.61 ± 0.40 2.42±0.18 6.40 ± 0.55
OM 0 169.9 ± 11.9 42.3 ± 6.07 8 76.7 ± 13.7 2.48 ± 0.31 2.35 ± 0.13 6.68 ± 0.68

1.49 ± 0.36OM 5 127.7 ± 13.3c 63.4 ± 12.9 2.33 ± 0.39 2.29±0.15 5.19 ± 0.90-Note. State 3' and ROP', value of the Na" effect: subtraction of values without Na" minus with Na", For definitions of other abbreviations see
rable I. Significance: with Na+ versus without Na+: ", P < 0.05; CON (without Na" minus with Na') versus OM (Without Na" minus with Na+):
, P < 0.05. ", "d" in Table I.

Table IV. 31p-NMR Data: Effect of Extramitochondrial Na" on Pi' f3ATP, and ')'ATP/f3ADP in Control (CON)
and Diabetic (DM) Heart Mitochondria (Means ± SE, n =4)-

NaCI Pi I3ATP 'YATP/I3ADP

(mM) CON OM CON OM CON OM

1 99.6 ± 12.7 115 ± 10.9 97.8 ± 7.52 87.6 ± 3.07 107 ± 6.24 76.0 ± 4.67
3 104±5.48 115±5.68 103±10.6 80.4±3.17 109 ± 7.39 75.9 ± 6.53 8

5 102 ± 4.95 130 ± 7.498 103±6.13 69.9 ± 7.07 8 100 ± 8.77 77.4±10.2
10 111 ± 8.45 126 ± 10.1 102 ± 6.34 63.9 ± 5.69 8 8 105 ± 4.97 59.3 ± 9.50 8 8

30 118 ± 6.30 123 ± 8.81 87.4 ± 4.08 49.3 ± 5.46 8 8 88.9 ± 6.14 52.3 ± 10.18-
Note. Each Pi and I3ATP value in this table is the percent change from baseline (without Na") of peak areas (normalized using an MOP
standard). Significance: OM versus CON: a, P < 0.05, aa, P ~ 0.01.

In summary, altered bioenergetics found in DM cardio-
myopathy may be associated with Na+ and Ca2+ abnormali-
ties: both higher baseline cytoplasmic Na+j and lower mi-
tochondrial Ca2+ may contribute to altered bioenergetics
found in the cardiomyopathic myocytes. The effects of Na+

on bioenergetics may be mediated through effects on Ca2+;

i.e., due to activation of mitochondrial Na+-Ca2+ exchange
by Na", and energy-dependent decreased Ca2+ uptake, lead-
ing to decreased mitochondrial matrix Ca2+, which in turn
prevents optimum activity of mitochondrial Ca2+-dependent

SODIUM AND DIABETIC HEART BIOENERGETICS 549



A

"1'" lo.······_·i! _._ L L I L.- -• ",_ : i t I-"II i i ! i
-.., • : I..... ···1············ ·_····..;·_·_·····1············,············1···_·_··-

. iii..·.... i ! :
i . ! "ta. i !..u·····j·······..·..··t·..·_ ·--:-···_·..··i·..·I1 - "'; . -: ······t·····..·...! i ! ! i , ,: CON

• f I : • ,.... ···,············1·····-·_··_·_···_·+···········,······ -
*. i ! r ii,

·······;fi t _.~ .._._ ~ i············+··········
00 t' ! iiii ! I :......• .•...... . .

* '. ··r··· ..L i ~llI I I •••• f

·_· ·j··..·..····t ·····t-._ "T'"?"•••r ;.~.;. .OM.
I • t I I *: iii i

3530252015105

B
110 ,..,...............-r-r..............-,-,....-,..,............... -r-r..............-,-,....-,..,...'r-r-...,

!
I ! : i i :

100 .....~:·_·!···········~·~····_······r···········l··_·_··· ..r·········

1
-CQN-....t ·· ....... -i-· .... '" L... : .-90 - ,;;.. ..:.;:,;.;;;.~;,;-.:..:..:. ,.!" '!.....,y.... .._ -

Ii! OM
80 ·····_···r······_·-l····_·····f····_·_··J···_·······j"··_·_····f-········
70 _.-1" -1' _._..1' _.'1' .._._ \" ·_····t···_····-

: ! iii !
80 •··.. ···_~···········+·······_·-+·····_····1············i· ..·_······~···_·_··

i I I : ! 1
! : i ! I :

50 ~·········:-······_·-+···········¥·····_····i·········-·t···_·_···t······_··

! Ii! ! !40 ~ .•.•••....:.•.......••-+••.....•_.+ _.':" _ .;. ········t····_····
! I : i ! I

! iii ! !

it
ii:
l-
e

3530252015105

110

100

90

80

it
ii: 70
l-e

80

50

40

30
0

HI,mM HI,mM

Figure 5. 31p-NMR data.The effectof extramitochondrial Na" and OLTZ on ~ATP and PI ratio in CON and OMheartmitochondria (means
:t SE, n =4). (A) Without OLTZ. (B)With250 lJM OLTZ. Each datapoint is the meanof the ratioof ~ATP and PIpeakarea. Baseline (without
Na+) is assumed to be 100%. Significance: OMversus CON: *, P < 0.05.

dehydrogenases. It is possible that the changes (increased
Na" and decrease Ca2+) found in DM mitochondria may act
similar to the ischemic preconditioning effects found in iso-
lated perfused control hearts, in that they may allow DM
hearts to withstand ischemia better than non-preconditioned
control hearts (36).

Our data suggest that while localized changes in bio-
energetic function may be a cause of ion transport abnor-
malities, it is just as likely that abnormalities of cytoplasmic
ion content and mitochondrial ion transport mechanisms
may contribute to metabolic (bioenergetic and respiratory
function) abnormalities. Results of the present study sug-
gest that increased Na" concentration in diseased cardio-
myocytes may be a factor leading to chronically decreased
myocardial bioenergetics and to development of diabetic
cardiomyopathy.
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