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Abstract—The effects of verapamil and diltiazem on oxidative phosphorylation of isolated rabbit heart
mitochondria were related to the experimental conditions employed. In an assay medium containing
250 mM sucrose, 1 mM pyruvate and 5 mM potassium phosphate buffer (pH 7) at 37° (sucrose medium),
only a high concentration of verapamil (200-800 uM) or diltiazem (400-600 uM) affected mitochondria.
State 4 respiration was stimulated, state 3 respiration was inhibited, and the ADP: O ratio was decreased
by these drugs in sucrose medium. These effects resulted in a depression of the respiratory control
index (RCI) and oxidative phosphorylation rate (OPR). On the other hand, in an assay medium
containing 150 mM KCl, 1 mM pyruvate and 2 mM potassium phosphate buffer (pH 7) at 37° (KCl
medium), the high rate of state 3 respiration and the normal value of the ADP:O ratio were not
influenced significantly by diltiazem (400-800 uM) or verapamil (200-400 uM). These data indicate that
neither verapamil nor diltiazem has an effect on the normal, functioning, isolated mitochondria in KCl
medium. Elevation of inorganic phosphate (P;) from 2 to 5 mM in the KCl medium induced a swelling
of the mitochondria, inhibition of state 3 respiration, and a decrease in the ADP:O ratio, RCI and
OPR. Under these conditions, a low concentration of verapamil (25-200 uM) or diltiazem (50-800 uM)
inhibited the swelling effect of P; and at the same time prevented the Pi-induced decrease in state 3
respiration, and the ADP: O ratio, RCI and OPR. In a medium containing 150 mM KCl, 1 mM pyruvate,
2mM ADP and 10 uM palmitoyl-CoA, the addition of 5 mM P; induced swelling of mitochondria and
a decreased rate of state 3 respiration. Under these conditions, even a low concentration of verapamil
(6-200 uM) or diltiazem (25-400 uM) inhibited swelling and prevented the inhibition of state 3 respi-
ration. It is concluded that low concentrations of verapamil and diltiazem had no effect on unswollen
heart mitochondria. An increase in the free P; concentration induced swelling of mitochondria and
resulted in an inhibition of oxidative phosphorylation, provided that the extramitochondrial potassium
concentration was as high as that normally found in the cytosol. Under these conditions, a low
concentration of verapamil and diltiazem was able to affect the mitochondrial membranes so as to
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prevent Pi-induced swelling and the related inhibition of oxidative phosphorylation.

It is well known that experimentally induced
ischemia results in the development of several
metabolic, functional, and morphological changes
in the myocardium [1-5]. Among these, swelling of
mitochondria and impairment of oxidative phos-
phorylation have been consistently demonstrated
[6-8]. Recently, several groups have shown that
some of the in vive consequences of myocardial
ischemia, particularly mitochondrial damage, can be
mitigated by pretreatment of the heart with vera-
pamil [9-13] or diltiazem [14, 15], two clinically use-
ful drugs that are generally classified as “calcium
channel blockers” or “calcium antagonists” [16]. In
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spite of extensive research, however, neither the
mechanism of the ischemic damage to mitochondria
nor the exact modes of action of these drugs are well
established, although the mitochondrial protective
effect has been ascribed to an inhibition of increased
calcium influx across the sarcolemma [11, 14, 17].
There is evidence, however, that metabolites which
accumulate in the ischemic myocardial cells may also
be responsible for the mitochondrial damage. These
metabolites are fatty acyl-CoA esters [18], Ca?* [19]
and inorganic phosphate (P;) [20]. Although the
inhibition of the “slow or calcium channel” in the
sarcolemma by ‘“‘calcium antagonists” is well estab-
lished [16], the involvement of other sites, both
extra- and intracellular, in the pharmacological
actions of these drugs has not been excluded and,
in fact, has recently been implicated [21, 22]. If this
is to be considered, then the abilities of these drugs
to enter the cell and their availabilities to the intra-
cellular organelles in sufficiently high concentrations
must be demonstrated. It was shown recently that
verapamil is not only able to enter the myocardial
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cells but that its tissue concentration in beating heart
cells may be about thirty times higher than in the
extracellular compartment [23, 24]. The intracellular
accumulation of verapamil indicates that a direct
effect of this drug and, perhaps, other calcium
antagonists on subcellular organelles may occur and
have important therapeutic significance.

The “calcium antagonists” are a heterogenous
class of considerably diverse chemical structures [25].
Most of them are lipophilic, some are positively
charged, and others are neutral. It is not surprising,
therefore, that these drugs may interact with hydro-
phobic sites not only in or on the cell membrane,
but with intracellular membrane sites as well. Fur-
thermore, the process of interaction most certainly
depends upon pH, ions, metabolites and tempera-
ture. Myocardial ischemia produces an immediate
and profound change in the affected cells, which
includes a drop in pH, a rise in P;, a drop in creatine
phosphate and ATP, a rise in fatty acyl CoA deriva-
tives, and changes in intracellular Na*, Ca*>* and K*.
It is likely that these changes alter the reactivity of
intracellular membranes to certain drugs.

The aim of our investigations was to study the
possibility of a direct effect of verapamil or diltiazem,
two representative “calcium antagonists”, on iso-
lated heart mitochondria under conditions which
may simulate some of the changes that characterize
the cytosol in myocardial ischemia. The use of iso-
lated mitochondria is convenient because the com-
plexities of effects on the cell membrane are avoided.
On the other hand, we recognize the difficulty of
extrapolating in vitro drug effects to in vivo condi-
tions and present the data with that caution in mind.
Our results indicate that relatively low concentra-
tions of verapamil or diltiazem have negligible effects
on the normal functioning mitochondria, but that
they protect, significantly, heart mitochondria
against the deleterious effects of free inorganic phos-
phate which is known to accumulate in ischemic
myocardial cells [26]. Preliminary aspects of this
study were recently reported by Vaghy er al. [27].

METHODS

Isolation of mitochondria. Male and female albino
rabbits weighing 2-3 kg were employed. The chest
was opened after cervical dislocation, and the heart
was quickly removed and immediately placed in
ice-cold physiological saline solution to wash it free
from blood. The heart was then transferred to an
ice-cold medium that contained 180 mM KCl, 10 mM
ethyleneglycol-bis-(f-aminoethyl  ether) N,N’-
tetraacetic acid (EGTA) and 0.5% bovine serum
albumin (BSA Fraction V, Sigma Chemical Co., St.
Louis, MO), pH 7.4, at 4° (KEA medium). All
subsequent steps were carried out in a cold room at
4°. The ventricular tissue was cut free from fat, large
vessels and atria, the weight was determined, and
then the tissue was minced with scissors. Approxi-
mately 1.5 to 2.0g of tissue was homogenized in
10 mi of KEA medium with the aid of an electrically
driven teflon pestle at 2500 rpm in a glass hom-
ogenizing vessel immersed in iced-saline solution.
Three times three passes were made with a 30-sec
rest period after three passes. Then 25 ml of KEA
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medium was added to the homogenate and three
times three passes were made again as described
above. The homogenate was centrifuged at 500 g for
10 min using a Beckman J-21C type centrifuge fitted
with a JA-20 rotor. The supernatant fraction was
filtered through two layers of cheesecloth into cen-
trifuge tubes and was centrifuged at 8000g for
10 min. The resultant pellet was washed by rinsing,
resuspension and centrifugation at 8000 g for 10 min.
The washing procedure was repeated and the final
mitochondrial pellet was resuspended in a small vol-
ume of KEA medium to make a mitochondrial pro-
tein concentration of 20-30 mg per ml. This isolation
method resulted in a yield of 20 mg mitochondrial
protein/g wet tissue. These mitochondria were qual-
itatively similar to those isolated by the Polytron
method [28], which yields about 10 mg mitochondrial
protein/g wet tissue (authors’ unpublished observa-
tion). The protein concentration of the final mito-
chondrial suspension was determined by the method
of Lowry et al. [29], with bovine serum albumin as
a standard.

Measurement of oxidative phosphorylation. The
oxygen consumption of mitochondria was deter-
mined polarographically with the aid of a Clark type
of oxygen electrode fitted to an Oxygraph model
K-IC (Gilson Medical Electronics). The assays were
carried out either at 30° or at 37° using 1 mg mito-
chondrial protein in 1.5 ml assay medium. The exact
compositions of the various assay media are indicated
in the legends of the figures and tables. State 3 and
state 4 respiration and the RCI and the ADP:O
ratio, were calculated according to Estabrook [30].
State 4 respiration was determined after the ADP
was phosphorylated. The rate of respiration was
expressed in nanoatoms oxygen consumed by 1 mg
mitochondrial protein per min. The oxidative phos-
phorylation rate (OPR) was calculated according to
Edoute ez al. [31] and was expressed as nmoles ATP
synthesized by 1 mg mitochondrial protein per min.

Determination of the osmotic volume changes. Two
milligrams of mitochondrial protein was suspended
in 3ml of 150 mM KCl medium containing 1 mM
pyruvate. The sample was stirred continuously with
a magnetic stirrer and incubated at 37°; the changes
in the light absorbance before and after the addition
of P; were recorded continuously at 640 nm with the
aid of an Aminco model DW 2a spectrophotometer.
Other additions are indicated in the legends of the
figures. A decrease in light absorbance was evaluated
as swelling of mitochondria [32, 33].

RESULTS

The temperature dependence of mitochondrial
respiration and oxidative phosphorylation in a
sucrose medium was examined (Table 1). When the
temperature was increased from 30° to 37° both state
3 and state 4 respirations increased. The RCI and
the ADP:O ratio, however, were not influenced
significantly. As a result of these changes, the cal-
culated oxidative phosphorylation rate (OPR),
which is a measure of the rate of ATP production,
was significantly higher at 37° than at 30°. All the
subsequent experiments were carried out at 37°. In
the sucrose medium, both verapamil and diltiazem
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Table 1. Effect of temperature on respiration and oxidative phosphorylation of isolated heart

mitochondria*
Temperature N State 3 State 4 RCI ADP:O OPR
30° 6 222t 18.4+ 12.1 2.83 6281
+9.4 +0.47 +0.28 +0.06 +27.4
37° 4 312.5¢ 26.8% 11.8 2.92 911+
+19.1 +14 +0.5 +0.05 +53,

* The assay medium contained 250 mM sucrose, 1 mM pyruvate, and 5 mM potassium
phosphate buffer (pH 7). The experiments were started by the addition of 1 mg of mito-
chondrial protein to 1.5 ml of test medium. State 3 respiration was induced by the addition
of 500 nmoles ADP. Statistical significances were calculated by Student’s +-test. States 3 and
4 are expressed in nanoatoms oxygen consumed by 1 mg of mitochondrial protein per min.
OPR s the oxidative phosphorylation rate expressed as nmoles ATP synthesized by 1 mg of
mitochondrial protein per min. RCI is the respiratory control index (the ratio of state 3:state
4 oxygen consumption).

+ Values with the same symbols are significantly different (P < 0.05).

Table 2. Effects of verapamil on respiration and oxidative
phosphorylation of isolated heart mitochondria in sucrose
medium*

Verapamil
(uM) N State3 State4 RCI ADP:O OPR

0 4 3125 268 11.8 2.92 911
+19.1 =*1.4 0.5 *0.05 =53
200 4 216.8t 32.3f 6.8 2.81 608+
+8.6 *1.3 0.1 +0.04 %15
400 4 162.5t+ 37.8t 4.2t 2.75+ 445t
*96 =*1.5 =02 +0.04 =23
800 4 134.5t 59.0+ 2.3+ 2.42+  325¢
*32 =*=18 *0.03 =006 =14

* The assay medium consisted of 250 mM sucrose, 1 mM
pyruvate and 5 mM potassium phosphate buffer at 37° and
pH 7. Values are means *+S.E. Statistical significances were
calculated by Student’s t-test. See Table 1 for definitions.

t Values are significantly different from control, no ver-
apamil (P < 0.05).

Table 3. Effects of diltiazem on respiration and oxidative phosphorylation of isolated heart
mitochondria in sucrose medium*

Diltiazem

(uM) N State 3 State 4 RCI ADP:O OPR
0 4 312.5 26.8 11.8 2.92 911
+19.1 +1.4 +0.5 0.05 +53

400 4 228.5% 29.8 7.9% 2.94 671+
+9.5 +2.7 +0.9 +0.04 +23

800 4 216.0t 51.0 4.61 2.82 608+
+9.1 +10.6 +0.6 +0.05 +22

1600 4 180.8+ 75.0t 2.45% 2.62+ 474t
+11.9 *+8.0 +0.12 +0.04 +33

* Conditions are the same as indicated in the legend of Table 2.
+ Values are significantly different from control, no diltiazem (P < 0.05).
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Table 4. Effects of verapamil on respiration and oxidative
phosphorylation of isolated heart mitochondria in KCl
medium containing 2 mM P*

P. L. VAGHY et al.

Table 6. Effects of P; and verapamil on respiration and
oxidative phosphorylation of isolated heart mitochondria
in KCI medium*

Verapamil P,  Verapamil
(uM) N State3 State4 RCI ADP:O OPR (mM) (uM) N State3 State4 RCI ADP:O
0 4 5834 53.8 11.1 2.87 1675 2 0 6 583 53 11.1 2.89
+52.8 *3.5 =12 +0.03 *164 +36 +24 *08 +0.04
200 4 5678 481 119 299 1696 5 0 6 450 54 8.3t 274
+36 +3.0 06 *0.06 95 56 +1.5 1.0 =0.04
400 4 5193 578 9.0 291 1508 5 25 6 514¢ 54 9.6f 2.83%
+438 %32 +0.5 *0.04 =115 *+46 +0.9 =+09 +0.05
5 50 6 558t 49f 11.5¢ 2.86%
* The assay medium contained 150mM KCI, 1 mM +44 +0.9 =09 +0.03
pyruvate, and 2 mM potassium phosphate buffer (pH 7) 5 100 6  605% 47% 13.1f  2.96%
at 37°. The experiments were started by the addition of +41 +23 +0.9 +0.03
1 mg of mitochondrial protein to 1.5 ml of medium. State 5 200 6  629% 47% 13.3¢ 2.99%
3 respiration was induced by the addition of 527 nmoles +49 +*24 *0.6 x0.01

ADP after 3 min. Values are means =S.E. Statistical sig-
nificances were calculated by Student’s t-test. The values
are not different significantly (P > 0.05)

inhibited state 3 respiration, increased state 4 res-
piration and decreased the RCI and OPR, but only
when high concentrations of the drugs were used
(Tables 2 and 3). The ADP:O ratio was also
depressed by 400-800 uM verapamil and by 1600 uM
diltiazem.

In KCl medium, state 3 respiration and the
ADP: O ratio were largely dependent on the extra-
mitochondrial concentration of inorganic phosphate.
Normal ADP: O ratios and high rate state 3 respir-
ation were obtained when only 2 mM P; was present.
In this condition, neither verapamil (200400 uM)
nor diltiazem (400-800 uM) had a significant effect
(Tables 4 and 5).

When the P; concentration was raised from 2 to
5mM in the KCl medium, an inhibition of state 3
respiration occurred which was accompanied by a
significant decrease in the RCI and a slightly
depressed ADP:O ratio (Tables 6 and 7). Under
these conditions, verapamil, in concentrations of
25-200 uM, exerted a dose-dependent protective
effect, i.e., it prevented the decrease in state 3 res-
piration, the RCI and the ADP: O ratio (Table 6).
In a similar manner, diltiazem, in a concentration
range of 50-800 uM, protected mitochondria against
the Pi-induced impairment of oxidative phosphoryl-
ation (Table 7). The OPR was considerably
depressed by increasing the P; in the KCl medium

Table 5. Effects of diltiazem on respiration and oxidative
phosphorylation of isolated heart mitochondria in KCl
medium containing 2 mM P;*

Diltiazem
(kM) N State 3 State4 RCI ADP:O OPR
0 9 5534 54.4 10.3 2.92 1618
+28.1 2.1 0.7 *0.04 +86
400 6 581.7 49.0 11.9 3.00 1742
+40.8 =*13 =07 +0.04 =*116
800 4 612.8 53.3 11.7 2.96 1811
+41.3 49 *09 x0.05 =105

* Conditions are the same as indicated in the legend of
Table 4.

* The assay medium contained 150 mM KCl, 1 mM
pyruvate, and different concentrations of potassium phos-
phate buffer (P;), pH 7, at 37°. The experiments were
started by the addition of 1 mg of mitochondrial protein
to 1.5ml of medium. State 3 respiration was induced by
the addition of 527 nmoles ADP after 3 min. Values are
means *S.E. Statistical significances were calculated by
Student’s paired ¢-test.

t Values are significantly different from 2mM P; (P <
0.05).

1 Values are significantly different from 5mM P;, no
verapamil (P < 0.05).

from 2 to 5 mM (Fig. 1). Low concentrations of both
verapamil and diltiazem exerted a dose-dependent
protective effect against the P-induced diminution
of OPR.

Earlier studies suggested that the Pj-induced
impairment of oxidative phosphorylation in the KCl

Table 7. Effects of P; and diltiazem on respiration and
oxidative phosphorylation of isolated heart mitochondria
in KCl medium*

P; Diltiazem

(mM) (uM) N State3 State4 RCI ADP:O
2 0 10 551.5 56.5 10.2 2.93
*25.2 +2.8 *0.7 =0.04
5 0 10 415.8% 58.7 7.4t 2.62%
+36.3 +49 =0.7 =0.07
5 25 6 425.3 620 7.3 2.61
+63.5 =*11.6 =1.2 =*0.06
5 50 7 436.3% 599 74 2.63
+38.6 +6.6 0.8 =*0.05
S 100 6 500.3% 68.2 7.9% 2.70%
+36.8 *12.3 09 =*0.06
5 200 6 555.8% 63.8 9.6t  2.88%
+32.3 +10.1 =12 =0.05
5 400 7 621.7% 543 11.5% 2.97%
+44.5 +1.4 =*1.0 =0.03
5 800 6 625.0% 53.6 11.6% 3.00%
*45 *13 =x0.7 =*0.04

* The conditions are the same as indicated in the legend
of Table 6.

+ Values are significantly different from 2mM P; (P <
0.05).

t Values are significantly different from SmM P, no
diltiazem (P < 0.05).
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Fig. 1. Effects of verapamil and diltiazem on the oxidative

phosphorylation rate of mitochondria in KCl medium con-

taining S mM P;. Conditions are the same as indicated in

the legend of Table 6. Key: (O——O) effect of verapamil;
and (@——@) effect of diltiazem.

medium is related to the ability of P; to induce
swelling of mitochondria [20]. To confirm this pos-
sibility and to challenge the swelling with Ca**-block-
ing drugs, the volume changes of mitochondria were
determined photometrically in substrate-supplied
KCl medium. Swelling was initiated by the addition
of various concentrations of P;. Although 2mM P;
induced only negligible changes, the addition of
SmM P; resulted in considerable swelling of the
mitochondria (Fig. 2A), and both verapamil and
diltiazem effectively inhibited this swelling process
[Fig. 2(B and C)].

Addition of 5mM P; to mitochondria that had
been preincubated for 2 min in KCl medium con-
taining 2mM ADP and 10uM palmitoyl-CoA
induced a slow rate of state 3 respiration and, at the
same time, considerable swelling of mitochondria
occurred. Verapamil or diltiazem in even lower con-
centrations inhibited the swelling effect of P;in a
dose-dependent manner and prevented the progres-
sive inhibition of the Pi-induced state 3 respiration
(Figs. 3 and 4). The lowest effective concentrations
of verapamil and diltiazem in this condition were 6
and 12 uM respectively.

Pi 5mM Py

' t
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F~imin—
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Fig. 3. Effects of verapamil on P;-induced state 3 respiration
and swelling of mitochondria. The assay medium contained
150 mM KCl, 1mM pyruvate, 2mM ADP and 10 uM
palmitoyl-CoA (pH 7) at 37°. Mitochondria (1 mg/1.5 ml)
were preincubated for 2 min in the absence of P;; then
5 mM P; was added. Upper panel: oxygen consumption of
mitochondria in the absence and presence of verapamil;
lower panel: changes in the light absorbance (extinction)
measured at 640nm in the absence and presence of
verapamil. Numbers indicate the concentration of the
drug in uM.

To provide easier comparison of the absolute
values obtained with the different assay conditions,
we have presented only those results which were
obtained with 1 mM pyruvate as an oxidizable sub-
strate. The 1 mM pyruvate in our assay medium is
about 200 times higher than the K,, of heart mito-
chondria for pyruvate [34] and about twenty to fifty

5mMPi
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C

Fig. 2. Effects of verapamil and diltiazem on the inorganic phosphate induced swelling of mitochondria.

The assay medium contained 150 mM KCl and 1 mM pyruvate (pH 7) at 37°. Two milligrams of

mitochondrial protein was added to 3 ml of medium and the changes in light absorbance (extinction)

were recorded at 640 nm. Inorganic phosphate (P,) was added 2 min later. (A) Effects of 2 and 5 mM
P.. (B) Effects of verapamil and (C) effects of diltiazem on the swelling induced by 5 mM P;.
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Fig. 4. Effects of diltiazem on the Prinduced state 3 res-
piration"and swelling of mitochondria. Conditions are the
same as indicated in the legend for Fig. 3.

times higher than the concentration of this substrate
in cardiac tissues [2, 35]. Furthermore, qualitatively
similar changes were obtained using other NAD-
linked substrates such as glutamate and malate.

DISCUSSION

Oxidative phosphorylation of isolated mitochon-
dria is conventionally studied in isosmotic sucrose
medium containing inorganic phosphate buffer, pH
7.2t0 7.4, and some type(s) of oxidizable substrate(s)
at room temperature or in some cases at 30°. In spite
of the fact that in these conditions the mitochondria
are stable and are characterized by a rather high
RCI, studies carried out in sucrose medium have
shortcomings. First, respiration and ion transport in
the mitochondrial preparation are inhibited at tem-
peratures lower than the physiological 37°. Second,
the function of the mitochondria is studied under
nonphysiological conditions, since sucrose is not a
component of the intracellular space. Third, pH 7.4
corresponds to the blood pH rather than to the pH
of the cytosol where the mitochondria are located.
Recent studies have revealed an intracellular pH
very close to the 7.0 in the normoxic myocardium
[36, 37]. Our data show that state 3 respiration and,
therefore, the OPR are considerably higher at 37°
and pH 7 than at 30°, but the RCI and ADP: O are
unchanged. Consistent with previous reports
[13, 14], we have found that low concentrations of
verapamil or diltiazem do not affect oxidative phos-
phorylation when mitochondria are suspended in
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sucrose medium. It is not surprising that high con-
centrations of these drugs cause inhibition and
uncoupling of oxidative phosphorylation. Thisis due,
probably, to a disruptive effect on membranes, char-
acteristic of high concentrations of lipophilic sub-
stances {38]. This type of effect cannot be related to
any therapeutic actions of verapamil or diltiazem
because the concentrations necessary to produce
impairment of oxidative phosphorylation in vitro are
probably much higher than those that are present
in the cytosol at “therapeutic” blood concentrations,
although these have not as yet been definitely deter-
mined [39]. Furthermore, an inhibition of ATP pro-
duction could hardly be classified as “beneficial”
under any circumstances. Our data indicate that, in
the conventionally used sucrose medium, only the
potentially damaging effects of these drugs on mito-
chondrial oxidative phosphorylation can be studied.

In order to study the possibility of a direct
“therapeutic” effect of drugs on mitochondria of
ischemic tissue, an in vitro model having character-
istics somewhat similar to those that are found to be
present in vivo under pathological conditions is
needed. Accordingly, we changed the composition
of the assay media to attempt to simulate what may
occur in the cytosol of the ischemic myocardial cells.
Because the potassium concentration in the cytosol
is around 150 mM, the unphysiological sucrose com-
ponent of the assay medium was replaced by KCl
and the experiments were carried out at physiological
pH and temperature. We observed a high rate of
state 3 respiration in this medium when only 2 mM
P; was present, which corresponds approximately to
the tissue P; concentration of the normoxic myocar-
dium [40]. In this condition the ADP:Q ratio was
at a normal level and the RCI was around 10. For
this rather high rate of state 3 respiration, not sur-
prisingly a high OPR [more than 1600 nmoles
ATP-min~!- (mg protein)™!] was calculated. Fur-
thermore, when the extramitochondrial P; concen-
tration was increased in the KCl medium in order
to simulate the elevated tissue concentration of free
P; that has been reported in the ischemic myocardium
[26], a significant decrease in state 3 respiration,
RCI, ADP: O and OPR occurred. This observation
is contrary to those which were demonstrated in the
sucrose medium where stimulation of state 3 respir-
ation resulted from an elevation of P; from 1 to § mM
at a constant ADP concentration (Refs. 41 and 42,
and the authors’ unpublished observations). The
interpretation of these data is difficult and the
important issue as to whether mitochondrial respir-
ation is controlled by adenine nucleotide translo-
cation [42] or by the phosphate potential [41] remains
to be settled (for review see Ref. 43). To understand
the different responses of mitochondria to the elev-
ation of extramitochondrial P; in various assay media,
several factors need to be considered. First, there
is a higher absolute value of state 3 respiration in
KCl medium than in sucrose medium. This indirectly
indicates that in a sucrose medium, where the
extramitochondrial K* concentration is much lower
than the K* concentration in the matrix of mito-
chondria (~140mM [44]), oxidative phosphoryl-
ation is inhibited. We have observed that the increase
in extramitochondrial KCl concentration in the
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sucrose medium which contained 2 mM P; results in
a stimulation of state 3 respiration (unpublished
observations). Increasing the P; concentration in
sucrose medium by adding more and more of the
potassium phosphate salt results not only in an
increase in the extramitochondrial P; but also in
the extramitochondrial K* concentration. This
decreases the outward directed potassium concen-
tration gradient across the inner membrane, which
was initially established by placing mitochondria in
the very low K* containing sucrose medium. Our
data suggest that the state 3 respiration of mito-
chondria depends not only on the extramitochondrial
concentration of P; but also on the extramitochon-
drial K* concentration. It is also important to note
that sucrose confers stability on mitochondria and
prevents the swelling effect of inorganic phosphate.
Therefore, it is not surprising that a relatively high
rate of state 3 respiration can be measured even
when 10mM P; is present in the sucrose medium
[28].

The elevation of P; induced a swelling of mito-
chondria in KCl medium not only in the absence but
also in the presence of excess amounts of ADP and
partially inhibitory concentrations of palmitoyl-
CoA. As the swelling progressed, the rate of state
3 respiration diminished, indicating that the Pi-
induced inhibition of state 3 respiration in KCl
medium is closely related to the swelling effect of
P; in mitochondria. Neither verapamil nor diltiazem
had a significant effect on oxidative phosphorylation,
even at very high concentrations when only 2 mM
P; was present in the KCl medium. Moreover, instead
of inhibitory and uncoupling effects, which were
obtained in the presence of high drug concentrations
in the sucrose medium, these drugs at considerably
lower concentrations protected oxidative phos-
phorylation against the deleterious effects of elev-
ated P; in KCl medium. Accordingly, the sensitivity
of heart mitochondria to these drugs increased con-
siderably when the components of the assay medium
were modified in order to simulate what occurs in
the cytosol of the ischemic myocardial cells. In all
conditions, verapamil was found to be more potent
than diltiazem.

Although the effective concentrations of verapa-
mil ranged from 6 to 25 uM, we still are unable to
relate this “beneficial” effect to the in situ situation
because therapeutic blood or tissue levels of vera-
pamil in animals or humans in myocardial ischemia
have not been determined. In one recent study, a
new method for assay of verapamil was described
[39]. Various infusions were correlated with blood
levels in human serum and these were about 1 uM,
but no relationship to any therapeutic effect was
described. If the blood concentration in vivo indeed
is in the micromolar range, the results reported in
our study would be relevant only if some type of
concentration process existed. Recently, a 30-fold
accumulation of verapamil in working cardiac tissue
has been demonstrated [23, 34].

The question also arises whether the effects of
these “calcium antagonists” on mitochondria are
related to the transport of calcium in mitochondria
or are the result of a nonspecific membrane stabilizer
action. We have demonstrated recently that, like
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verapamil and diltiazem, ruthenium red, a specific
inhibitor of calcium transport in mitochondria, pro-
tects oxidative phosphorylation against the deleteri-
ous effects of elevated P; concentration [45]. These
data suggest that calcium may be involved in the
Pi-induced damage to heart mitochondria and that
the effects of low concentrations of “calcium antag-
onists” may be related to an inhibition of Pi-induced
calcium movement in mitochondria.
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