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Abstract-The effects of diltiazem, verapamil, bepridil, nicardipine and nifedipine were studied in oitro 
on Na+,K+-ATPase from dog kidney (EC 3.6.1.37). Except diltiazem, all the drugs tested showed an 
inhibitory effect on Na+,K+-ATPase activity in a dose-dependent manner. Among these drugs bepridil 
is far more effective than the others (1~~~ = lo-” M). Competition studies showed that bepridil acted 
in a non-competitive manner with the ATP-Me complex and in a partially competitive manner with 
K+. Since ouabain acted similarly under the same experimental conditions, we tested the interaction 
of bepridil and ouabain on Na+,K+-A’lTase. With low doses of ouabain, the enzyme inhibition 
corresponded to a potentiated synergy of the two drugs. We then studied the action of bepridil on the 
sodium pump activity of intact red blood cells by an Ed uivo microcalorimetric technique. At 10M5 M 
bepridil caused a significant decrease in sodium pump activity (33 2 8%). 

Classically, calcium antagonist (CA?) drugs act by 
blocking calcium entry through slow calcium 
channels, thus leading to a decoupling between 
excitation and contraction. Among the side-effects 
of these drugs, hydro-electrolytic disorders have 
been described; particularly a natriuretic effect [l- 
31. The cellular mechanism of this action is not yet 
entirely elucidated [4,5] but a perturbation of the 
ATP-dependent ion pumps has been evoked. Studies 
performed to test the hypothesis have shown 
discordant results. Findings showed either a 
stimulation or no effect on Na+,K+-ATPase [6-8]. 
In the case of bepridil, action on Ca2+-ATPase has 
been proved [9] but no study on the sodium pump 
has been performed. 

The aim of the present study was to evaluate the 
effect of some CAs and particularly bepridil on 
Na+,K+-ATPase by using an in vitro technique and 
an ex vivo microcalorimetric method. We chose one 
CA molecule among each of the classical clinical 
classes of these drugs [lo]: drugs with predominantly 
vascular effects such as dihydropyridines, drugs with 
predominantly cardiac effects such as verapamil and 
diltiazem, and drugs with a complex pharmacological 
profile such as bepridil. 

MAW AND METHODS 

Na+ ,K+-ATPase assay 

Assays on Na+,K+-ATPase (EC 3.6.1.37), 90% 
ouabain inhibitable from dog kidney (Sigma), were 
prepared by suspending the enzyme in 100 mM Tris- 
HCl buffer, pH7.4 (0.28mg protein/ml). The 
ATPase assay incubating medium consisted of 700 ,uL 
of 100 mM Tris-HCl buffer, pH7.4 containing 

l Corresponding author. 
t Abbreviations: CA, calcium antagonist; EGTA, 

ethyleneglycolbis (&aminoethylether)-iV,N,iV’,N-tetra- 
acetic acid; RBC, red blood cell; HP, heat production. 
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Fig. 1. Inhibitory effect (%) of CA on Na+,K+-ATPase 
activity. (V) Bepridil, (V) nicardipine, (A) diltiazem, (m) 
nifedipine and (Cl) verapamil. Each point corresponds to 

the mean value f SD of triplicate determinations. 

28.6 mM KCI; 142.8 mM NaCl; 28.6 mM MgC12, 6 
H20; 1.4 mM EGTA and 4.3 mM ATP disodium 
salt (vanadate free). CA solutions were then added 
(2OOpL). Controls were done under the same 
conditions without CA. 

After incubation for 5 min at 37”, the reaction was 
started by rapid addition of 1OOpL of ATPase 
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Fig. 2. Lineweaver-Burk plots of the inhibition of Na+,K+-ATPase by bepridil as a function of ATP- 
Mg*+ complex concentration. Without (0) and with 0.1 (0) or 0.2 mM (V) bepridil. Lines were fitted 
by linear regression. [ATP]/[Mg*+] = 6.7. Each point corresponds to the mean value ‘_’ SD of triplicate 

determinations. 

preparation and stopped 10 min later by adding 1 mL 
of cold perchloric acid (1.5 M). After centrifugation 
at 2000g for 10 min, aliquots (100 pL) of the 
supernatants were analysed for their inorganic 
phosphorus content according to Hurst’s method 
VI. 

Blanks were done under the same conditions 
without enzymic suspension. The inhibition per- 
centage induced by CA was calculated as follows: 

Inhibition _ Control activity - Assay activity 

Controlactivity 
x 100. 

Microcalorimetric assay 

Preparation of red blood cells (RBCs). Venous 
blood (30 mL) from six healthy subjects was collected 
in sodium heparin tubes. After centrifugation at 
600g for lOmin, plasma was collected and 
recentrifuged for 10 min at 2000g to yield clear 
plasma. Blood cells were resuspended in 0.9% 
sodium chloride solution and passed through a 
column packed with a mixture of (Y cellulose and 
microcrystalline cellulose (50 : 50 w/w) to separate 
RBCs from leukocytes and platelets, according to 
Beutler’s method [12]. RBCs were then packed by 
centrifugation at 2000g for 10 min, and 0.5 mL of 
the RBC pellet for each healthy subject was 
resuspended in 3.6 mL of the subject’s own cleared 
plasma. Hematocrit value, and counts of leukocytes 
and platelets were determined on aliquots with a 
Technicon Hl System apparatus. 

Microcalorimetry. We used an LKB flow Bioac- 
tivity monitor 2277 microcalorimeter thermostated 
at 37”. Thermograms were recorded at a chart speed 
of 10 cm/hr and at a sensitivity of 30 PW full-scale. 
Baseline was obtained with subject’s own plasma 
pumped through the microcalorimetric cell at a flow 
rate of 36 mL/hr. The thermogram was then recorded 
by pumping, at the same rate, 3.5 mL of RBC 

suspension preincubated at 37“ for 60 min. The 
steady state in heat production (HP) was reached 
by continuous pumping in closed circuit (v = 3 mL), 
then ouabain solution was added at a flow rate of 
1 mL/hr for 6 min (finalconcentration0.4 x 10m3 M). 
For bepridil assays, drug was preincubated with 
RBC suspension for 60 min at 37” and the same 
experiment was carried out. 

RESULTS 

Action of CA on Na+,K+-ATPase 

The effects of CAs (bepridil, diltiazem, nicar- 
dipine, verapamil and nifedipine) on Na+,K+- 
ATPase activity studied in a concentration range of 
10-6-10-3 M are reported in Fig. 1. 

Competition of bepridil with ATP 

Figure 2 shows the Lineweaver-Burk plot of 
enzyme inhibition by fixed concentrations of bepridil 
(0.1 and 0.2 mM) in the presence of increasing ATP 
concentrations (0.3-3 mM). The [ATP]/[Mgz+] ratio 
remained constant in all experiments ([ATP]/[Mgz’] 
= 6.7). There is a common intersection on the x- 
axis, showing that the affinity of the ATP-Mgz+ 
complex for the enzyme is not modified in the 
presence of bepridil. 

Competition of bepridil with potassium 

Figure 3 shows the Lineweaver-Burk plot of 
enzyme inhibition by the same concentrations of 
bepridil as for ATP competition but in the presence 
of increasing potassium concentration (l-20 mM). 
For corn 

I! 
arison, the insert shows ouabain action 

(5 x lo- M) under the same experimental 
conditions. There is a common intersection above 
the x-axis and at the left of the y-axis as in the case 
of ouabain. Classically, such curves correspond to a 
partially competitive inhibition mechanism [ 131. 
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Fig. 3. Lineweaver-Burk plots of the inhibition of Na+,K+-ATPase by bepridil as a function of K* 
inundation. Without (0) and with 0.1 (0) or 0.2 mM (V) bepridil. Inset represents plots obtained 
with ouabain 5 x 10m6M (A) under the same conditions. Lines were fitted by linear regression. The 
ATP and Mg2+ concentrations were 3 and 20 mM, respectively. Each point corresponds to the mean 

value -’ SD of triplicate determinations. 

Table 1. Bepridil effect on RBC sodium pump activity 
from six different healthy subjects 

Subjects 123456 

Control 
HP (mW/L RBCs) 18.0 13.0 15.0 9.0 15.0 12.5 

Bepridil5 x 10w6M 
HP (mW/L RBCs) 17.0 12.0 14.0 - - - 
Inhibition (%) 5.5 7.7 6.7 - - - 

Bepridil 101~ M 
HP (mW/L RBCs) 10.5 8.0 9.5 6.5 12,O 8.0 
Inhibition (%) 41.7 38.5 36.7 38.9 20.0 36.0 

Each value represents the mean of three experiments. 
MethodoIogicai error(s) was I mW/L RBCs. 

Bepridil-ouabain interaction 

Figure 4 shows dose-dependent curves for the 
inhibition of Na+,K+-ATPase by ouabain (10-r 
10w4ivf) which were obtained without and with 
4 x 1O-6 or 4 X 10-s M bepridil. In Fig. 5 ouabain 
concentration is plotted on the x-axis and bepridil 
concentration on the y-axis. Each point of the curve 
corresponds to a mixture of ouabain and bepridil 
leading to an inhibition of 40%. The isobole thus 
plotted must be a straight line in the case of a mere 
additive effect. The concave line we obtained implies 
that the two drugs act in a potentiated synergistic 
manner. For example, with 0.5 PM ouabain, 46 &I 
bepridil would be necessary to obtain 40% inhibition 
in the case of an additive effect. As can be seen in 
Fig. 5, only 25 PM bepridii leads to the same 
inhibition. For all the above experiments each result 
represents the mean k SD of three experiments. 

Ouaboin (Mf 

Fig. 4. Effect of bepridil on Na+,K*-ATPase inhibition by ouabain. Without (0) or with 4 x 10m6 (w) 
and 4 x 10m5 M (A) bepridil. Each point corresponds to the mean value 2 SD of triplicate determinations. 

sP44rCt 



1532 H. KOVACIC. P. GALLICE and A. CREVAT 

I I I 
0 0.2 0.4 0.6 

,&;+, 

08 IO 12 

[Ouabainl t PM) 

Fig. 5. Loewe isobole for 40% Na+,K+-ATPase inhibition. 
Each point of the cmve corresponds to a mixture of ouabain 
and bepridil leading to a 40% inhibition (dashed line 
represents the theoretical curve for a mere additive effect). 

Microcalorimetric assay 

Figure 6 shows a typical recording of HP without 
(a) and with (b) bepridil (10e5M). The difference 
between steady-states obtained before and after 
ouabain addition corresponds to the sodium pump 
activity (AHP) which is expressed as mW/L RBCs 
[14]. From these recordings we measured the action 
of two doses of bepridil on the sodium pump 
(Table 1). The methodological error(s) in AHP 
determination was calculated from the expression 
[14]: 

s = (Zd2/2N)‘/* 

where d is the difference between two calorimetric 
determinations on the same RBC subject and N is 
the total number of subjects studied. Under our 
experimental conditions, s = 1 mW/L RBCs. 

DISCUSSION 

The CA drugs we studied exerted various 
effects on isolated Na+,K+-ATPase activity in the 
concentration range tested. Among the CA tested, 
the effect on Na+,K+-ATPase seems to be related 
to clinical classification. Drugs with predominantly 
cardiac effects exerted no inhibitory action (dilti- 
azem) or did so at very high concentration ranges 
(verapamil : inhibition 50% > 10d3 M). Drugs with a 
complex pharmacological profile like bepridil were 
more effective than the other drugs (& = lo4 M-l). 
Our results agree with those of others since 
flunarizine, which is also in this group, was reported 

._.-.-.-.-._.-._.- ._._. _ 

(b) 

Fig. 6. Microcalorimetric assay for bepridil inhibitory effect 
on living RBC sodium pump activity. (a) A typical 
thermogram from one determination of the HP of an RBC 
samplek plasma. The samples are introduced at the times 
indicated bv arrows. RBC susnension = 3.5 mL. Ouabain 
final concentration, 4 x 10m4 d. HP represents HP due to 
sodium pump. (b) The same experiment after incubation 

with bepridil ( 10es M). 

to inhibit Na+,K+-ATPase from the cerebral cortex 
in the same dose/effect ratio [8]. Finally, among 
drugs with predominantly vascular effects such as 
dihydropyridines, nicardipine seems to act in a 
concentration range intermediate between the two 
other classes. Nifedipine had the same behavior as 
nicardipine up to 10e4 M but because of its poor 
solubility it was impossible for us to study it under 
our experimental conditions at concentrations higher 
than 10e4M. As bepridil exerted the most potent 
effect, we sought to specify some points about its 
mechanism of action. Competition between bepridil 
and the ATP-Mg*+ corn lex (Fig. 2) was performed 
with a constant [ATP] [MP*+] ratio leading to a P 
concomitant change in free Mg*+ concentration. 
Consequently, the effect observed might be due at 
least in part to this change. Indeed, high 
concentrations of free Mg*+ partially inactivate 
Na+,K+-ATPase as shown by Cantley and Josephson 
[15]. However, under our experimental conditions 
the inhibitory effect due to free Mg*+ would remain 
constant as calculated From Cantley and Josephson’s 
results. Therefore, in our experiment the change in 
free Mg*+ concentration intervened but in a constant 
manner. Under these conditions, we can assert that 
bepridil acts in a non-competitive manner with the 
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ATP-Mg*+ complex since the curve intersects on bepridil did not show a more marked ouabain-like 
the x-axis. The graphs in Fig. 3 show, for bepridil action. 
and ouabain, an intersection corresponding to a 
partially competitive inhibition with K+. For ouabain Acknowledgements-The authors are grateful to Professor 
such a result has been obtained previously [16,17]. J. C. Sari for his helpful discussion, and H. Bouteille and 
Thus, it seems that bepridil acts like this cardiac M. Vidalin for their skilful technical assistance. 

glycoside on Na+,K+-ATPase. For the same effect, 
the concentrations of bepridil were about lOO- 
fold higher than those of ouabain (ouabain 
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