
Biochemical Pharmacology, Vol. 21, pp. 2951-2960. Pergamon Press 1972. Printed in Great Britain. 

ACTION OF AMIODARONE ON GUINEA PIG HEART 
SODIUM AND POTASSIUM ACTIVATED ADENOSINE 

TRIPHOSPHATASE 

COMPARISON WITH OUABAIN* 

J. BROEKHUYSEN, M. CLINET and C. DELISEE 

Department of Biochemistry, Labaz Research Centre, B-1120 Brussels, Belgium 

(Received 11 February 1972; accepted 24 May 1972) 

Abstract-The effect of amiodarone [2-butyl-3(3,5-diiodo-4-/3-diethylaminoethoxy- 
benzoyl)-benzofuran] in vitro, a potent antianginal and antiarrhythmic drug, on guinea 
pig heart Na+, K+-activated and Mg 2f dependent ATPases has been studied. The 
drug has no effect on the MgZ+-dependent enzyme at concentrations up to 0.1 mM but 
inhibits the Na+, K+-activated enzyme. The inhibition is competitive with respect 
to ATP, K, is about 0.065 mM (Km being about 1.23 mM). No competition with 
respect to Mg’+, Na+ or K+ could be observed. K, values of 0.82, 52.7 and 0.16 mM 
have been recorded for activation by Mg’ + , Na+ and K+ ions respectively. Amiodarone 
differs strikingly from ouabain which is a non-competitive inhibitor with respect 
to ATP, and the sites of action of both drugs seem to be distinct. 

About 0.1 mM amiodarone is needed to achieve 50 per cent inhibition, and this con- 
centration is of the same magnitude as that found in human hearts after medical 
treatment. 

MANY drugs are presently in use for the management of angina pectoris and arrhy- 
thmias. One of them, amiodarone7 exerts in dogs multiple effects which have been 
extensively reviewed.’ Prominent pharmacological properties of the drug include 
heart rate decrease (which has been shown to be independent of para- and ortho- 
sympathetic mechanisms), unchanged cardiac output, damping (but not blocking) 
of both the a and B cardiovascular effects of catecholamines, coronary vasodilatation 
and a powerful antiarrhythmic action. It has been shown recently* that amiodarone, 
in anaesthetized closed chest dogs, enhances the action of catecholamines on stroke 
volume, in spite of its damping properties on heart rate and blood pressure. In other 
words, the drug enables the heart to do the same work at a lower beating rate, leading 
to some decrease of oxygen consumption. 

Amiodarone has also been shown on rabbits to increase the duration of ventricular 
and atria1 muscle action potential, essentially during the latest part or repolarization, 
the other features of the action potential being practically unchanged.3 The reason 
for this could be a modification of the transport mechanisms of ions across the cell 
membrane. 

* This work was supported in part by a grant of the Institut pour I’Encouragement de la Recherche 
Scientifique dans I’Industrie et 1’Agriculture (IRSIA), to which we express our thanks. 

t 2-Butyl-3-(3,5-diiodo-4-B-diethylaminoethoxybenzoyI)-benzofuran hydrochloride. Cordarone@ 
Labaz. 
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The active transport of sodium and potassium ions across the plasmic membrane 
is known to be controlled by a Na+ and K+ activated adenosine triphosphatase 
(Na+, K+-activated ATPase). It has been shown that several drugs are able to modify 
the Na+, K+-dependent ATPase activity from various tissues; for example, cardiac 
glycosides decrease4 and Co* + ions increase5 this activity in the heart. 

Because glycosides have typical positi\:e inotropic properties and Co2+ ions cause 
cardiac insuffrciency,‘j some correlation may be thought about between the inotropic 
effect and the influence on Na+, K+-activated ATPase. 

In this work, we present data showing that amiodarone is an inhibitor of guinea pig 

heart Na+, K+-activated ATPase in &ro. 

MATERIALS AND METHODS 

Preparation of enzyme. Eight to fourteen hearts of guinea pigs (of approx. 400 g) 
were pooled for each preparation. 7 About 10-l 5 g of muscle were dried on filter paper, 
cleaned of adhering tissue, cut into small pieces and homogenized with an Ultra- 
Turrax (Janke & Kunkel KG, Staufen i-Br.) device (3 times 10 set duration) in 4 vol. 
of a solution containing 0.25 M saccharose, 5 mM histidine, 5 mM ethylenediamine 
tetraacetate (EDTA) and 0.15 “/, sodium deoxycholste and adjusted to pH 6.8 with 
Tris base. The homogenate was centrifuged for 30 min at 12,000 g. The supernatant 
was then centrifuged for 60 min at 100,000 g. The pellet was suspended and recentri- 
fuged at the same speed for the same time, and the final pellet was suspended in 10 
ml of a solution containing O-25 M saccharose, 5 mM histidine, i mM Tris-EDTA. 

A same volume of 2 M LiBr was added and the mixture stirred for I hr. It was then 

centrifuged twice at 100,000 g during 1 hr, resuspending each time with the suspending 
solution. The final suspension, containing 1 g fresh tissue per ml, was homogenized 
with a Dounce device and filtered through a gauze layer. All procedures were carried 
out at 2”. 

Activity measurements. For each experiment, 5 sets of 4 tubes were prepared. The 
first set was used for determination of spontaneous ATP hydrolysis and contained 
no enzyme. The second set was used for total ATPase activity and contained Na” 
and K+ ions. The third one was used to determine the effect of drug on total ATPase 
activity. The fourth set contained no K+ ions and gave the magnesium-activated ATP- 
ase activity. The last one was similar to the fourth except that it contained drug. 

The incubation mixture was made up with 0.5 ml 100 mM Tris-HCl buffer (pi-l 
7.5) containing as needed 10 mM MgCl,, 30 mM KC1 and 200 mM NaCl, 0.1 ml 
enzyme preparation, 0.2 ml water and 0.1 ml amiodarone solution or solvent (50,; 
bovine serum albumin in 0.9 06 NaCl). The tubes were maintained at 37” in a shaking 
water bath. The reaction was started by adding 0.1 ml 50 mM ATPNa, (adjusted 
to pH 7.0 with Tris). After 4, 8, 12 and 16 min the reaction was stopped by adding 
2 ml 2% ascorbic acid in 10% trichloroacetic acid and cooling in an ice bath. The 
tubes were centrifuged for 15 min at 3000 rev/min and 2 x 0.5 ml supernatant were 
used for orthophosphate determination8 in duplicate. 

Blanks for spontaneous hydrolysis of ATP (set I) were substracted from the readings 
at each incubation time, and a regression line was calcutated in order to obtain the 
velocity of the reaction in each experiment. Activities are expressed as micromoles 
of orthophosphat~ formed per mg protein and per hr. Protein content of enzyme 
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preparations was determined by the Folin-Ciocalteu method,g with bovine serum 
albumin as the standard. 

Amiodarone being scarcely soluble in water, about 200 mg finely ground powder 
were mixed on a magnetic stirrer with 50 ml 5% bovine serum albumin in 0.9% 
NaCl at room temperature during 4 hr. Insoluble material was spun down and amio- 
darone concentration was measured by its optical absorption at 242 nm against the 
appropriate blank. Final concentration was usually about 1 mM. This stock solution 
was diluted as required, producing often a faint turbidity in the incubation mixture. 
In experiments with ouabain, 0.1 ml of an aqueous solution was substituted for 
0.1 ml water in the incubation mixture. 

Total ATPase activity refers to the activity measured in the presence of Mg2+, 
Na+ and K+ ions. Mg 2+-dependent ATPase activity is that obtained in the absence 
of K+ ions (25 mM final Na+ from ATPNa, and drug solvent has no activating 
properties in the absence of K+ ions).1o*11 Na+, K+-dependent ATPase activity is 

calculated by subtracting Mg 2+-dependent ATPase from total activity. 

RESULTS 

EfSect of amiodarone on Mg2+ -activated ATPase. The enzyme was assayed in the 
absence of K+ ions. It represented 27 f 13 per cent of the total activity and Fig. 1 
shows that the drug has no effect on the reaction at concentrations up to 0.1 mM. 

I I I I I 
I 5 IO 50 100 

Drug concentration. pM 

FIG. 1. Action of amiodarone and ouabainonguinea pigheart ATPases. Mg*+-dependent ATPase with 
0 amiodarone; 1 ouabain. Na+, K+-activated ATPase. with 0 amiodarone; 0 ouabain; ( ) number 

of experiments. Vertical bars represent standard deviation. 

Effect of amiodarone on Na+, K+,-act ivated ATPase. The enzymatic activity was 
assayed in the presence of 125 mM Na+ and 15 mM K+, with various concentrations 
of amiodarone. Na+, K+-dependent activity was calculated by substracting the Mg2+- 
dependent activity from the total activity, taking into account that amiodarone has 
no inhibitory effect on the Mg2 + -activated enzyme. Fig. I shows that the drug inhibits 
Na+, K+-dependent activity from 0.01 mM up. 

EfSect of ouabain on Na+, K+-activated ATPase. Ouabain is known to inhibit 
Na+, K+-dependent ATPase,‘* and a concentration of O-1 mM has been claimedI 
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to suppress the activity completely. Fig. 1 shows that in our experimental conditions, 
0.1 mM inhibits only 80 per cent of the activity, whereas lower concentrations gave 
inhibition values well in the range of those observed by others.7 The drug has no 
effect on the Mg2+-dependent activity at 0.1 mM. 

Interaction between amiodarone and ouabain on Na+, K+-activated ATPase. One 

would expect that, if two inhibitors interact with the enzyme at overlapping sites, 
sequential treatment of the enzyme with these inhibitors would result in the second 
inhibitor acting only on those sites left intact by the first one; a cumulative inhibition 
pattern would be obtained. On the other hand, if two inhibitors interact with the 
enzyme at distinct sites, sequential treatment of the enzyme would result in the second 
inhibitor acting on all enzyme molecules. Expected residual activity can be calculated 
for both cases. For overlapping sites, it would be; A, $- Al - A,, where A, is the 
residual activity with inhibitor 1 only, A, the residual activity with inhibitor 2 only. 
and A, the initial activity. For distinct sites, the residual activity would be A, + A J 
A,. Table 1 summarizes the results obtained. 

TABLE 1. INTERACTION BETWEEN AMIODARONE AND OUABAIN ON GUINEA PIG HEART Na+, K+-ACTIVATED 
ATPase 

Expected residual 
activity with drugs 

Residual activity Residual activity acting on Measured 
residual 

Initial Distinct Overlapping activity with 
activity PM Ouabain PM Amiodarone sites sites both drugs 

64 100 I.2 
31.2 100 6.2 
25.5 100 4.8 

12.0 5 4.9 
12.0 5 4.9 
13.8 5 5.9 
13.8 : - 5.9 
12.0 4.9 
13.8 5 5.3 

11.8 1 8.2 
11.8 I 8.2 
13.2 I 7.8 
13.2 1 7.8 
Il.8 I 8.2 
13-2 I 7.8 

50 2.8 0.5 0.0 0.5 
50 18.1 3.6 0.0 4.5 
10 20.3 3.9 0.0 3.9 

100 5.9 2.4 0.0 2.5 
50 6.5 2.6 0.0 2.4 
50 6.7 2.9 0.0 2.3 
25 9.6 3.1 I.7 3.1 
25 IO.5 4.3 3.4 4.1 
IO I I.8 5.1 3.9 3.5 

100 5.4 3.7 1.8 3.6 
50 6.7 4.6 3.1 6.7 
50 6.8 4.0 I .4 2.8 
25 9.3 5.5 3.9 5.1 
25 8.6 6.0 5.0 5.8 
IO 10.0 5.9 4.6 7.0 

Activities in pmole Pi liberated/milligram proteimhr. 

Inhibitory action of amiodarone on Na+, K+-activated ATPase in the presence qf 

various concentrations of substrate (ATP). The enzyme was incubated with 0.69 and 
1.15 x 10e4 M amiodarone and with ATP concentrations ranging from 0.5 to 4 
mM. In five independent experiments, amiodarone appeared to act as a competitive 
inhibitor of Na+, K+-dependent ATPase. K,,, (for ATP) was 1.23 & 0.10 mM, whereas 
Kl had a mean value of 0.066 f 0.010 mM (Table 2). Kinetic constants were obtained 
by the graphical method of Lineweaver and Burk14 and by calculation. Figure 2 
depicts the results of a typical experiment. 
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FIG. 2. Lineweaver-Burk plot of the inhibition by 69 PM amiodarone of guinea pig heart Na+, 
K+-activated ATPase as a function of ATP concentration. l Controls, 0 amiodarone. 

TABLE~.KINET~CDATAOFTHEACTIONOFAMIODARONEON Na’, 
K+-DEPENDENT ATPase, WITH VARYING CONCENTRATIONS OF 

ATP 

ATP 
cont. Drug 

Expt. range cont. 
No. (mM) &I, V GM) KI j’, 

1 0*8-4 1.38 16.4 69 60 20.8 
2 0.8-4 1 s24 13.9 69 68 14.3 
3 0.8-2 1.23 16.6 115 83 14.3 
4 0.8-2 l-15 19.2 115 60 17.9 
5 0.8-2 1.14 16.7 115 61 12.2 

Mean i S.D. 1.23 ir 0.10 66 * 10 

V and Vi as pmole Pr li~rated~milligram proteinjhr. 
Measured at 37” with 5 mM Mg’+, 15 mM K+ and 125 mM 

Na+. 

Efikct of amiodarone on the activating action ofNa+, Kf and Mg2+ ions 

Mg2f ions. In the presence of Na” and K+ ions, the enzyme requires also Mg*+ 
ions to display its activity. Figure 3 shows that an excess of Mg2+ ions is unable to 
compete with amiodarone to relieve its inhibition. The Ku for Mg2” was O-82 mM 
and did not change in the presence of amiodarone. Kj has about the same value as 
that given above (73 instead of 66 PM). Table 3 contains the results of two experiments 
and Fig. 4 depicts one of them. 
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FE. 3. Effect of 

I I 1 

-3 -2 

log [Mg2'j, M 

increasing Mg** ~oncentratjons on guinea pig heart Na’, K+-activated ATPase 
inhibited by 53 FM amiodarone. 8 controls, 0 amiodarone. 

TABLE 3. KINETICS OF AMIODARONE INHIBITION OF Na+, K+-ACTIVATED ATPass, WITH 
VARYING CONCENTRATION§ OF ACTIVATING IONS 

Ion 

Cont. 
range 
(mM) 

Amiodarone Kc, 
(pm) (mM) V, 

Mg’+ O*25-2~5 0.82 14.3 53 0.82 8.3 78 
o-25-2.5 0.83 14.3 69 0.79 74 68 

35-125 50.0 23.3 44 48.5 13.7 65 
Nat 37-12s 53,s 38.5 44 56.2 25.0 65 

45-12s 54.4 27.8 44 58.2 17.9 71 

0.148 0.17 16.1 SO 0.15 7.9 55 
0~1-W @I5 12.5 50 0.16 6.6 56 

K+ 0.1-0.8 0.16 7.2 50 0.20 3.7 51 
0.1-0.8 0.17 8-7 50 0.20 4.7 48 

Y snd V, as ,umoie/P, liberat~d/milligram proteinjhr. 
Measured at 37” with 5 mM ATP; final concentrations were, except when stated otherwise, 

5 mM for Mg2+, 125 mM for Na+ and 15 mM for K+. 

hW ions. Na+ in excess is unable to overcome the inhibition of the enzyme brought 
about by amiodarone. K, values for Na’ did not change in the presence of the drug 
and Ki was about the same as that stated above. Table 3 gives the results of three 
experiments and Fig. 5 depicts one of them. 
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FIG. 4. Lineweaver-Burk plot of the inhibition by 53 PM amiodarone of guinea pig heart Nat, 
K+-activated ATPase as a function of Mg*+ concentration. 0 Controls, 0 amiodarone. 

FIG. 

I /[No+], M-’ 

5. Lineweaver-Burk plot of the inhibition by 44 PM amiodarone of guinea pig heart Na+, 
activated ATPase as a function of Na+ concentration. 0 Controls, 0 amiodarone. 

-4 -3 -2 

log [K+l, M 

K+ 

FIG. 6. Effect of increasing K+ concentrations on guinea pig heart Na+, K+-activated ATPase 
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K+ ions. The kinetics of the ATPase activation by K+ are complicated by the fact 
that increasing concentrations of the ion in the presence of a fixed Na+ concentration 
lead to a slowly increasing maximum velocity (see Fig. 6). It could be shown, how- 
ever, that K+ ions cannot overcome amiodarone inhibition of Na+, K+-activated 
ATPase. K, values for K+ were not significantly different from Kai ones and Ki was 
the same as that reported above. Table 3 contains the results of four experiments and 

Fig. 7 depicts one of them. 

I ILK+], M-’ 

FIG. 7. Lineweaver-Burk plot of the inhibition by 50 PM amiodarone of guinea pig heart Na +, K+- 
activated ATPase as a function of K+ concentration. l Controls, 0 amiodarone. 

DISCUSSION 

In spite of the absence of any similitude in the structures of amiodarone (Fig. 8) 
and ATP, evidence has been obtained in this work that amiodarone behaves like a 
competitive inhibitor of guinea pig heart Na +, K+-activated ATPase. The drug com- 
petes with ATP but not with any of the three activating ions Na+, K+ and Mg2+. 
On the other hand, no inhibition of the Mg2+- activated ATPase occurred at amio- 
darone concentrations up to O-1 mM. 

The effect of amiodarone differs strikingly from that of the cardiac glycoside ouabain 
which has been shown to be a non-competitive inhibitor of heart Na+, K+-activated 
ATPase in various species. l2 Ouabain seems to interact with the phosphorylated 
Na’-activated enzyme to form a complex that cannot be split by K+ ions. ’ 5 Further- 
more, data of Table 1 indicate that when the enzyme is incubated with both drugs, 
amiodarone does not react at the ouabain sensitive site. 

Tt is not yet clear whether the inotropic properties of a drug are correlated with its 
action on Na+, K+-dependent ATPase. Evidence has been presented that the cardiac 
glycosides modify rather the sarcotubular transport of calcium ions,r6.” but an 
indirect effect on this mechanism may also be considered as the consequence of the 
competition between Ca2 + and Nat ions for transportation across the cell membranes 

or for fixation on specific intracellular cation stores.18-2’ Amiodarone has no ino- 
tropic properties, therefore, the results reported here are not in favour of a correla- 
tion between cardiotonic action and reduced Na +, K+-dependent ATPase activity. 
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FIG. 8. Amiodarone. 

Correlation between Na+, K+-dependent ATPase activity and shape of action 
potential is also poorly understood. It has been shown, e.g.” that digitoxinanddigoxin 
increase the action potential duration, whereas ouabain decreases it to a slight extent. 
These effects depend however on experimental conditions, principally on calcium 
concentrations.23 On the other hand, quinidine is known to prolong the duration of 
the repolarisation phase of heart muscle action potentials, and it was shown 24 that 
the drug inhibits 50 per cent of toad cardiac Na +, K+-activated ATPase at about 30 

PM. Even if action potential modifications are brought about by the inhibition of Na+, 
K+-dependent ATPase, no correlation seems to appear between these features and the 
effects of drugs on heart rhythm. 

It should be pointed out, on the other hand, that IO-30 min after i.v. injection of 
10 mg/kg ‘251-labelled amiodarone into rats, heart muscle contains about 0.04 
@mole drug per gram fresh tissue, and that 30-50 pg iodine/gram fresh cardiac tissue 
have been found in humans after medical treatment with amiodarone;25 these values 
correspond to about 0.05 mM amiodarone. Even if a part of the iodine present is 
under an inactive form, it may be assumed that enough drug is present to inhibit the 
enzyme it1 L’ivo. 
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