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The term cardiac glycoside refers to any of the steroid 
glycoside compounds that have positive inotropic and 
characteristic electrophysiological effects on the heart. 
The more general term of digitalis is also used for these 
compounds although only some of them derive from 
the leaves of the common flowering plant known as 
foxglove or Digit& purpureu or from D. lana~a. The 
main drugs used therapeutically are digitoxin, digoxin 
and ouabain (obtained from the seed of St~ophantus 
gratus). They are used to treat several cardiac distur- 
bances but mainly congestive heart failure. Almost 200 
years ago, William Withering described various thera- 
peutic characteristics of digitalis and stated that it 
affected heart activity more profoundly than any other 
drug available at that time. 

All cardiac glycosides contain a steroid nucleus to 
which an a, b-unsaturated lactone ring is attached at 
the C-17 position. The molecule without attached 
sugars is called the genin (or aglycone). Cardiac glyco- 
sides differ in substituent groups on the steroid nucleus 
as well as in the structure and number of sugars 
attached at the C-3 position. Molecular requirements 
for optimum biological activity include P-oriented X. b- 
unsaturated lactone at C- 17, B-oriented hydroxyl 
groups at C-B and C-14 together with a cis A/B ring 
junction. The cis fusion of rings C/D of cardiac giyco- 
sides is not found in any other naturally occurring ster- 
oids [ 11. 

Cardiac glycosides exert both cardiac and extracar- 
disc effects 121. This report will be restricted to the car- 
diac action and more specifically to the biochemical 
factors responsible for the positive inotropic effect. The 
recent growth of research on muscle contraction has 
emphasized the key role exerted by free cytoplasmic 
calcium in the contractile process 13.41. It has been 
known for a long time that the myocardial actions of 
calcium and digitalis are similar in certain respects and 
that the action of digitalis on the heart is dependent on 
the calcium concentration of the perfusion fluid [61]. 
It is therefore tempting to propose that the positive in- 
otropic effect is the consequence of an enhanced in- 
crease of free cytoplasmic calcium due to an amplifica- 
tion of the coupling between excitation and intracellu- 
lar response. From a biochemical point of view, several 
cellular systems may be the target sites for digitalis: the 
contractile machinery, the myocardial energy metabo- 
lism and the regulatory function of the plasma mem- 
brane and/or of the membranes of intracellular 
organelles. 

At the present time, there is no clear demonstration 
of a direct action of digitalis on the physicochemical or 
on the biochemical properties of contractile proteins 
[S. 61. Cardiac glycosides modify the oxygen consump- 

tion of isolated heart: low doses stimulate this con- 
sumption and high doses reduce it. The increased 
oxygen consumption is associated with an increased 
glycogenolysis. These metabolic changes arc not 
related with an action of digitalis on an isolated and 
well defined enzyme system [5.7]. They are only 
observed in intact tissues and require the integrity 01 
the cell membrane. Another important effect of digi- 
talis on the cell membrane is the well-known inhibition 
of the Na+-K+ exchange pump 181. This inhibition 
has been described in most types of cells. It seems to 
represent the most specific action of digitalis, so that 
the question is open whether this inhibition does or 
does not represent the first step leading to several ccl1 
changes in response to digitalis. namely to the positive 
inotropic effect. To try to answer this question. 1 shall 
first consider the characteristics of the NapK + pump. 

THE CHARACTERISTICS OF THE ha--K PL’MP 

For an ion moving across the cell membrane in a 
purely passive manner, provided there is no interaction 
between the ions, the ratio of influx to eftlux can be cal- 
culated from the Ussing equation: 
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where J I_2andJ2_I arc unidirectional fuxes. C, and 
Cz are the activities of the solutes on sides 1 and 2 re- 
spectively. For Na+ the negative internal potential and 
the higher activity of Na+ outside the cell should result 
in a flux ratio much greater than the observed value of 
unity. This provides evidence that the efflux of Nat 
cannot be purely passive and must involve some form 
of active transport. The system responsible for this 
transport is generally called the NapK ’ pump or 
more simply the Na+-pump. The properties of the 
Na+-pump have been intensively investigated in red 
blood cells and nerves. The results obtained from these 
two dissimilar tissues are in complete agreement and 
suggest that the Na+-pump is a constant feature of ccl1 
membranes. The main characteristics of the pump are: 
the dependence on ATP; the orientation in the mem- 
brane; the sensitivity to cardiac glycosides; and the 
reversibility. 

In 1953, Schatzmann showed for the first time that 
cardiac glycosides inhibit the ionic restoration of red 
blood cells after cooling. Glynn (1957) demonstrated 
that cardiac glycosides were acting on the transport 
mechanism and not on the energy metabolism of the 
cell, he noticed also that the potency of cardiac glyco- 
sides was dependent on their molecular structure 
[S. 97. 



III microsomes obtained from crab nerves, Skou dis- 
covered an ATPase activated both by Na+ and K+ 
[ 10). Subsequent data have shown that this enzyme is 
iiltilnately related to the NaC-pump and is called the 
Na ’ .K’-ATPase or transport ATPase (ATP phos- 
phohydrolase EC 3.6.1.3). In red blood cells, the acti- 
vation of the enzyme obeys the same conditions as 
those of the Na+-pump [ 1 I]. The enzyme is inhibited 
by cardiac glycosidcs and the EDGE) for inhibition of the 
pump has the same magnitude as the I~() for the enzy- 
mic activity [9]. In resealed erythrocytes ghosts. it has 
been shown that the activation of the pump depends 
WI NR’ i and K *,, [12]. When the ionic ratio is in- 
verted, there is .4TP synthesis showing that the pump 
is reversible 1131. Another argument in favour of the 
orientation of the system is the demonstration that 
ouabain is not active when it is injected intracellularly 
{63]. Studies on the stoichiometr~ of the Na’-pump in 
terms of energy utilization indlcatc that 3 Na’ are 
pumped per ATP hydrolyzed 1141. The ratio of the 
number of Nat pumped in exchange for K+ varies 
between 1: 1 and 3: 2 depending upon the experimental 
conditions. 

Finally it must he pointed out that Ca”’ -activated 
ATPases have also been found in microsomcs which 
could be responsible for Ca’+ translocation; they are 
not sensitive to cardiac glycosides. 

THE PROPERTIES OF %I+ K. -i\TPase 

Several authors have proposed ~~yp~~thetical rcac- 
tion mechanisms for the Na’- K+-ATPase. The most 
documented reaction mechanism is thought to consist 
of four sequential partial reactions [IS]: 

(I) In the presence of Na+ and Mg’.‘. NapKt- 
ATPase accepts the terminal phosphate group of ATP 
to form a p~~osp~~oe~~zyrne. 

(2) The second reaction is a magnesium-dependent 
change in the conformational state of the phosphory- 
lated form. 

(3) The third reaction is a potassium dependent 
hydrolysis of the second form of the phosphorylated 
iilterincdiate. 

(4) The fourth reaction is a spontaneous relaxation 
to the original conformation, accompanied by a loss of 
Mg2 ’ 

The evidence for this sequential transport model is 
derived from enzymatic and elcctrophoretic character- 
ization of microsomal preparations and requires that 
a sodium-indllced chemical change preceedes the 
potassium interaction. 

Other authors have proposed a simultaneous rather 
than a sequential model. As pointed out by Linden- 
mayer eta/. [ 1 h], in fragmented membrane preparations, 
competitionbetweenthecationsforthetwo typesofacti- 
vation sites constitutes the greatest obstacle to deriva- 
tion of kinetic models for Na’-K’-ATPase. Whittam 
and Chipperfield [ 171 have proposed a schematic 
model considering that: 

(1) The binding site for Na+ faces the inside and 
that for K’ the outside; both can be occupied simul- 
taneously. Na’ and K’ bind without ATP being 
required; th~spropositioli is in agreement with Hansen 
and Skou [?5]. 

(7) The second step is a phosphorylation with 
ATP + Mg’_ to form a transient. unstable complex in 
which there is an intramolecular shift in the position 
of the cation binding sites. such that they become 
oriented with K ’ facing the inside and Na* the out- 
side. 

(3) The dephosphorylation is a conseyucnce of the 
formation of the complex which is not, in their view, 
an intcrmediatc in the biochemical sense but in the 
chemical sense of a transient complex commonly pos- 
tulated in the field of reaction nlcc~~n~sll~s, 

The simultaneous model proposed bq Lindemaycr 
rtul. considers the existence ofthree equivalent sites for 
sodium and two nonequivalent sites for potassium. 
Their scheme is in agreement with allosteric or multi- 
@c-independent-site models. It is also in agreement 
with Albersand Koval hut not with ~obins~~n who has 
proposed that in the presence of Na’ an alternative 
enzyme pathway, characterized by a higher affinity for 
K+, becomes available through the phosphorylation of 
the cn7yme by the substrate [1X, 191. Purification 
studies suggest that Na’ K ’ -ATPasc preparations 
consist oflipoprotein particles that contain at least two 
proteins. one of which can be ph(~spl~or~latcd and 
another is a glgcoprotein. The glycoprotcin could act 
as a regulator of the pump. Studies by polyacrylamide 
gel electrophorcsis in sodium dodecjl sulf;ite have 
shown that only one peptidc component appeared to 
bc cotnmon to the various preparations obtained from 
a variety of rnariirnaliaii tissues. This peptide is the 
only constant component labeled by the sodium- 
dependent incorporation of phosphate from ATP. It 
has been shown that it contains at least one sulfhydryl 
group that can be alkylated by X-ethyl-maleimidc 
[20-221. The presence of -SH groups explains Bacq’s 
earlier observation that so called thioloprive com- 
pomids have some similarities with cardiac glycosidcs 
[23]. 

TIiE BlVDln;G OF (‘ARDI.\(‘ CLICOSIDES TO 
FRAGMER’TED MEILIWRANk:S 

Studies of the binding of glycosides to Na- K’- 
ATPasc preparations were initiated by Matsui and 
Schwartz (1967). Their work and other subsequent 
studies 1221 have demonstrated that the binding shows 
many features which are analogous to the pump 
action, namely the requirement for ATP and Mg’“, 
the stimulation by Na’ and the inhibition by K’. 
There are however some dityerences as the nucleotidc 
speciticity is low whereas only ATP supports active 
Na’ transport. 

There are also some discrepancies among the 
various experimental reports describing the stability of 
the glycoside-enzyme complcv and the similarity 
between K+, and I~(, 122.24 271. Possible explana- 
tions for these discrepancies are the various exper- 
imental conditions as well as the origin and nature of 

the preparation used. It is generally admitted that a 
conformational change must occur before ouabain can 
become bound; this change is achicvcd in the presence 
of different ligands (Mg”- + ATP -C N~I+ ). (Mg’ L + 
Pi), (Mn” ). (Mg’ ’ + ATP), (ME”), Although it has 
been shown that the rates of association and of disso- 
ciation are il~dependent of the iigdnd [24], it has been 
reported by Whit~iI~ and Chip~~er~cld [ 171, that the 
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binding with Mg’- + ATP + Na* was dissimilar to 
that with Mg”- regarding the effects of cations. inor- 
ganic phosphates (Pi) and pH. With Mg”. cations in- 
hibited in the order Tl > K+ > Na’ > choline. but 
with Mg’* + ATP + Na‘. only Tl and K+ were in- 
hibitory. Pi stimulated ouabain binding with Mg’+ 
but not with Mg2+ + ATP + Naf. Ouabain binding 
with Mg’+ Euied with pH like ATP hydrolysis but 
with Mg”’ + ATP + Na+, the binding was constant 
from pH 5.0 to 8.3. It must be pointed out that some 
of the conformations which bind ouabain i/7 vitro are 
not part of the natural reaction pathway: it seems un- 

likely that the conformation revealed by the effects of 
Pi is a step of the natural mechanism in view of the 
similar effects of phosphate and arsenate. The natural 
ligands arc Mg2’ + ATP + Na’. K+ decreases the 
rate of association and of dissociation of the enzyme- 
ouabain complex; K’ inhibition is not so simple as it 
depends on the glycoside concentration as well as on 
the concentrations of ligands. 

THE RIUDIhRIC OF CARDIAC GLbCOSIDES TO 

ISOLATED HEART 

As early as 1967. it was recognized that cardiac gly- 
cosides wcrc taken up from the perfusion medium by 
isolated heart muscle [2X. 291. Several attempts have 
been made to analyse the factors controlling this pro- 
cess as well as to localize and characterize the sites of 
the binding. Studies carried out using differential cen- 
trifugation of heart previously labelled with 3H-glyco- 
sides. have shown that the drugs were preferentially 
bound to the microsomal fraction containing frag- 
ments of plasma membranes [30.31]. Godfraind and 
Lesne [32] compared the uptake of various cardiac 
glycosides. digitouin. ouabain, dihydro-ouabain, by iso- 
lated guinea-pig atria. The three compounds studied 
show certain dissimilarities. Digitoxin is a non-polar 
compound and shows high affinity for proteins. 
whereas ouabain is a polar compound with low affinity 
for proteins. Saturation of the lactone ring yields 
dihydro-ouabain and drastically reduces the positive 
inotropic action. dihydro-ouabain being 40 times less 
potent than ouabain in this respect [33]. The uptake 
of “H-ouabain and of 3H-digitoxin by isolated atria is 
a complex process involving a saturable and a non- 
saturable binding site. It was found to fit the following 
equation: 

where U is the tissue concentration at equilibrium cor- 
rected for cardiac glycoside content of the inulin space. 
C, is the cardiac glycoside concentration in the 
medium, u is the constant for the linear non-saturable 
uptake. h and K,, are capacity and equilibrium con- 

Table I. Computed estimates of parameters describing the 
uptake of cardiac glycosidcs by guinea-pig atria at 37 m 

Tyrode solution 1321 

Digitoxin Ouabain 

(I (ml/g wet wt) 4.764 * 0.046 0~100 * 0.002 
h (nmolcs,!g wet wt) 0.652 0. IS8 
K, (nmoles!ml) 208 + 43 312 * 44 

stants for the saturable binding site. Table 1 gives the 
parameters describing uptake of cardiac glycosides by 
guinea-pig atria, analysed following this model. The 
main difference between the two glycosides is in the 
clearance of the non-saturable site, which could reprc- 
sent a non-specific uptake; the saturable binding site 
may therefore be considered as the specific digitalis 
binding site. This view is favoured by the following 
observations: 

(1) The uptake of inactive doses of dihydro-ouabain 
was only by the non-saturable mechanism. 

(2) The uptake of labelled digitoxin and ouabain 
was reduced in the presence ofanother glycoside to the 
non-saturable uptake. 

(3) At 4-. the tissue clearance of ouabain was similar 
to that of the non-saturable binding site and was not 
iniluenced by a large excess of digitoxin. 

The dependence of specific binding on tissue meta- 
bolism is consistent with the observation that the pres- 
ence of ATP is required for the activation of Na’--K+- 
ATPase and for the binding of cardiac glycoside to this 
enzyme [22]. Comparison of the concentrations of car- 
diac glycosides producing a half saturation of the 
saturable binding site with the ED,, for the inotropic 
effect. for inhibition of the sodium pump and for inhi- 
bition of Na+-K+-ATPase shows that all these values 
lie close together (Table 2), suggesting that a single 
receptor may be responsible for those actions of car- 
diac glycosides. On the basis of the present data, the 
receptor capacity for ouabain appears to be 9.5 x 10’ 
molecules/cell. The density of Na+-K+ pumping sites 
in guinea-pig atria is about 300 sites per pm’ mem- 
brane which can be compared with 750 for mammalian 
C fibers [35] and less than one for the red blood cells 
[36]. In guinea-pig atria, considering that the area 
covered by the genin is approximately 10-14cmL, 
9.5 x 10’ molecules of ouabain would cover about 
0.034 per cent of the plasma membrane. 

INTERACTION OF DIGITALIS WITH Na+ -K--ATPase 

ARD THE PHARMACOLOGICAL AND 

THERAPEUTIC ACTIONS 

Studies of the binding of cardiac glycosides to iso- 
lated heart strongly suggest that a single receptor 
might be responsible for the actions of cardiac glyco- 
sides and that this receptor is the Na+-K+-ATPase. 
As I have already mentioned, it is likely that the posi- 
tive inotropic effect results from an enhanced increase 
in free cytoplasmic calcium occurring at each exci- 
tation. It has been observed that the calcium influx in 
guinea-pig atria increases when intracellular Na+ 
(Na+,) increases [4]. This suggests the existence of a 
Na’--Cal+ transmembrane coupling mechanism 1621 
which has been demonstrated in nerve [B] and in 
smooth muscle [39]. The increased Na; due to the inhi- 
bition ofthe Na+-pump could activate this mechanism, 
and could therefore be responsible for the increase in 
“Ca uptake evoked by digitalis. Another site of Na+- 
Ca’+ interaction is the sarcoplasmic reticulum which is 
one of the intracellular calcium stores. It has been 
shown that the oxalate-dependent calcium uptake in 
sarcoplasmic reticulum vesicles obtained from cardiac 
1401. striated [41] OI smooth muscle 1421 is reduced 
when the incubation medium contains Na+ instead of 
K+. A possible site of Na+-Ca2+ interaction could also 
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Table 2. Guinea-pig heart muscle. Comparison of the concentrations producing a half-~turation of the saturable binding 
site. 50 per cent dinlinution of “K uptake, 50 per cent of the maximum inotropic response of papillary mu& and 50 

per cent inhibition of cardiac Na’-K’-ATPase. Concentrations are expressed as PM 

Cardiac Half-saturation 
glycosides (atria) 

50 per cent inhib- 
ition of 42K uptake 

50 per cent 
inotropic effect 

(papillary muscle) 

50 per cent inhib- 
ition of cardiac 

Na+-K+-A-t&se 

Digitoxin 

Ouabain 

Dihydro-ouabain 

02oxt 

0~312? 

Atria 0.24t 
Ventric. 0.2lt 
Atria @60t 
Ventric. 0.3% 

0,X* 0.220$ 

0.34% 0630$ 

14* 24: 

* Data of Rcitrr [34]. 
t Data of Godfraind and Lesne [32]. 
$ Data of Godfraind and De rover 1331. 

be the mitochondria 1431. It has been observed that the 
inhibition of the Na’-pump reduced the intracellular 
Ca2+ sequestering capacity of smooth muscle [39] and 
a similar observation has been repeated in guinea-pig 
atria (unpublished data). Such a mechanism could 
explain the increase in Ca” exchangeability preceed- 
ing the net increase in Cazt content of digitalis-treated 
hearts C3.497. These observations indicate that the 
relationship hetween the changes in the Na+-pump 
activity and the cellular calcium content is far from 
being a simple one. 

Some facts do not fit with the unique theory [5& 
541. Among them are the observations made in exper- 
iments designed to compare the rate of onset or the 
rate of offset of parameters related with the inhibition 
of the Na’-pump or the inhibition of the Na+-K+- 
ATPase and the positive inotropic effect; a difference 
in the kinetics of such parameters was considered as 
evidence against the existence of a unique receptor. In 
this respect. evidence was provided by Liillmann and 
Ravens [Sl] who showed that the increment in con- 
tractile force evoked by cardiac glycosides in guinea-pig 
papillary muscles developed more rapidly than the 
reduction of the transtnei~brane action potential 
which is generally attributed to the inhibition of the 
Na+-pump. From a biochemical point of view, the 
most demonstrative experiments are those of Okita et 
trl. [SO], in which they extracted Na+-K+-ATPase 
from hearts treated with cardiac glycosides. They com- 
pared, after several washout periods in drug-free solu- 
tions, the residual Na’-K’-ATPase activity with the 
inotropic effect; their main observation was the exis- 
tence ofa residual 39 per cent inhibition of the enzyme 
when the pharmacological effect had disappeared. 
Such observations conflict with other reports 155601; 
alternatively, however it might be postulated that the 
relationship between digitalis binding to the receptor 
and the sub~q~lent biochemical and pharmacological 
effect is not under ali circumstances a one-to-one pro- 
cess. Such a theory could also be invoked in order to 
take into account the therapeutic mode of action of 
digitalis. 

The concentration of free cardiac glycosides in 
blood of patients under digitalis therapy is about 3 x 
IO-“M. As recently demonstrated by Godfraind 
12.451 this concentration is too low to evoke any inhi- 
bition of the Nat-pump of human heart although it 
does inhibit slightly the Na’-K+-ATPase. This indi- 
cates that digitalis could act by a mechanism which 
would not involve the inhibition of the Na*-pump. It 

has been shown that therapeutic concentrations of 
digitalis do not evoke a positive inotropic effect in oitro 
but cause a post-synaptic potentiation characterized 
by an enhanced response ofcardiac and smooth muscles 
to neurotransmitters [44-461. This increase in muscle 
responsiveness is associated with changes in tissue 
ionic content which apparently are not compatible 
with an inhibition of the Nat-pump as there is an in- 
creased uptake of 42K [32]. We recently observed (un- 
published observations} that when guinea-pig atria are 
incubated in Tyrode solution at 30” for 3 hr in the pres- 
ence of ouabain toe9 M, their K’ content is increased, 
while their Nat content is decreased. Experiments 
with smooth muscle [45,46] and experiments in pro- 
gress using heart muscle indicate that therapeutic con- 
centrations of ouabain increase the binding of Ca2 + to 
superficial high affinity binding sites, in agreement 
with experiments performed with higher doses under 
non equilibrium conditions [3,47,48]. 

CONCLLIDIWG REMARKS 

One of the points still not clear in the action of digi- 
talis is the relationship between the binding to the 
receptor and the subsequent change in calcium binding 
to superficial sites. This question as well as the relation 
with the rate of calcium influx need to be clarified 
before coming to a final conclusion about the existence 
of a unique receptor for digitalis in the heart. The 
problem is not easy as the relationship between digi- 
talis and CaZ+ -binding sites could be the result of a 
functional or a chemical (direct) interaction. If Na- 
K+-ATPase is not the unique receptor, the other 
receptor should have a higher affinity for digitalis than 
Na+-K+-ATPase itself and it should have binding 
sites for calcium ions. The Na+ -K+-ATPase could 
itself fulfil these requirements as it might present more 
than one binding site for cardiac glycosides. a possibi- 
lity which is raised by the observation that the capacity 
of the receptor was different for ouabain and digitoxin 
[32]: Na’-K+-ATPase is inhibited by Ca2+ and the 
action of various glycosides is affected by the calcium 
content of the perfusion fluid 154,573. 

The search for a Cd 2+-digitalis high affinity binding 
site, sub-unit of the Na+-K+-ATPase or constituent of 
another membrane system, will not only improve our 
knowledge of the regulatory role of Na+--KC-ATPase 
itself but will also provide a rational approach to the 
design of new compounds related to digitalis with a 
better therapeutic index. 
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