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1 Four different cardiac glycosides (ouabain, digitoxin, digoxin and gitoxin) and their correspond-
ing genins were tested on Na*, K*-pump fluxes measured under steady-state and initial rate condi-
tions (non equilibrium conditions) in human and rat erythrocytes and in mouse macrophages.

2 In human red cells, Na*, K*-pump fluxes exhibited up to 8 fold higher sensitivity to genins
than to glycosides. In addition genins, but not the corresponding glycosides, exhibited double reac-
tivity with regard to the erythrocyte Na*, K*-pump (with the exception of gitoxigenin). A weak
reactivity component was similar to the one of the corresponding glycosides (IC5, of about 10~ m)
and a high reactivity component exhibited IC,, values varying from 0.1 to 0.5 x 1076 m for digi-
toxigenin and ouabagenin respectively.

3 In contrast with human red cells, the initial rate of Na*, K*-pump fluxes in rat erythrocytes
and mouse macrophages was less sensitive to genins than to the corresponding cardiac glycosides.

4 Dihydroouabain was 3, 10 and 75 times less active than ouabain in inhibiting the initial rate of
Na*, K*-pump fluxes in human and rat erythrocytes and in mouse macrophages respectively.

5 In conclusion, Na*, K*-pump fluxes measured under initial rate conditions in human erythro-

cytes exhibit an unusually high sensitivity to genins of cardiac glycosides. This property probably
results from the fast binding rate constants of genins and the slow association rates of glycosides to

human red cells.

Introduction

Several authors have reported that plasma and/or
urine extracts from human and animals submitted to
a variety of pathophysiological conditions are able
to inhibit Na*, K*-ATPase activity (for review see
DeWardener & Clarkson, 1985). However, in spite of
extensive chemical purification and analysis, the
molecular structure of these ‘endogenous digitalis-
like’ (EDL) factors remains unknown.

Most of the above studies were based on the assay
of partially purified biological samples on Na*, K*-
ATPase activity. We have recently introduced a dif-
ferent approach based upon the ‘screening’ of
structurally defined natural products obtained by
synthesis (lignans and others) on the initial rate of
fluxes catalyzed by the Na*, K*-pump in human
red cells (Braquet et al., 1986). One guiding criterion
was the structural relationship of these compounds
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to cardiac glycosides and to other well known
pump-inhibitors in heart membranes (for data on
cardiac glycosides in human red cells see Kahn &
Acheson, 1955; Glynn, 1957; Belz, 1981; Brown &
Erdmann, 1984). This focussed our attention on the
fact that, in contrast to lignans and other synthetic
aglycones, cardiac glycosides contain a sugar residue
in C,B position which strongly contributes to the
drug-receptor interaction in heart membranes
(Tamm, 1963; Repke, 1963; Yoda & Yoda, 1974;
Wallick et al., 1974; Thomas et al., 1979).

The important role of C,p-glycosylation was
apparently confirmed in human red cells by previous
investigators working on equilibrated cardenolide-
binding (Belz, 1981; Brown & Erdmann, 1984).
However, it is important to note that these results
were obtained after prolonged preincubation (up to
3—4h) with different concentrations of drugs (from
0.1 nM to 100 um) and therefore the internal ion con-
tents were probably not the same in all the cell
samples.
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We therefore decided to reinvestigate the role of
C,p-glycosylation in human red cells by measuring
the effect of four different cardiac glycosides and
their corresponding genins on Na* efflux and Rb*
influx catalyzed by the Na*, K*-pump under
steady-state and initial rate conditions (non equi-
librium conditions). The results were compared with
those obtained under the same kinetic conditions in
two other cell preparations: rat erythrocytes and
mouse macrophages. The data show that the initial
rate of fluxes catalyzed by the Na*, K*-pump
exhibit an unusual high sensitivity to genins in
human red cells, but not in rat erythrocytes or
mouse macrophages.

Methods

Preparation of red cells

Venous blood from healthy donors was collected in
heparinized tubes. Arterial blood from Wistar rats
was sampled under pentobarbitone anaesthesia
(intraperitoneal dose of 60mgkg~') from a catheter
implanted in the aorta. Blood was centrifuged at
1750 g for 10min at 4°C. The plasma and buffy coat
were aspirated and the red cell pellet was used imme-
diately.

Preparation of mouse macrophages

Mouse peritoneal macrophages were obtained
according to a previously published method (Diez et
al., 1985). Briefly, 2-5ml of sterile thioglycollate
medium (Institut Pasteur, Paris) was injected into
the peritoneal cavity of female mice 5-8 weeks old, of
the 57 BL/5(H-2°) and DBA/2(H-29%) inbred strains.
Elicited cells were collected 3 to 5 days later by
washing the peritoneal cavity with Hank’s balanced
salt solution (HBSS). HBSS media were freshly pre-
pared by adding NaHCO, (final concentration:
4.2 mM) to a basal medium of the following composi-
tion (mM): NaCl 137, KCl 53, Na,HPO, 0.34,
MgSO, 0.32, KH,PO, 0.32, glucose 5.5, CaCl, 1.3
and MgCl, 0.5. A pool of 10-20 mice was used in
each experiment. The collected suspension was
immediately centrifuged at 1000g for 1 min at 4°C
and the supernatant was removed. Red cells were
lysed by suspending the cell pellet in distilled water
for 20s. The cells were then washed twice with NaCl
(150mM). The number of cells collected per mouse
was 10-20 x 10° and of these more than 80% had
the morphological aspect of macrophages.

Measurement of Na*, K*-pump activity

Na*, K*-pump activity was equated to: (i) initial
rate of ouabain-sensitive Na* efflux in human red
cells (see for details Garay et al., 1985) and (i) initial
rate of ouabain-sensitive Rb* influx in rat erythro-
cytes and mouse macrophages.

Measurement of Na*, K*-pump activity in human red
cells

Fresh human erythrocytes were washed five times
with cold MgCl, (110mm) and resuspended in Mg-
sucrose medium at a hematocrit of 20-25%. The
Mg-sucrose medium contained (mm): MgCl, 75,
sucrose 85, MOPS-Tris buffer (pH 7.4 at 37°C) 10
and glucose 10. The osmolality was adjusted to
295 + SmOsm. A portion of the cell suspension was
set aside to measure haematocrit, intracellular Na*
and K* by flame photometry and haemoglobin
absorbance at 541 nm by spectrophotometry.

An aliquot (0.5ml) of the cell suspension in Mg-
sucrose medium was added to two tubes containing
2ml of Mg-sucrose with KCl 2mM and to two tubes
containing 2ml of Mg-sucrose media with KCI 2mm
and 100 uMm ouabain. The tubes were incubated for
30min at 37°C (in control experiments we observed
that fluxes were linear for more than 30-40 min and
that no evidence of red cell lysis during the incu-
bation in the efflux media could be detected). At the
end of the incubation period the tubes were chilled
at 4°C for 1 min and then centrifuged at 1750g for
4 min at 4°C. The supernatants were transferred into
tubes for Na* analysis in an Eppendorf flame photo-
meter. Na*t standards (checked with commercial
standards, Merck, Darmstadt) were prepared in
water and compared with those prepared in the dif-
ferent efflux media.

Ouabain-sensitive Na™* efflux was calculated from
the difference in external Na* concentration between
tubes in the presence and absence of ouabain (see for
details Garay et al., 1985).

Measurement of Na*, K*-pump activity in rat red
cells

Fresh rat erythrocytes were washed four times with
cold NaCl (150 mM) medium and resuspended in the
same NaCl solution at a haematocrit of 20-25%;
0.5ml of the cell suspension was added to two tubes
containing 2ml of sodium-rubidium medium and
two other tubes containing 2 ml of sodium-rubidium
medium with 2mM ouabain. The sodium-rubidium
medium contained (mm): NaCl 145, RbCl 4, MgCl,
1, MOPS-Tris buffer (pH 7.4 at 37°C) 10 and glucose
10. The osmolality was adjusted to 300 + SmOsm.
The cells were incubated for 15min at 37°C (in



control experiments we observed that fluxes were
linear for more than 15-20 min and that no evidence
of red cell lysis during the incubation in the efflux
media could be detected). At the end of the incu-
bation period the tubes were chilled at 4°C for 1 min
and the cells were then washed three times with cold
NacCl (150 mm). The red cell pellets were haemolyzed
with 3ml of Acationox 0.02% and centrifuged at
2250g for 10min at 4°C. The supernatants were
transferred to tubes containing CsCl (final concen-
tration of CsCl was 1 mm) and Rb* contents were
measured in an IL 457 atomic absorption spectro-
photometer. Rb* standards (checked with com-
mercial standards, Merck, Darmstadt) were prepared
in water and compared with those prepared in the
different efflux media. An aliquot of supernatant was
diluted 1:10 with distilled water and used to
measure haemoglobin absorbance at 541nm by
spectrophotometry. A dilution factor was obtained
by comparing these haemoglobin absorbances with
the one obtained from the original suspension (of
known haematocrit) and used to calculate the eryth-
rocyte Rb* content.

Ouabain-sensitive Rb™* influx was calculated from
the difference in internal Rb* contents between
tubes with and without ouabain.

Measurement of Na*, K* -pump activity in mouse
macrophages

Washed fresh mouse macrophages were preincubat-
ed at 37°C for 30min in a sodium-potassium
medium containing (mMm): NaCl 145, KCl 4, MgCl,
1, CaCl, 1, MOPS-Tris buffer (pH 7.4 at 37°C) 10
and glucose 10. The cells were then washed twice
with cold NaCl (150 mMm) medium and resuspended
in the same NaCl solution at a phagocrit of 2-5%;
100 pl of the cell suspension were added to two tubes
containing 1 ml of sodium-rubidium medium and to
two other tubes containing 1 ml of sodium-rubidium
medium with 2mM ouabain. The sodium-rubidium
medium contained (mm): NaCl 145, RbCl 4, MgCl,
1, MOPS-Tris buffer (pH 7.4 at 37°C) 10 and glucose
10. The osmolality was adjusted to 300 + 5SmOsm.
The cells were incubated for 10min at 37°C (in
control experiments we observed that fluxes were
linear for more than 15-20min and that internal
Na* contents remained almost constant during the
incubation period). At the end of the incubation
period the tubes were chilled at 4°C for 1 min and
the cells were then washed three times with cold
NaCl 150mm. The cell pellets were lysed with 1.1 ml
of Acationox 0.02%, frozen and thawed three times,
sonicated and then centrifuged at 2250g for 10 min
at 4°C. The supernatants were transferred into tubes
for Rb* analysis in an IL 457 atomic absorption
spectrophotometer. Intracellular Rb* contents were
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calculated by dividing the Rb* readings by the final
phagocrit.

Quabain-sensitive Rb* influx was calculated from
the difference in internal Rb* contents between
tubes with and without ouabain.

Drugs

All chemicals were either from Merck or Sigma
(distributed through Coger, Paris, France). Concen-
trated solutions of drugs in water or dimethylsulph-
oxide (DMSO) were freshly prepared every day.
Different amounts of drugs were added directly to
the flux media provided that the final concentration
of DMSO had no effect per se on Na* and K*
fluxes. Fluxes in the presence of different concentra-
tions of drugs were measured using the above proto-
cols.

Data analysis

The dose-response curves reflect the ratios between
ion translocation rates measured in the presence (v)
or absence of drug (v,), respectively. Pump-fluxes are
non competitively inhibited by digitalis drugs (Joiner
& Lauf, 1978). As a result, the initial rate v, is
decreased by the factor (IC;o/(ICso + [drugl));
where IC,, is the drug concentration ([drug]) inhi-
biting 50% of transport activity. Dose-response
curves were analyzed assuming that the relation
between the drug concentration and the inhibitory
effect within the flux period could be considered
either as being due to one, or to the sum of two inde-
pendent inhibitory processes.

In the case of one process:

V/vo = IC;5o/(ICs0 + [drug]) 1)
In the case of two processes:
V/Vo = (A(IC50),/(ICs50), + [drugl))
+ (BC50)u/(IC50),, + [drug])) (2)

where A and B represent the percentage of each
inhibitory process in the total inhibition (A + B
being equal to 1).

Results

Inhibition of Na*, K*-pump activity by cardenolides
in human red cells

Figure la shows the effect of cardiac glycosides on
the initial rate of ouabain-sensitive Na* efflux in
human erythrocytes. Note that the drugs were added
at zero time without any preincubation with the
cells. Analysis of the data depicted in Figure la by
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Figure 1 (a) Inhibition of Na*, K*-pump activity by
cardiac glycosides in human red cells. Na*, K*-pump
activity was equated to the initial rate of ouabain-
sensitive Na* efflux. Values are given as means of 3 to 6
experiments. For most drugs the ranges were similar in
size to the experimental points (ranges omitted for the
sake of simplicity): (@) ouabain; (O) digoxin; (A) digi-
toxin; (A) gitoxin. (b) Inhibition of Na*, K*-pump
activity by genins of cardiac glycosides in human red
cells. Values are given as means of 3 to 6 experiments.
Comparison with (a) shows that genins were equal or
higher in potency than the corresponding cardiac glyco-
sides. (@) ouabagenin; (Q) digoxigenin; (A) digi-
toxigenin; (A) gitoxigenin.

using equation 1 showed a one site affinity to cardiac
glycosides. Ouabain, digitoxin and gitoxin inhibited
Na*, K*-pump activity with IC5, of about 0.8
1.1 x 10~ °M. Digoxin was slightly less effective (ICs,
of about 2.2 x 10~ % m).

Figure 1b shows the effect of the corresponding
genins. Analysis of the data depicted in this figure by
using equation 1 showed a single inhibitory process
only for gitoxigenin (IC5, of about 1.1 x 107m).

Conversely multiple (i.e. 2) inhibitory processes were
observed with the three other genins. As shown in
Table 1, the weak affinity component was similar to
that of the corresponding glycosides (IC;, of about
1074 M). In addition all these three genins exhibited a
high affinity component with IC,, values varying
from 0.1 to 0.5 x 10 %m for digitoxigenin and oua-
bagenin respectively.

Comparison of Figures 1a and b show that genins
were equal or higher in potency than the corre-
sponding cardiac glycosides. In particular digi-
toxigenin and digoxigenin were one order of
magnitude more active than digitoxin and digoxin.

Inhibition of Na*, K™ -pump activity by cardenolides
in rat red cells

Figures 2a and 2b show the effect of cardiac glyco-
sides and corresponding genins on ouabain-sensitive
Rb* influx in rat erythrocytes. As a general rule, all
these cardenolides (particularly gitoxin and
gitoxigenin) were much less active than in human red
cells. IC5, values found in rat erythrocytes were
between 10~* and 10~ 3M and therefore at least 100
times higher than in human red cells.

Table 2 shows that, generally speaking, all card-
enolides exhibited a single affinity towards rat eryth-
rocytes (with the exception of gitoxin and gitoxigenin
for which no inhibition could be found).

Comparison of Figures 2a and b show that genins
have slightly (digoxigenin and digitoxigenin) or
markedly (ouabagenin) lower potency than the cor-
responding cardiac glycosides.

Inhibition of Na*, K*-pump activity by cardenolides
in mouse macrophages

In previous screening of glycosilated lignans we have
observed that some of them were active in mouse
macrophages but not in human (or rat) erythrocytes
(data not shown). It is for this reason that we investi-
gated the effect of genins and corresponding cardiac
glycosides in this cell type.

Table 3 shows the effect of cardenolides on
ouabain-sensitive Rb* influx in mouse macrophages.
It can be seen that all these compounds exerted an
inhibitory activity intermediate between the one in
human red cells and that in rat erythrocytes. The
IC5, values varying between 8 x 107¢ and
5 x 1075m for digoxin, digitoxin and ouabain;
gitoxin had an IC,, of about 10"3M. As a general
rule, genins were less active than the corresponding
cardiac glycosides (Table 3). In particular, ouabage-
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Table 1 Reactivity of genins and cardiac glycosides in relation to the initial rate of Na*, K*-pump fluxes in

human red blood cells

ICso (M)

Compound High reactivity Low reactivity
Ouabain — 0.85 x 10~

Ouabagenin 5x 1077 (40%) 107% (60%)
Digoxin — 22 x 1076

Digoxigenin 2x 1077 (50%) 107% (50%)
Digitoxin — 0.85 x 1076
Digitoxigenin 1077 (20-25%) 0.85 x 1076 (75 — 80%)
Gitoxin — 1.1 x 10~

Gitoxigenin — 1.1 x 107¢

Values in this table are given as mean of 3 to 6 experiments. The percentage of each population of sites is indicated

in parentheses.

nin was 100 times less potent than ouabain (Table 3).
Digoxigenin and digitoxigen were 3-10 fold less
potent than the corresponding glycosilated deriv-
atives.

Inhibition of Na*, K™ -pump activity by
dihydro-ouabain

Since all our originally tested lignans were butanol-
ide (saturated lactone ring) and not butenolide deriv-
atives (Braquet et al., 1986), we tested the effect of
dihydro-ouabain (saturated lactone ring of ouabain)
in all the three cell preparations. Table 4 shows that
dihydro-ouabain was 3, 10 and 75 times less active
than ouabain in inhibiting Na*, K*-pump activity
in human and rat erythrocytes and in mouse macro-
phages respectively.

Table 2 Reactivity of genins and cardiac glyco-
sides with regard to the initial rate of Na*, K*-
pump fluxes in rat red blood cells

ICyo (M)
Compound High reactivity Low reactivity
Ouabain 1073 (20%) 1.6 x 107* (80%)
Ouabagenin — >1073
Digoxin — 12 x 1074
Digoxigenin — 24 x 1074
Digitoxin — 2.1 x 1074
Digitoxigenin 1074 (20%) 4 x107* (80%)
Gitoxin — —
Gitoxigenin — —

Values in this table are given as mean of 3 to 5
experiments. The percentage of each population of
sites is indicated in parentheses.

Discussion

The main result of our study was that in human red
blood cells genins are more efficient than the corre-
sponding cardiac glycosides in inhibiting the initial
rate of Na*, K*-pump fluxes. The three genins of
the most widely used glycosides: ouabain, digoxin
and digitoxin, exert significant pump-inhibition at
doses up to 8 fold lower than those required for gly-
cosides. In addition, these genins, but not the glyco-
sides, exhibit two site binding kinetics with regard to
the human erythrocyte Na*, K*-pump. Two IC,
values could be therefore determined from the dose-
response curves of genins (Figure 1b and Table 1).

None of the above two properties of genins:
increased inhibitory potency and two-site binding
against the initial rate of Na*, K*-pump fluxes,
were observed in rat red blood cells or in mouse
macrophages.

The unusual pump sensitivity to genins in human
erythrocytes can be explained by two hypotheses: (i)

Table 3 Reactivity of genins and cardiac glyco-
sides with regard to the initial rate of Na*, K*-
pump fluxes in mouse macrophages

Compound IC 5o (M)
Quabain 80+ 35x10°¢
Ouabagenin 80+21x107¢
Digoxin 43+ 1.5%x10°%
Digoxigenin 1.1£05x 107*
Digitoxin 1.8+ 04 x 1075
Digitoxigenin 20+05x 107*
Gitoxin >1073
Gitoxigenin >1073

Values in this table are given as mean + range of 3
to 5 experiments.
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Table 4 Reactivity of dihydro-ouabain with regard to the initial rate of Na*, K*-pump fluxes in human and rat

erythrocytes and in mouse macrophages

Compound Human red cells
Dihydro-ouabain 2.1 x 1076
Ouabain 6.5 x 1077

Values in this table are given as means of 3 to 5 experiments.
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Figure 2 (a) Inhibition of Na*, K*-pump activity by
cardiac glycosides in rat red cells. Na*, K*-pump
activity was equated to the initial rate of ouabain-
sensitive Rb* influx. Values are given as means of 3 to
5 experiments: (@) ouabain; (O) digoxin; (A) digitoxin;
(A) gitoxin. (b) Inhibition of Na*, K *-pump activity by
genins of cardiac glycosides in rat red cells. Comparison
with (a) shows that genins have slightly (digoxigenin
and digitoxigenin) or markedly (ouabagenin) lower
potency than the corresponding cardiac glycosides: (@)
ouabagenin; (Q) digoxigenin; (A) digitoxigenin; (A)
gitoxigenin.
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the experimental conditions of flux measurement
reveal differences in (association-dissociation) rate
constants between genins and glycosides and/or; (ii)
two types of digitalis-receptor sites may exist.

In human erythrocytes, as in other cells of
digitalis-sensitive species (for review see Schwartz et
al., 1975), pump inhibition by glycosides increases
with time. This is not the case with genins that
exhibit higher association (dissociation) rate
constant(s) than cardiac glycosides (Wallick et al.,
1974; Yoda & Yoda, 1974; Thomas et al., 1979).

Binding equilibrium is reached after 3-5 h of incu-
bation of human red cells with cardiac glycosides
(Brown & Erdmann, 1984). The apparent disso-
ciation constants estimated here, in the micromolar
range (Table 1), are therefore much higher than those
determined at binding equilibrium, which are in the
nanomolar range (Belz, 1981; Brown & Erdmann,
1984).

The 30min period that we used for measuring the
initial rate of pump fluxes in human red cells may
therefore reveal the high association rate constants
of genins.

In cells from rodents and other digitalis-resistant
species, cardiac glycosides reach equilibrium in
about 5min (Leliévre et al., 1979; Mansier & Lel-
iévre, 1982). A flux experiment of 10-15min (see
Methods) cannot reveal the high association rate
constants of genins in rat erythrocytes or mouse
macrophages.

Another experimental condition that can influence
the measured IC;, values is the potassium (or
rubidium) concentration in the assay medium.
However, this ion decreases the apparent affinities
for genins more than the affinities for glycosides
(Akera et al., 1978), and we observed the opposite
situation (Table 1). The unusual pump sensitivity to
genins in human red cells cannot therefore be
explained by the influence of potassium.

The above difference in binding rate constants
cannot itself explain the two-site binding seen with
genins with regard to the initial rate of Na*, K*-
pump fluxes in human red cells. Indeed, a difference
in binding rate constants should induce parallel
shifts of the dose-response curves. Comparison of the



curves depicted in Figures la and b (digoxin vs.
digoxigenin and digitoxin vs. digitoxigenin) clearly
shows that this is not the case.

The multiple binding of genins argues in favour of
our second hypothesis, i.e. that two types of digitalis-
receptor sites may exist, one of low reactivity (ICs,
values very similar to those found with glycosides)
and another of high reactivity (IC;, values 2 to 8
fold lower than glycosides). This is illustrated in
Table 1 by digitoxigenin (IC,, values of 0.1 and
0.85 um) and digitoxin (IC, values of 0.85 um).

Flux experiments performed at binding equi-
librium were unable to reveal two types of digitalis-
receptor sites in human red cell membranes. So far
the simplest interpretation is that genins can initially
interact (in a first association step) with a pump-site
not accessible to glycosides.

Two kinds of digitalis receptor sites have been
detected previously, in brain (Sweadner, 1979) and in
heart (Brown & Erdmann, 1984; Erdmann et al.,
1984; 1985; Maixent et al., 1987). However, these
experiments were performed under equilibrium con-
ditions. Interestingly, dihydro-ouabain, a specific
ligand for high affinity cardiac digitalis receptor sites
(Finet et al., 1983) exhibited a single binding site in
human red cells (Table 4). This suggests that: (i) if a
second site does exist, it is recognized by a free-OH
group in C,f and (ii) this high reactivity site of
genins may correspond to the low affinity receptor
site of heart. Further investigation is therefore
required before it is possible to conclude that there
are two kinds of digitalis receptor sites in human red
blood cells.

An important question is whether an assay based
upon the measurement of the initial rates of pump-
fluxes in human erythrocytes is a good pharmacol-
ogical model (of intact cells) for the screening of
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