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Metabolism of cardiac glycosides studied in
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Summary

1. Metabolic degradation of tritiated ouabain, digoxin, and digitoxin has been
investigated quantitatively using the isolated perfused guinea-pig liver. The
cardiac glycosides and their metabolites have been extracted from the plasma,
liver, and bile by different solvents and identified as far as possible by radio-
chromatographic analysis. '

2. The total metabolic activity in the experimental system was localized in the
liver.

3. The hydrophilic glycoside ouabain could not penetrate into the meta-
bolically active compartment of the liver and was, therefore, not degraded.
The more lipophilic compound digitoxin, however, was completely degraded
due to its high affinity for the metabolically active sites. The unchanged digi-
toxin cannot enter the aqueous bile fluid in contrast to its more hydrophilic
metabolites.

4. The only detectable metabolic degradation of digoxin was a conjugation
with glucuronic and/or sulphuric acid, but a cleavage of sugar molecules seemed
not to occur.

5. In the case of digitoxin the metabolic processes are more complicated:
sugar cleavage, conjugation, and C-12 hydroxylation take place simultaneously.
An immediate hydroxylation of digitoxin leading to digoxin was not observed.
After administration of digitoxin conjugation products as well as digoxigenin-
bis-and digoxigenin-mono-digitoxosides were present in each of the compart-
ments investigated, but the digitoxosides of digitoxigenin were intermediates in
concentrations too low to be determined indicating a very high rate of conjuga-
tion and/or C-12 hydroxylation as compared with the cleavage of the
digitoxoses.

6. A scheme for the metabolic pathways of the cardiac glycosides based on
experimental results is presented. The metabolic behaviour of each of the three
compounds involved is closely related to their physicochemical properties,
especially the lipid solubility.

Introduction

In spite of fundamental contributions by Repke and co-workers (Repke, 1958,
1959a, b, ¢, d; Hermann & Repke, 1964a, b, c) and other investigators
(Okita, Talso, Curry, Smith & Geiling, 1955a; Okita & Curry, 1955b;
Katzung & Meyers, 1965 ; Brown, Ranger & Wright, 1955; Abel, Luchi, Peskin,
‘Conn & Miller, 1965 ; Lage & Spratt, 1965, 1968 ; Marcus, Kapadia & Kapadia,
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1964 ; Marcus, Burkhalter, Cuccia, Paulovich & Kapadia, 1966 ; Markus, Paulovich,
Burkhalter & Cuccia, 1967) the metabolism of cardiac glycosides remains, in several
respects, subject to debate.

For digoxin and digitoxin the sequence of metabolic degradation seems to be well
established. Experiments using liver slices have demonstrated a stepwise break-
down of the tridigitoxosides into more lipophilic and subsequently hydrophilic meta-
bolic products by splitting off the sugar moieties and coupling of the genin and/or
the epi-genin with glucuronic or sulphuric acid (Hermann & Repke, 1964a). More-
over, digitoxin may be hydroxylated at the C-12 atom (Repke, 1963, 1966 ; Wilson,
1969).

There is little information concerning the quantitative relationship between lipo-
philic and hydrophilic metabolites formed in the organism and their distribution in
blood and tissues (Forster, Grade & Schulzek, 1967 ; Gonzales & Layne, 1960).
Most of the earlier work is limited to the investigation of lipophilic metabolites in
excretory products (Repke, 1959¢, 1959d ; Brown et al., 1955; Ashley, Brown,
Okita & Wright, 1958 ; Marcus et al., 1964, 1966, 1967 ; Wright, 1960), since only
a few investigators have also taken note of the chloroform insoluble hydrophilic
metabolites (Okita et al., 1955a,b ; Katzung & Meyers, 1965 ; Abel et al., 1965). The
commonly used methods of extraction with chloroform necessarily direct the atten-
tion to lipophilic metabolites so that the polar metabolites are neglected (Griffin &
Burstein, 1967). Using the extraction method described below, it is possible to
determine the amounts of unchanged drug together with its polar and its lipid soluble
metabolites in a single extract.

Furthermore little is known about the fate of the metabolic degradation products
in the organism. This is particularly true for the binding of metabolites of the
cardiac glycosides to proteins in the blood and to other tissues. In a previous paper
the kinetic aspects of plasma elimination, uptake by the liver, and biliary excretion
of ouabain, digoxin, and digitoxin have been described and the influence of
metabolic degradation upon these processes discussed (Kolenda, Liillmann, Peters &
Seiler, 1971).

In this paper, quantitative results are given concerning the degradation of the
three glycosides and the influence of this degradation upon plasma protein binding.
The findings emphasize the close correlation between physicochemical properties and
rate of metabolic degradation of the cardiac glycosides.

Methods

A detailed description of a rapid dissection method, the technique of perfusion,
and some tests of function have been given in earlier papers (Berg, Kolenda, Peters
& Seiler, 1970 ; Kolenda et al., 1971). The blood obtained from guinea-pigs was
treated with 5,000 I.U. of heparin/100 ml and 20 mg streptomycin/100 ml and
diluted with Tyrode solution 2:1. The perfusion flow was maintained at approxi-
mately (0-7 ml/g liver)/min throughout the experiment.

Methods of extraction

At the end of the perfusion experiments the radioactive compounds were extrac-
ted from plasma, bile and liver. Plasma was obtained by centrifuging the perfusion
fluid twice. Plasma (150 ml) was mixed with three times the volume of absolute
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alcohol for 30 min and the precipitated protein obtained was separated by
centrifugation. The clear supernatant was filtered and evaporated to dryness at
reduced pressure. The residue thus obtained was taken up in 20 ml 70% alcohol
and filtered. The filtrate was purified three times with petroleum ether (boiling
range 50-70° C) and once more evaporated to dryness. The residue was taken up
in 5 ml chloroform/methanol 1:1, filtered, and the clear extract thus obtained was
used for chromatographic analysis.

The bile secreted during the perfusion (average volume 6-8 ml) was treated in
exactly the same way as described for plasma.

The liver (average weight 25 g) was homogenized by means of an Ultra-Turrax
homogenizer in four times its volume of absolute ethanol and was continuously
stirred for half an hour. Subsequent treatment of the homogenate was the same
as for plasma and bile. The volume of the final chloroform/methanol extract was
also 5 ml. Recovery of radioactivity by the extraction procedure was 609% for
plasma and liver and 80% for bile. This loss of radioactivity is caused by several
necessary filtration and purification steps. Water and lipid soluble compounds are
unspecifically adsorbed to the same extent as shown by recovery experiments.

Chromatographic analysis

Ten to fifty microlitres of the extracts from plasma, liver, and bile were spotted
with a micropipette on silica-G-thinlayer-plates (silica G according to Stahl, 1967),
0-2 mm layer. Two different solvents were used: cyclohexane/acetone/acetic acid
49:49:2 to separate the apolar metabolites and chloroform/methanol/H,O 65:30:5
to separate the polar compounds like ouabain, metabolites, and digitoxose. The
flow distance was 13 cm. The radioactivity of the chromatogram was monitored
by means of a radio scanner (Packard, model 7201). To identify the labelled sub-
stances the Ry values of a series of unlabelled glycosides and possible metabolites
were determined. The unlabelled compounds were made visible by a colour reaction
using anisaldehydesulphuricacid reagent (Stahl, 1967).

Determination of plasma protein binding

The plasma protein binding of ouabain, digoxin and digitoxin and the correspond-
ing metabolites was estimated by means of ultracentrifugation (Scholtan, Schloss-
mann & Rosenkranz, 1966). At definite intervals throughout the perfusion experi-
ments samples of 15 ml volume each were taken from the perfusion medium. Six
and a half millilitres of the subsequently obtained plasma were centrifuged in
cellulose nitrate tubes (diameter 1 cm) for 15 h at 40,000 g and 20° C in a Beckman
ultracentrifuge (type 50 rotor). The test tubes were frozen at —30° C. For the
analysis of the non-protein bound radioactivity, a sample was taken from a layer
at least 0-5 cm below the surface to avoid contamination by the lipoid-protein
containing surface layer. The concentration of the total radioactivity in plasma
was determined before ultracentrifugation.

The plasma protein concentration in the perfusion medium determined by the
Biuret-method amounted to 30-40 mg/ml. No protein could be detected in the
layer which was used for the determination of concentration of free radioactivity.

2D
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Measurement of radioactivity

Samples of plasma and bile, of the extracts of plasma, liver, and bile and of the
protein-free plasma were counted in a liquid scintillation counter (Packard). For
details of the methods see Kolenda et al. (1971).

Compounds and reagents

Tritiated ouabain, digoxin, and digitoxin were obtained from New England
Nuclear Corp. The compounds were randomly labelled and had the following
specific activities: ouabain 20 mCi/mg; digoxin 115 mCi/mg; digitoxin 7-5
mCi/mg. The final concentrations of the administered glycosides were 3-4 x 10™*M
ouabain, 9 x 10~*m digoxin, and 1'4 x 10~™™ digitoxin. The following substances,
supplied by Boehringer-Mannheim were used for the chromatographic analysis and
identification of the metabolites: digitoxin, digitoxigenin, digitoxigenin-mono-
digitoxoside, digitoxigenin-bisdigitoxoside, digoxin, digoxigenin, digoxigenin-mono-
digitoxoside, digoxigenin-bisdigitoxoside and digitoxose.
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FIG. 1. Perfusion of the isolated guinea-pig liver by guinea-pig blood. Analysis by means of
radio thin layer chromatography of the extracts from the plasma after administration of *H-
ouabain. (a) Control experiment: the liver was not included in the circulation system ;
circulation period, 3 hours. (b) The liver was perfused by a medium containing *H-ouabain ;
circulation period, 3 hours. Solvent: cyclohexane/acetone/acetic acid (49:49:2).
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Results

At the end of the 3 h perfusion experiments the overall radioactivity was distribu-
ted as follows: ouabain was not excreted via the liver but was distributed between
plasma and liver ; the latter contained approximately 40% of the total activity.
After administration of digoxin or digitoxin the greater part of the radioactivity
was found in the bile fluid. About 20% remained in the plasma and approximately
10% was found in the liver.

Radiochromatographic investigations

As shown in Fig. 1, only unchanged ouabain could be extracted from the plasma
and liver after perfusion for 3 hours. No metabolites could be detected with either
of the two solvents used.

Figures 2 and 3 show the findings after administration of digoxin. To see if a
degradation of the apolar glycosides occurred in the blood, control experiments were
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FIG. 2. Perfusion of the isolated guinea-pig liver by guinea-pig blood. Analysis by means of
radio thin layer chromatography of the extracts from the plasma after administration of
3H-digoxin. (a) Control experiment: the liver was not included in the circulation system ;
circulation period, 3 hours. (b) The liver was perfused by a medium containing 3H-digoxin ;
circulation period, 3 hours. Solvent: cyclohexane/acetone/acetic acid (49:49:2).
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carried out in which the liver was excluded from the circulation. For this purpose
the portal and vena caval catheters were directly connected with each other, all
other experimental conditions remaining identical. In these control experiments,
digoxin could be extracted entirely unchanged from the plasma, indicating a com-
plete lack of metabolic degradation (Fig. 2, top). The perfusion of the liver,
however, yielded a completely different picture. An important peak was found at
the start of the chromatogram. The low Ry value indicates that the radioactive
material represented by this peak must be highly polar. This initial peak was

followed by a second maximum with an R, value corresponding to that of digoxin
(Fig. 2, bottom).

The greater part of the radioactive material in the liver extract consisted of un-
changed digoxin, while in the bile, a high polar peak appeared at the start preceding
that of unmetabolized digoxin (Fig. 3).

After administration of digitoxin no degradation products were extracted in con-
trol experiments (Fig. 4, top), whereas in the liver perfusion experiments digitoxin
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FIG. 3. Perfusion of the isolated guinea-pig liver by guinea-pi%] blood. Analysis by radio
thin layer chromatography of the extracts from the bile (a) and the liver (b) after administra-
tion of *H-digoxin. Solvent: cyclohexane/acetone/acetic acid (49:49:2).
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could no longer be detected in the plasma (Fig. 4, bottom). A high peak remained
at the start of the chromatogram, followed by a smaller, less polar one, which on
the basis of its Rr value probably represents the mono- and bis-digitoxosides of
digoxigenin.

In the liver, mainly the mono- and bis-digitoxosides of digoxigenin were found,
whereas in the bile fluid the polar peak at the start predominated (Fig. 5). Using
the polar solvent the peaks situated at the starting point could be separated into
several peaks not yet identified.

Digitoxose could be separated from the polar and the less polar metabolites by
means of the polar solvent. The sugar moiety could only be detected in liver extract
but not in extracts from plasma and bile.
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FIG. 4. Perfusion of the isolated guinea-pig liver by guinea-pig blood. Analysis by means of
radio thin layer chromatography of the extract from the plasma after administration of 3H-
digitoxin. (a) Control experiment: the liver was not included in the circulation system
circulation period, 3 hours. (b) The liver was perfused by a medium containing 3H-digitoxin ;
circulation period, 3 hours. Solvent: cyclohexane/acetone/acetic acid (49:49:2).
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Plasma protein binding

During the course of the perfusion experiment the non-protein bound portion of
radioactive material after administration of ouabain remained constant around 95%.
After administration of digitoxin, however, the non-protein-bound material signifi-
cantly increased from approximately 109% to about 609% within one hour of perfu-
sion and was maintained at this level (see Fig. 6). Plasma elimination, biliary excre-
tion and metabolic degradation of digoxin took place, however, without any notice-
able change in plasma protein binding of the radioactive compounds.

Discussion

The aim of this work was to investigate the metabolic degradation of some of the
therapeutically important cardiac glycosides. The isolated perfused guinea-pig liver
was chosen for the following reasons: (1) to avoid any pharmacokinetic inter-
ference with the circulation, tissue distribution, renal excretion and so on; (2) the
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FIG. 5. Perfusion of the isolated guinea-pig liver by guinea-pig blood. Analysis by means
of radio thin layer chromatography of the extracts from the bile (a) and the liver (b) after
administration of SH-digitoxin. Solvent: cyclohexane/acetone/actic acid (49:49:2).
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FIG. 6. Plasma protein binding of radioactive material in the course of the perfusion experi-
ments with 3H-digitoxin. The protein bound fraction decreases according to the metabolic
degradation of digitoxin. Ordinate: protein bound radioactive material (%). Abscissa: time
in minutes after administration of 3H-digitoxin to the perfusion fluid. O——O, Control experi-
ments, in which the liver was not included in the artificial circulation. @——@, Perfusion
experiments. (Means+S.E.M. n=6-8).
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FIG. 7. Schematic presentation of the metabolic degradation of digoxin and digitoxin by the
isolated perfused guinea-pig liver. ----->, Low rate of conjugation. ——->, High rate of

conjugation, C-12 hydroxylation or sugar clcavage. O, Highest lipid solubility. , Lowest
lipid solubility of the compounds involved.
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liver is the most important organ for the biotransformation ; and (3) the guinea-pig
is the animal species that resembles humans most closely as far as the pharmaco-
dynamic behaviour of the cardiac glycosides is concerned.

The method of extraction used in these experiments yields satisfactory quantita-
tive results as compared with other methods (Wong & Spratt, 1963 ; Gonzales &
Layne, 1960 ; Grimmer, Kiissner & Lingner, 1960 ; Seipel, Hueber, Deutsch, Letz,
Wichtl & Jentzsch, 1968), since originally applied glycoside, lipophilic and hydro-
philic metabolites could be detected simultaneously.

In control experiments in which the liver was not included in the circulation
system no metabolism of the three glycosides could be detected. This proves that
the blood containing perfusion medium as such does not provoke metabolic degrada-
tion of the drugs involved. This finding confirms the observations by Hermann &
Repke (1964c) and by Liillmann, Peters & van Zwieten (1969) but differs from the

results reported by Wright (1960). In our system, the degradation reactions can be
localized in the liver only.

As stated under Results the plasma protein binding of ouabain as well as that of
digoxin and its metabolites did not change in the course of the perfusion experi-
ments. On the other hand the non-protein bound fraction of labelled compounds
after administration of digitoxin increased from 10 to about 60%. This finding
reflects the occurrence of newly formed, less lipophilic metabolites with lower
affinity for plasma proteins since introduction of polar groups into drug molecules
causes a decrease of the plasma protein binding (Scholtan, 1968 ; Kuschinsky, 1969).

The most simple situation was encountered in the case of ouabain which is neither
metabolized nor excreted with the bile. This agrees with investigations in humans,
where a metabolic alteration of the ouabain molecule has not yet been observed
(Doherty, 1968 ; Marks, Dutta, Gauthier & Elliot, 1964).

Increase of
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0 conjugation
Digitoxigenin
Digitoxigeninmonodig. 0o
Digitoxigeninbisdig. Dilgitoxose
Digoxigenin Di'gitoxose
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Digoxigeninmonodig.
Digoxigeninbisdig.
Digoxin
Decreasing rate of metabolic degradation

FIG. 8. Correlation between lipid solubility, rate of metabolic degradation, and rate of con-
jugation as obtained by experiments using the isolated perfused guinea-pig liver. The arrow
marks a break in the order of the compounds listed since the little lipid soluble drugs below

can be excreted with the bile in the unchanged form and moreover a sugar cleavage seems to
be impossible.
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On the other hand digitoxin is degraded completely within a short period of
perfusion. This holds true even for concentrations as high as 4 mg digitoxin per
250 ml of perfusion fluid. Three hours after the addition of this amount no original
glycoside could be detected any more. However, several metabolites could be
demonstrated in plasma, liver tissue and bile. Surprisingly, the less polar metabo-
lites that could be recovered were C-12 hydroxylated products, which contained
the digoxigenin ring moiety. The hydrophilic metabolites which occurred simul-
taneously probably consisted of steroids conjugated with either glucuronic or sul-
phuric acid (Hermann & Repke, 1964a). The situation after administration of
digitoxin has been represented schematically in Fig. 7. Most of the conjugation
products contained the digitoxigenin ring moiety. This rapid metabolism explains
why chiefly water soluble products are excreted with the urine not only in intact
guinea-pigs (Gadke & van Zwieten, 1969) and rabbits (Griffin & Burstein, 1967) but

also in humans (Doherty, 1968 ; Okita, 1964 ; Okita & Curry, 1955b) after adminis-
tration of digitoxin.

Digoxin was degraded only in part and could be detected in the unchanged form
in plasma, liver tissue, and bile. In contrast to digitoxin the original glycoside mole-
cule may itself be conjugated. Since the degradation rate of digoxin in the human
liver seems to be lower than in guinea-pig liver (Ruiz-Torres, 1970, Hermann &
Repke, 1964c¢) it follows that unchanged digoxin is the major excretion product in
humans (Doherty, 1968).

In Fig. 7 the probable pathways for the metabolism of the digitalis glycosides
based upon our results have been summarized. The different steps elucidated in
detail are as follows: a cleavage of sugar molecules from digoxin does not occur
since neither digoxigenin-mono-digitoxoside nor digoxigenin-bis-digitoxoside could
be demonstrated in any of the compartments. The rate of conjugation of digoxi-
genin-bis-digitoxoside and digoxigenin-mono-digitoxoside is so slow that these
two compounds should accumulate as shown in the case of digitoxin. Digoxin
itself will be conjugated at a rather low rate, since the unchanged glycoside is
present after longer periods of time ; even within 4 h of perfusion one-third of the
digoxin originally added is still present in the unchanged form. The coupling pro-
ducts of digoxin consist of one or two polar compounds which could be detected
in the bile and plasma. Free digitoxose molecules could not be demonstrated.

Digitoxin itself cannot be hydroxylated at C-12, since digoxin, the C-12 hydroxy-
lation product of digitoxin is not formed. However, the C-12 hydroxylation gains
importance at the level of digitoxosides and this particular process determined the
rate of the cleavage of the sugar moieties, resulting in an accumulation of digoxi-
genin-bis-digitoxoside and digoxigenin-mono-digitoxoside. However, the concen-
trations of digitoxigenin-bis-digitoxoside and digitoxigenin-mono-digitoxoside are
so low that these two intermediates are not detectable. The main pathway for the
breakdown of digitoxin is represented by a direct conjugation of the two digitoxo-
sides and the genin. For the latter compounds the rate of conjugation was higher
than the rate of hydroxylation. The group of conjugation products of digitoxin
metabolism consists of several polar compounds. Hydrolysis of these compounds
yields chiefly digitoxigenin and a smaller portion of digoxigenin, indicating a direct
coupling of the digitoxosides and the genin (or possibly epigenin: Hermann & Repke,
1964a). Digitoxose can be traced in the liver tissue after administration of digitoxin.
This finding emphasizes the importance of the cleavage of the sugar moieties ; indeed,
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Domschke, Meinecke & Domagk (1969) have recently demonstrated the presence
of a digitoxose dehydrogenase in the rat liver.

The relative importance of the different metabolic pathways (conjugation,
hydroxylation and sugar cleavage) may be dependent upon the different physico-
chemical properties of the compounds involved. In Fig. 8 the digitalis glycosides
and their derivatives have been arranged according to their lipid solubility and rate
of metabolic degradation. This figure clearly demonstrates a correlation between
the lipophilic nature and the rate of metabolic degradation. The more polar com-
pounds digoxin, digoxigenin-bis-digitoxoside and digoxigenin-mono-digitoxoside
represent a group which is characterized by a complete lack of cleavage of the digi-
toxose molecules. On the other hand the ability of these compounds to invade the
bile fluid is obvious. Furthermore, the rate of conjugation is low in this group as
compared with the compounds with higher lipid solubility. The more lipid soluble
derivatives from digitoxin are metabolized at an increasing rate. Accordingly
their concentration in our experimental system remains so low that they cannot be
traced. Their transient existence can only be proved by the identification of their
conjugates. In experiments with liver slices (Lauterbach & Repke, 1960) the inter-
mediates just mentioned accumulate because of the lower capability of conjugation
of liver slices.

The significance of the reported results and the metabolic scheme for the
pharmacokinetic behaviour of the cardiac glycosides used therapeutically in patients
can only be discussed to a limited extent. The comparably short half life of digoxin
is due to the fact that it is excreted in the unchanged form and that the conjugation
rate is relatively slow. Digitoxin cannot be excreted and is metabolized rapidly,
the main metabolic products will not be eliminated either.

The authors are grateful to Mrs. Ulrike Kaiser for skilful technical assistance.
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