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The Positive Inotropic Action of Cardiac Glycosides on Cardiac
Ventricular Muscle
M. REITER

The title of the above-mentioned chapter should read as follows:
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Ventricular Muscle
M. REITER
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CHAPTER 1

Pharmacokinetics of Digitoxin

Liv STORSTEIN

A. Introduction

Digitoxin is the main cardioactive glycoside in Digitalis purpurea and was purified
by NATIVELLE (1864). Although it was the first cardiac glycoside introduced into
clinical medicine, our knowledge of its pharmacokinetics and metabolism orig-
inates from research done during the last decades.

Experiments on isolated organs and intact animals have established important
pharmacodynamic, pharmacokinetic, and metabolic principles. They have further
demonstrated great species differences in the rate of elimination from the body,
protein binding, metabolism, and drug tolerance. Basic experiments in animals
have pointed to fields of research in humans. Information on the pharmacokinetics
and metabolism of digitoxin in humans and in various animal species is far from
complete and therefore does not allow a comparative survey of digitoxin pharma-
cokinetics. This chapter will therefore concentrate on the human pharmacology of
digitoxin and include data from animal studies insofar as they have a direct bearing
on the clinical pharmacology of digitoxin.

B. Drug Uptake and Tissue Distribution
I. Rate of Distribution and Distribution Half-Life

Digitoxin is distributed to tissues at about the same rate as digoxin but more slowly
than ouabain. LULLMANN et al. (1969) determined the rate of distribution for the
uptake process in isolated guinea-pig atria and found a half-life (¢, ,,,) of 21.5 min
for digitoxin as compared with 16 min for digoxin and 6.5 min for ouabain. In
adult humans (Table 1) we found a serum distribution half-life of 37.3 min, which
is in good agreement with the findings of OKITA et al. (1955a). The onset of effect
is related to serum distribution half-life and one can therefore expect a slowly in-
creasing contractile response if the receptor sites are localized within the myocar-
dial cells. A successive increase in contractility has been reported in dogs (STEINESS
and VALENTIN, 1976) and was found by measuring left ventricular ejection param-
eters in humans (FORESTER et al., 1974).

II. Tissue Compartments and the Apparent Volume of Distribution

The uptake of digitoxin is high in isolated perfused hearts (DUTTA and MARKS,
1972). Free drug concentrations are most relevant for tissue uptake as shown by
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LULLMANN et al. (1969) who found the same tissue : medium ratios whether atria
were suspended in aqueous medium or in oxygenated whole blood when free drug
concentrations were used for the calculations. A myocardial:serum ratio of 5.4
was found in humans (STORSTEIN, 1977b) but the ratio was approximately 200
when free drug concentration was used for the calculation, pointing to the high.
tissue affinity of digitoxin.

The apparent volume of distribution (V) calculated with total serum digitoxin
concentrations was found to be 0.6 1/kg (VOHRINGER and RIETBROCK, 1974; STOR-
STEIN, 1974 a), while a slightly lower value was reported by WIRTH et al. (1976). The
apparent volume of distribution was 2.5 times higher in dogs than in humans (AM-
LIE et al., 1979) and species differences in digitoxin distribution are substantial.

IT1. Tissue Distribution

Okita et al. (1955a,b) measured the digitoxin content of human tissue after intra-
venous injections of radioactively labeled drug (Fig. 1). They found no preferential
uptake of digitoxin in heart tissue. The colon and its contents had the highest digi-
toxin concentrations followed by gall bladder contents, kidney, and jejunum con-
tents. Human fetuses had the highest concentrations in the heart and kidney fol-
lowed by lung, liver, and intestine. Lukas (1971) found tissue: serum ratios of 8.7,
6.7, 5.5, and 2.9 for kidney, ventricular myocardium, liver, and skeletal muscle re-
spectively.

IV. Passage Across Biologic Membranes

Digitoxin is rapidly absorbed across the gastrointestinal tract with a peak value in
serum after 1 h (STORSTEIN and JOHNSGARD, 1981; VOHRINGER et al., 1977) and bio-
logic availability is high. Drug uptake in some organs, like for instance the heart,
is clearly dependent on free drug concentration while hepatic uptake was found to
be independent of drug protein binding in conscious guinea-pigs by MARrzo et al.

(1977).

1. Blood-Brain Barrier

The blood-brain barrier acts as a regulatory interface between blood and the cen-
tral nervous system and drug passage occurs across the brain capillaries. Perme-
ability to drugs is regulated by transendothelial diffusion in proportion to their
lipid solubility. The free unbound drug fraction is accessible for diffusion. After
administration of identical doses of four glycosides to dogs (beagles) for 10 days,
KUHLMANN et al. (1978) found higher concentrations of digoxin than of digitoxin
in most organs while brain tissues had equivalent concentrations of the two drugs,
indicating preferential uptake in the brain of digitoxin owing to its higher lipid sol-
ubility. Similar findings have been reported by BENTHE (1975) and FrLascH and
HEINZ (1976) for various animal species. Cerebrospinal fluid (CSF) concentrations
of digitoxin have recently been determined in humans (STORSTEIN et al., 1979). The
mean CSF concentration was 0.84 +0.22 ng/ml giving a mean CSF : serum ratio of
0.07 £0.03. When free serum digitoxin levels were used for the calculations, how-
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Fig. 1. Distribution of radioactive digitoxin (solid bar ) and metabolites (hatched bar ) in hu-
man tissue. (OKITA et al., 1955b)

ever, the mean ratio was 2.9. This ratio better reflects actual passage across the bar-
rier and indicates that the penetration of digitoxin into the central nervous system
is higher than for most other glycosides.

2. Placental Transfer

Drugs pass through the placenta from the maternal arteries by way of the intervil-
lous space into the umbilical veins. Free, nonprotein-bound drug is available for
passage and protein binding is therefore one important determinant for placental
transfer. OKiTA studied the placental transfer of digitoxin in guinea-pigs and rats
and demonstrated placental passage of the drug. Guinea-pig fetal heart further-
more had six times the concentration of digitoxin in the maternal heart. These find-
ings initiated a study in four pregnant women (OKITA et al., 1956) who were given
radioactively labeled digitoxin before therapeutic abortion or delivery. Only a
small percentage of the injected dose crossed the placental barrier but concen-
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trations in fetal tissue were two to six times those in maternal tissue calculated on
a weight basis. The fetal heart and kidneys had relatively higher concentrations of
digitoxin and its metabolites than did other organs. Hepatic excretion of digitoxin
and its metabolites could be demonstrated in the near-term fetus by their presence
in the liver, gallbladder, and intestine. In two patients on maintenance treatment
with digitoxin the drug concentration was higher in cord blood than in maternal
blood at the time of delivery without the neonates exhibiting signs of digitoxin
toxicity (STORSTEIN, unpublished). More information is obviously needed on the
uptake, metabolism, and elimination of digitoxin in the human fetus.

C. Metabolism

The metabolism of digitoxin is complex, involving a number of enzymatic process-
es and has been the subject of numerous studies in the last decades. The following
models have been used:

1) Studies with tissue preparations (HERRMANN and REPKE, 1963, 1964a,b,c,
1970; KOLENDA et al., 1971; LAUTERBACH and REPKE, 1969; REPKE and SAMUELS,
1964; WRIGHT, 1960; and others).

2) Animal studies (BROWN et al., 1955; CASTLE and LAGE, 1973, 1974; DOMSCHKE
et al., 1969; FisCHER et al., 1952; FRIEDMANN et al., 1954; FORSTER and GADKE,
1957; GADKE and VAN ZWIETEN, 1969; GRIFFIN et al., 1971; INGWERSEN, 1974; KAT-
ZUNG and MEYERS, 1965, 1966, KUHLMANN et al., 1973; REPKE, 1958, 1959, and
others).

3) Single dose studies after administration of radioactively labeled digitoxin to hu-
mans (OKITA, 1957; OkiTA et al., 1953, 1955a, b, 1956; VOHRINGER and RIETBROCK,
1974; WIRTH et al., 1976) and after administration of unlabeled drug (STORSTEIN
and AMLIE, 1977 a,b).

4) Studies in humans on maintenance treatment (STORSTEIN, 1977 a, ¢; BobEM and
UNruUH, 1978).

I. Basic Studies with Tissue Preparations and in Animals

The first two approaches led to the isolation of digitoxin metabolites by FISCHER
et al. (1952), ASHLEY et al. (1958), and WRIGHT (1960). Hydroxylation transforms
digitoxin to digoxin (REPKE, 1959). Metabolites with less sugar molecules are suc-
cessively formed by hydrolysis. All these metabolites are lipid-soluble and car-
dioactive. Water-soluble metabolites are synthetized by conjugation to glucuronic
and sulfuric acids. The genins of digitoxin and digoxin are epimerized via keto de-
rivatives (REPKE and SAMUELS, 1964).

II. Single-Dose Studies in Humans

Marked species differences exist for digitoxin metabolism and elimination necessi-
tating investigations in normal and diseased humans. OKITA et al. (1955a, b) stud-
ied digitoxin phamacokinetics, tissue distribution, and the relationship between
unchanged digitoxin and metabolites in body fluids and tissues after a small single
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dose of radioactively labeled drug. They found that the ratio of metabolite to un-
changed drug was high in all tissue studies and furthermore the concentration in
tissue was high when compared with blood. During a period of 3 weeks approxi-
mately 70% of the radioactivity was excreted through the kidneys, mostly as
metabolized digitoxin and only 6%-10% as unchanged drug.

VOHRINGER and RIETBROCK (1974) studied digitoxin metabolism in plasma,
urine, and feces in six healthy volunteers after a single dose of radioactively labeled
drug. In plasma the ratio between chloroform-soluble and water-soluble metabo-
lites decreased with the time after injection but the amount of lipid-soluble sub-
stances was at all times at least three times higher than the amount of water-soluble

substances. Unchanged digitoxin formed the major part of the lipid-soluble sub-
stances. Unchanged digitoxin was also the main lipid-soluble substance present in
urine and feces although small amounts of other cardioactive metabolites could be
spotted. The nature of the hydrophilic compounds in urine and feces was investi-
gated. In urine 80% of the total hydrophilic radioactivity was nonconjugated polar
metabolites of unknown identity while 16% was glucuronides and 4% sulfates. In
feces, 79% of the chloroform-insoluble fraction appeared to be nonconjugated
compounds while 13% were sulfates and 8% were glucuronides. After splitting of
conjugation bonds, several metabolites were detected and digitoxigenin-mono-di-
gitoxoside was identified as the main conjugation partner in urine. During the 8-
day observation period 21.3% of the administered dose appeared in urine and 13%
in feces.

WIRTH et al. (1976) studied urinary excretion and serum levels of digitoxin 20
days after a single dose of labeled drug. In contrast to OkiTa et al. they found that
unchanged digitoxin constituted 79% of total urinary radioactivity; 5% was un-
identified lipid-soluble metabolites, small amounts were found of known cardioac-
tive metabolites and 12% was water-soluble compounds. During 20 days 45% of
the injected dose was excreted in the urine with 35% as unchanged digitoxin.

Lukas and PETERSON (1966) using a double-isotope dilution derivative assay
were unable to find any digitoxigenin after acid hydrolysis of urine from patients
on maintenance treatment with digitoxin. STORSTEIN and AMLIE (1977 a) studied
the pattern of cardioactive and conjugated metabolites in urine of two subjects, 1,
2, 4, 6, and 8 days after a single dose utilizing thin layer chromatography, enzy-
matic splitting of conjugation bonds, and the #**Rb method. Conjugation to glu-
curonic and sulfuric acids was found to be a rapid enzymatic process with maxima
of 55% and 35% conjugated substances in blood within the first 2 h following in-
jection. Unchanged digitoxin was the main substance present in serum (56.3% and
52.2%) and urine (48.3% and 45.6%) 24 h after a single dose in each of the two
subjects. The relative amount of unchanged digitoxin decreased with time. Metab-
olites resulting from one enzymatic process like hydroxylation, hydrolysis, or con-
jugation had the following maxima: (1) hydroxylation on the sixth day in subject
1 and fourth day in subject 2; (2) hydrolysis on the second day in both subjects;
(3) conjugation on the first day in subject 1 and the second day in subject 2. Con-
jugation was thus the most rapid process followed by hydrolysis and hydroxyl-
ation. Metabolites resulting from two enzymatic processes had maxima after 4-6
days while metabolites resulting from three enzymatic processes had maxima after
8 days in both subjects. Although only two subjects were studied, the metabolic
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pattern showed marked similarities with positive # values for all days when the
Kendall rank correlation coefficient was used to compute the number of agreements
and disagreements between two rankings. It could thus be demonstrated that drug
metabolism is progressive after a single dose, leading to less unchanged digitoxin
and more metabolites resulting from several enzymatic processes with time. After
8 days only 28% and 29.1% was unchanged digitoxin, in agreement with the find-
ings of OKITA et al. (1953, 1955a, b) who found only 6%-10% unchanged digitoxin
in urine over a period of 3 weeks. The results further emphasize that the time of
sampling is of prime importance for the extent of drug metabolism.

In a similar study (STORSTEIN and AMLIE, 1977b) the metabolic pattern in bile
and urine was studied in two patients with T tube drainage after cholecystectomy.
The parent compound was the main single excretory product in bile after digitoxin
administration. All cardioactive metabolites were present and all were conjugated.
Digitoxin metabolites predominated over digoxin metabolites. Hydrolyzed and
conjugated metabolites were excreted in greater amounts than hydroxylated me-
tabolites. The ratio between metabolite and digitoxin varied between 2 and 5 dur-
ing the observation period while OKITA et al. (1955a,b) found ratios of 5.8-8.9 in
three patients studied on autopsy.

Animal experiments have shown that a number of metabolites are present in
bile or feces after the administration of digitoxin (CASTLE and LAGE, 1974; RIET-
BROCK and VOHRINGER, 1974), that the biliary excretion of digitoxin can be in-
fluenced by bile salts (GREENBERGER and THOMAS, 1973), and that drugs can alter
both the biliary excretion and metabolic pattern of digitoxin (KLAASSEN, 1974;
VOHRINGER et al., 1975). After interruption of the enterohepatic circulation in the
two biliary fistula patients all metabolites were still present in urine. The metabolic
course, however, no longer led to less unchanged digitoxin and more metabolites
with time as in the control patients. Water-solubility is supposed to facilitate biliary
excretion of drugs. Contrary to what could be expected, bile contained mostly li-
pophilic metabolites.

III. Digitoxin Metabolism in Humans on Maintenance Treatment

Preliminary data on digitoxin metabolism in patients on maintenance treatment
has been reported (STORSTEIN, 1973). A comparison between digitoxin metabolism
on a maintenance regimen and after a single dose (STORSTEIN, 1977 a) showed that
the mode of administration was of major importance for the pattern of digitoxin
metabolites. Digitoxin is primarily used for maintenance therapy and the metabol-
ic pattern on this regimen is therefore of prime clinical importance. Unchanged
digitoxin is the predominant cardioactive substance in both serum and urine, and
more important than any metabolic subgroups. Conjugated metabolites account
for approximately 30% in serum and urine. Contrary to the previous concept of
digitoxin metabolism, all cardioactive metabolites were found to be present in the
conjugated forms. Animal experiments have demonstrated the presence of digitox-
ose-containing derivatives of digitoxigenin as the conjugates excreted in urine and
bile (CASTLE and LAGE, 1974; KATZUNG and MAYERS, 1966; KUHLMANN et al.,
1974). Recently BopeM and UNRUH (1978) have shown the presence of dihydrodi-
gitoxin in patients on maintenance therapy. It is feasible that other digitoxin deriv-
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Fig.2a—c. Unchanged drug, all hydroxylated, all hydrolyzed, and all conjugated metaboli-
tes in a myocardium, b serum, and ¢ urine from control patients. (STORSTEIN, 1977b)

atives may also be present in the reduced form, as previously shown for digoxin
by CLARK and KALMAN (1974). The concept of digitoxin metabolism has been
changed to incorporate new knowledge. Information on epi and keto derivatives
and metabolites with opened ring structures is still lacking in humans. Although
unidentified metabolites were found in the studies by VOHRINGER and RIETBROCK
(1974) and WirTH et al. (1976), the major pathways in human digitoxin metabolism
are accounted for by hydrolyzed, conjugated, and hyrdroxylated metabolites both
on maintenance treatment and after single dose.

Digitoxin metabolites in myoeardial tissue from patients on maintenance treat-
ment up to the time of death were determined by STORSTEIN (1977 b). The metabolic
pattern in the myocardium (Fig. 2), differed significantly from that of serum and
urine. Unchanged digitoxin was still the main cardioactive substance present but
more hydrolyzed and conjugated metabolites were found in myocardial tissue com-
pared with serum. Similar findings have been reported by CasTLE and LAGE (1973)
who found that blood contained more unchanged digitoxin (51 %) than heart tissue
(9.6%) while the metabolic pattern was similar in heart, lung, liver, and kidney tis-
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sue of rats. The liver is supposedly the main site of digitoxin metabolism (HERR-
MANN and REPKE, 1970). OkiTA et al. (1955b) showed that the liver had a higher
content of digitoxin metabolites than did other tissues but little is known of pos-
sible extrahepatic sites of digitoxin metabolism.

D. Enterohepatic Circulation

Enterohepatic circulation of digitoxin in humans was first proposed by OKiTA et
al. (1955b), and by OKITA (1967). On the basis of studies showing an increased
ratio of water-soluble to lipid-soluble metabolites in the distant part of the gut
compared with the duodenum, they concluded that lipid-soluble metabolites were
partly reabsorbed. Enterohepatic circulation of digitoxin has been shown in several
animals, the rat (LAUTERBACH, 1964), cat (IzuMi et al., 1968), and dog (KATZUNG
and MEYERS, 1966). OLIVER et al. (1978) showed that the dog has the ability to ab-
sorb water-soluble digitoxin metabolites from the duodenum. CALDWELL et al.
(1971) found a decrease in serum half-life of both chloroform-soluble and chloro-
form-insoluble metabolites after administration of the steroid-binding resin choles-
tyramine to humans. On the other hand vAN BEVER et al. (1976) failed to demon-
strate any change in serum elimination half-life after administration of cholestipol
to a group of patients with high initial digitoxin concentrations. Biliary excretion
of digitoxin and metabolites in man was demonstrated by BEERMAN et al. (1971).
The role of the enterohepatic circulation for the long serum half-life of digitoxin
was investigated in a group of patients with T tube drainage after cholecystectomy
(SToRSTEIN, 1975). Interruption of biliary excretion into the gut by suction drain-
age led to marked reduction in serum elimination half-life when compared with a
control group (Table 1). The renal clearance and excretion of digitoxin and car-
dioactive metabolites were the same in the biliary fistula and control groups. The
marked increase in total digitoxin clearance was thus produced by an increased
metabolic clearance of the drug, indicating enhanced loss through the feces when
the enterohepatic circulation was interrupted. Peak bile concentrations were seen
15-60 min after injection and were higher than mean serum and urine concen-
trations through the greater part of the study.

E. Elimination and Excretion Pathways
I. Serum Elimination Half-Life

Serum elimination half-lives will partly depend on the method used for analysis of
serum digitoxin concentrations. Four different methods have been used for the cal-
culation of ¢, ,5 (Table 2). After injection of a dose of radioactively labeled digitox-
in, total radioactivity was counted (CALDWELL et al., 1971; VOHRINGER and RIET-
BROCK, 1974; KRAMER et al., 1970; WIRTH et al., 1976). The average mean elimina-
tion half-life in these four studies was 9.5 days. CALDWELL et al. (1971) also calcu-
lated ¢, ,5 with chloroform-extracted samples, containing digitoxin and its lipid-
soluble and mostly cardioactive metabolites and found a mean ¢#,,,5 of 6.0 com-
pared with 11.5 when total radioactivity was counted. These findings indicate that
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Table 2. Serum elimination half-lives of digitoxin by various methods

Method Serum elimination half-life (days)

n Mean SD Range

Total 3H radioactivity

KRAMER et al. (1970) 6 8.2 1.7 6.0-10.2
CALDWELL et al. (1971) 8 11.5 23 8.4-16.4
VOHRINGER and RIETBROCK (1974) 6 6.8 1.2 5.6- 8.6
WIRTH et al. (1976) 6 10.7 9.6-12.0
Total 3H radioactivity with CHCl4

extraction
CALDWELL et al. (1971) 8 6.0 0.9 49- 7.8
86Rb method
RASMUSSEN et al. (1971) 13 6.2 22 3.7-11.3
GJERDRUM (1972) 20 6.9 2.7 24-11.5
STORSTEIN (1974 a) 5 8.2 26 59-11.3
Radioimmunoassay
StoLL et al. (1973) 8 8.0 6.5- 99
VAN BEVER et al. (1976) 11 6.8 1.0 54-92
PETERS et al. (1977) 8 7.6 1.6
Double-isotope dilution derivative assay
Lukas (1973) 10 50 0.7 43- 6.2

SD standard deviation

the relative amount of water-soluble metabolites increase with time after drug ap-
plication and thus prolong ¢, ;when included by the assay. The findings of STOR-
sTEIN and AMLIE (1977 a) that water-soluble metabolites increase with time are in
good agreement with the results obtained by CALDWELL et al. (1971).

The 8¢Rb method measures the biologic activity of lipid-soluble substances,
i.e., digitoxin and its cardioactive metabolites. Serum elimination half-lives with
this method were calculated by RAasMUSSEN et al. (1971), GJERDRUM (1972), and
STORSTEIN (1974 a) and an average mean elimination half-life of 6.8 days was found
in the three investigations.

Metabolites with an unchanged steroid nucleus show high cross reactivity with
radioimmunoassays (FLASCH et al., 1977) among them glucuronides and sulfates.
Hydroxylated metabolites on the other hand cross-react to a minor degree. The av-
erage half-life in three studies utilizing radioimmunoassay was 7.4 days.

The method which most specifically investigates unchanged digitoxin is the
double-isotope dilution derivative assay by LUkas and PETERSON (1966) which
yields a mean serum elimination half-life of 5.0 days. These results confirm that me-
tabolites contribute to the longer ¢, obtained with less specific mcthods.

II. Serum Digitoxin Concentrations on Maintenance Treatment

Serum digitoxin levels on maintenance dosage with 0.1 mg digitoxin daily show re-
markably similar mean values of 18.1-18.2 ng/ml (Table 3) with the double-iso-
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Table 3. Relationship between dose and serum digitoxin concentration by various assays

Method Serum digitoxin concentration (ng/ml)

0.05 mg/day 0.07 mg/day 0.10 mg/day 0.15 mg/day

Mean Mean Mean Mean
Double-isotope dilution
derivative
Lukas (1971) 18.2 (6.0)
(n=>5)
86Rb uptake
RASMUSSEN et al. (1971) 12,0 (139 16.7 (1.8Y) 18.2(1.19 19.2 (2.69
(n=17) (n=17) (n=32) (n=95)
GIErRDRUM (1972) 11.2 (54) 16.1 (6.3) 18.1 (6.6)
(n=33) (n=24) (n=281)
STORSTEIN (1979a) 12.8 (5.4) 164 (7.9 18.1 (8.3)*
(n=102) (n=193) (n=282)
Radioimmunoassay
MOoORRISON and KiLLIP 25 (8)
(1970) (n="74)
VOHRINGER et al. (1976) 21.1
(n=25)
PETERS et al. (1977) 26.5 (7.3
(n=29)
KRAMER (1977) 236
Na*, K*-ATPase
BENTLEY et al. (1970) 13 22 30
(n=10) (n=115) (n=17)

2 Standard deviation
b Standard error of mean

tope dilution derivative assay and the 8Rb method in agreement with the fact that
unchanged digitoxin constitute more than 90% of the cardioactive substances mea-
sured with the #*Rb method. Close agreement between the various investigations
was seen also for the lower maintenance dosage. On the other hand higher serum
digitoxin concentrations were measured with radioimmunoassay or Na*-K *-AT-
Pase assay in patients on 0.1 mg digitoxin a day (21.1-26.5 ng/ml). The individual
variation in each dosage level is high for all methods, in agreement with marked
individual variations in the rate of elimination.

III. Excretion Pathways

Total body clearance was calculated to be 0.036 ml-min~*-kg™! (STORSTEIN,
1974a), 0.045ml-min~'-kg™! (VOHRINGER and RIETBROCK, 1974), and
0.021 ml-min ~*- kg ~! (WIRTH et al., 1976). Renal clearance was 0.012 ml - min ™!
-kg ™! (Table 1) after a single dose of digitoxin, a value similar to the renal clearance
calculated in patients on maintenance treatment (STORSTEIN, 1974a). Whereas
OKITA et al. (1955a) found that 70% of the dose was excreted in the urine over a
period of 3 weeks, WIRTH et al. (1976) found that 45% was excreted in the urine



14 L1v STORSTEIN

in the same period. Similar renal excretions of 13% (VOHRINGER and RIETBROCK,
1974) and 16% (STORSTEIN, 1974a) were found during collection periods of 8 days
which would probably have led to a 26% and 32% recovery respectively if urine
collections had been complete. BEERMAN et al. (1971) recovered approximately
20% as unchanged digitoxin in 3 weeks while Lukas (1971, 1973) recovered 28%
in urine and 20% in feces after a single dose. GREEFF et al. (1979) found that the
renal excretion was higher the first day after an oral than after an intravenous (i.v.)
dose of digitoxin. The 8-day excretion was 12.4% after i.v. and 14.4% after oral
medication. They calculated a 25% renal excretion after a single dose, the remain-
ing 75% being fecal excretion.

On maintenance treatment LUKAS (1971, 1973) found that 18% was excreted
in the urine and 14% in the feces as unchanged digitoxin. A higher renal excretion
of unchanged digitoxin (30%) was found by STORSTEIN (1974 a) with a further 3%
as other cardioactive metabolites. Half the daily dose was excreted in urine as car-
dioactive and conjugated metabolites, indicating that the two main excretory path-
ways are of equal importance for the elimination of digitoxin in patients on main-
tenance therapy. Lymph drainage has only been studied in the rat (BEERMAN and
HELLSTROM, 1971) and only 4% of the radioactivity was collected in the lymph in
the 48 h following administration of the drug.

F. Modifications by Age

I. Neonates, Infants, and Children

Digitoxin has been used extensively in pediatric patients before the era of serum
digitoxin concentration determinations. Recommended doses in neonates have
been 0.002-0.003 mg-kg~'-day*, in infants 0.003-0.006 mg-kg~*-day ™!, and
in children 0.002-0.004 mg - kg~ ' - day~'. GIARDINA et al. (1975) found a mean
serum level of 30 ng/ml in infants on a mean maintenance dose of 0.0043 mg - kg ™!
-day ™! and similar mean digitoxin levels in children (34 ng/ml) on a lower main-
tenance dose of 0.0031 mg-kg~!-day~!. These findings support the concept of a
higher maintenance dosage in infants than in children. The digitoxin concen-
trations measured by GIARDINA et al. (1975) in pediatric patients were significantly
higher than in adults. Toxicity in a small number of infants and children was as-
sociated with serum digitoxin concentrations in the range 50-85 ng/ml, the values
being higher than toxic concentrations observed in adults. These data indicate that
children tolerate higher serum digitoxin levels before exhibiting symptoms or signs
of digitoxin toxicity.

In a recent study (LARSEN and STORSTEIN, 1978) we have investigated digitoxin
pharmacokinetics in five children, mean age 7.6 years. Digitoxin was given as a
single dose of 0.02 mg/kg and serum samples and 24-h urine samples were collected
for 7 days. As can be seen from Table 1, children had a longer serum distribution
half-life than adults while no significant changes were observed for the other phar-
macokinetic parameters. Children did, however, excrete digitoxin mostly through
the kidneys whereas adults had higher metabolic than renal clearances (Fig. 3).
Serum digitoxin protein binding was slightly reduced in children.
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Fig.3. Cumulative renal excretion of digitoxin and cardioactive metabolites in different age
groups

Children tolerate high initial digitoxin concentrations without electrocardio-
graphic disturbances. The slow distribution between serum and tissue in this phase
may reflect a saturation of the uptake process and can explain the tolerance of high
initial serum concentrations. The question why children tolerate higher serum con-
centrations on maintenance treatment than adults is not yet solved. A prospective
study of digitoxin intoxication in children could clarify this problem. It has been
shown for digoxin (KRASULA, 1974) that the ratio between myocardial and serum
concentrations is the same in children as in adults. A reduced myocardial uptake
of digitalis glycosides in pediatric patients is therefore probably not the explana-
tion for the proposed tolerance of higher serum digitalis concentrations.

II. Old Age

Old age is an important risk factor for digoxin intoxication (BELLER et al., 1971)
owing to the reduction in creatinine clearance with age. Digitoxin serum levels have
been studied in 17 patients above 75 years of age and compared with serum levels
in 14 control patients, all subjects receiving a digitoxin maintenance dose of
0.1 mg/day (KOKENGE et al., 1978). Mean serum digitoxin concentrations were the
same in the two groups.

In a recent study on digitoxin pharmacokinetics in five patients above 75 years
of age (STORSTEIN et al., 1980) we found no significant changes in the ap-
parent volume of distribution (Table 1), ¢;,,,, 1,24, Or urine concentration half-life.
The geriatric group did, however, have a reduced renal clearance of digitoxin which
was compensated for by a 100% increase in the metabolic clearance.

The diminished renal excretion in geriatric patients (Fig.3) was adequately
compensated for by an increased biliary excretion of the drug. On the evidence of
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pharmacokinetic studies geriatric patients should thus tolerate the same dosage of
digitoxin per unit body weight as younger adult patients. Whether digitoxin sen-
sitivity is changed in old age, however, remains to be clarified.

G. Modifications by Disease States
1. Gastrointestinal Disease

TAkANASHI et al. (1978) studied the absorption of digitoxin in a group of patients
with chronic diarrhea due to hyperthyroidism, cancer of the pancreas, liver cirrho-
sis, and various other disorders. They found that absorption was decreased, with
significantly lower serum digitoxin concentrations during the 6 h observation pe-
riod than in a control group. Patients with acute diarrhea could have normal or
decreased absorption of digitoxin. Evaluation of their data is rendered difficult by
the fact that some of the underlying disorders like hyperthyroidism and cirrhosis
of the liver will lead to decreased serum digitoxin levels.

MYHRE et al. (unpublished) studied the absorption of digitoxin in one group of
patients with malabsorption due to celiac disease and one group of patients with
rapid intestinal passage due to dumping-syndrome after gastrectomy. The data
were compared with data obtained from healthy control subjects. Digitoxin 0.6 mg
was given as a single oral dose in the fasting state to five sprue and six gastrectomized
patients while three patients with celiac disease were given the same dose intrave-
nously. Absorption was rapid in both patient groups with maximum serum con-
centrations after 1 h, but serum digitoxin concentrations were lower than in the
control group. The absolute biologic availability over a period of 24 h was 40.6%
in celiac disease and 50.4% in gastrectomized patients. On the other hand intrave-
nous administration of digitoxin to three patients with celiac disease also resulted
in lower serum digitoxin levels than in healthy control subjects.

The protein binding was normal in both patient groups. These data point to
malabsorption of digitoxin in patients with decreased absorptive function and rap-
id gastrointestinal passage. Malabsorption is not the only factor responsible for the
reduced biologic availability in these patients as drug distribution and/or elimina-
tion may also be changed.

II. Thyroid Disease

Clinical observations point to the necessity of larger than usual doses of digitalis
glycosides in hyperthyrodism and reduced doses in hypothyroidism. DOHERTY and
PerkINS (1966) first showed that hyperthyroid patients had decreased and hypo-
thyroid increased serum digoxin levels when compared with control subjects.
EICKENBUSCH et al. (1970) injected radioactively labelled ouabain and digitoxin in-
to patients with thyroid disease and also found lower glycoside levels in
thyrotoxicosis and increased levels in myxedema. Samples were collected for 72 h
and these data did not allow calculation of serum elimination half-lives for digitox-
in.

In a recent study of six patients with thyrotoxicosis (STORSTEIN, 1979b) a single
dose of 0.6 mg digitoxin was injected intravenously (Table 1). Serum and urine
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were collected for 8 days. Serum digitoxin protein binding was unchanged in the
thyrotoxic patients as were parameters of drug distribution (¥p and ¢, ,,,). Serum
elimination was significantly enhanced and urine concentration half-life was short-
ened. Total body clearance was significantly increased owing to changes in meta-
bolic clearance while renal clearance remained unchanged. The metabolic pattern
of cardioactive and conjugated inactive metabolites was studied in serum and urine
24 h after the dose (Fig.4). Thyrotoxic patients have significantly less unchanged
digitoxin in serum than the control group and more digitoxigenin-bis-digitoxoside,
digitoxigenin-mono-digitoxoside, and digitoxigenin. The hyperthyroid patients
had less hydroxylated metabolites, more hydrolyzed, and more conjugated and hy-
drolyzed metabolites in serum than control subjects. This leads to an overall
change in the enzymatic process towards less digitoxin, more hydrolyzed and con-
jugated metabolites in serum. These data on digitoxin pharmacokinetics confirm
the experience that thyrotoxic patients need increased doses of digitoxin. The en-
hancement in digitoxin elimination is due both to an increased fecal excretion and
enhanced metabolic degradation of digitoxin. Data on digoxin on the other hand
(DonerTY and PERKINS, 1966; CROXSON and IBBERTSON, 1975; GILFRICH, 1976;
LAWRENCE et al., 1977; SHENFIELD et al., 1977) point to an increased renal elimina-
tion of digoxin. Although serum digitalis concentrations are lowered in
thyrotoxicosis, different mechanisms seem to be responsible for ouabain and di-
goxin on the one hand and digitoxin on the other hand.

II1. Hepatic Disease

Hepatic disease may interfere with drug pharmacokinetics by changing drug pro-
tein binding, drug metabolism, or biliary excretion. The development of edema and
ascites may change drug distribution by the addition of new volumes into which
drug can diffuse. Advanced hepatic dysfunction is also associated with changes in
renal function. As digitoxin is extensively metabolized, caution has been advised
when administering digitoxin in hepatic disease. LAHRTZ et al. (1969) followed
serum digitoxin concentration and renal and fecal excretion of digitoxin 72 h after
injection of radioactively labeled drug. They studied a group of patients with mixed
hepatic disease and found that these patients had lower serum digitoxin levels than
control subjects. In another study of ten patients with hepatic disease (ZILLY et al.,
1976), four with cirrhosis, four with acute hepatitis, and two with extrahepatic
cholestasis, a normal or increased clearance of digitoxin was found in most
patients. One patient with concomitant renal disease had a marked prolongation
of serum digitoxin half-life. Patients with hepatic disease tended to excrete more
polar metabolites than control subjects. Digitoxin pharmacokinetics in patients
with chronic active hepatitis was investigated by STORSTEIN and AMLIE (1979).
These patients had a slightly lowered serum digitoxin protein binding and short-
ened serum distribution half-life compared with control subjects (Table 1). Serum
elimination was enhanced and the urine concentration half-life was shortened. The
increased rate of elimination was due to an increased total body clearance of digi-
toxin. As renal clearance was unchanged, the increase in total clearance was solely
due to a marked increase in metabolic clearance of the drug. To clarify whether
increased biliary secretion or increased metabolic conversion of digitoxin was re-
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Fig.4a,b. Distribution of cardioactive metabolites (100%) and inactive conjugated meta-
bolites (100%) in serum a and urine b after a single dose of digitoxin to patients with thy-
rotoxicosis and a control group. DT: Digitoxin metabolites. DG: Digoxin metabolites.
Arabic members signify sugar molecules
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Fig.5a,b. Presentation of enzymatic subgroups resulting from one, two, and three enzyma-
tic processes in a serum and b urine from patients with chronic active hepatitis (CAH group)
and a control group

sponsible for the enhancement in elimination a study was made of the metabolic
pattern in serum and urine 24 h after the dose. The chronic active hepatitis group
had less unchanged digitoxin in serum, more digitoxigenin-bis-digitoxoside and
digitoxigenin and more digoxigenin in serum than the control group (Fig. 5). These
changes lead to an overall increase in hydroxylated, hydrolyzed, and conjugated
metabolites.

It can thus be stated that digitoxin elimination is not impaired in various forms
of hepatic disease and that it is even enhanced in patients with chronic active hep-
atitis.

IV. Renal Disease

1. Uremic Patients on Hemodialysis

FINKELSTEIN et al. (1975) found that absorption of digitoxin was not impaired in
patients on hemodialysis. The serum concentration and excretion of radioactively
labeled digitoxin was studied by LAHRTZ et al. (1969) in five patients treated with
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Table 4. Serum elimination half-lives in patients with renal disease and patients on
hemodialysis compared with control subject

Reference Method Uremic group Control group p
Time (days)* Time (days)

RASMUSSEN et al. (1972) 86Rb 52(21) 6.1 (1.7) NS°
(n=10) (n=10)

STORSTEIN (1974b) 86Rb 3.9(0.9) 8.2 (2.6) <0.01
(n=95) (n=5)

PETERSs et al. (1977) Rla® 5.7(0.9) 7.6 (1.6) <0.05
(n=4) (n=3)

VOHRINGER et al. (1976) 3H-Digitoxin 8.0 (2.6) 6.8(1.2) NS¢
(n=6) (n=6)
Hemodialysis Control

group group

KRAMER et al. (1970) 3H-Digitoxin 9.3 (7.7) 8.2(1.7) NS¢

(n=5) (n=6)

* Mean values are given with standard deviations in parentheses
b RIA =radioimmunoassay
¢ NS=not significant

peritoneal dialysis during the investigation period. Their patients were followed for
72 h after the dose. Patients with renal disease had higher serum levels than control
subjects, but the data did not allow calculation of serum half-life. No significant
difference in serum elimination half-life was found by KrAMER et al. (1970) after
administration of radiolabeled digitoxin intravenously to four patients on hemo-
dialysis and one on peritoneal dialysis (Table 4). Serum concentrations on mainte-
nance dosage are lower in patients on hemodialysis than in control patients as can
be seen from Table 5. The daily renal excretion of digitoxin and cardioactive me-
tabolites is only 2% of the daily dose in hemodialysis patients compared with
32.9% in the control group (STORSTEIN, 1977 a; STORSTEIN and AMLIE, 1977b). The
extent of conjugation was the same in hemodialysis and control patients and only
minor changes were found in the pattern of cardioactive metabolites in urine in
comparison with the control group. It can thus be concluded that although renal
excretion of digitoxin is severely impaired in patients on treatment with hemodialy-
sis, serum elimination is not decreased.

2. Uremia Per Se

Serum digitoxin levels were lower in the absorption phase after oral doses of digi-
toxin to patients with uremia (RASMUSSEN et al., 1972), but serum concentrations
24 h after the dose were not significantly changed (STORSTEIN, 1974 b). PETERS et
al. (1977) found no change in the biologic availability in the 24 h after an oral dose.
The volume of distribution was significantly smaller in uremic patients than in con-
trol subjects (Table 1) when calculated per unit body weight. Serum elimination
half-life is shortened (STORSTEIN, 1974 b; PETERS et al., 1977) or unchanged (RAs-
MUSSEN et al., 1972; VOHRINGER et al., 1976). The decreased serum elimination half-
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Fig.6. Cumulative renal excretion of digitoxin and cardioactive metabolites after a single
dose administered to patients with uremia and nephrotic syndrome in comparison with a
control group

life was due to a marked increase in metabolic clearance of digitoxin and cardioac-
tive metabolites and with a concomitant decrease in the renal clearance of the drug.
This decrease in renal clearance is reflected in a lower 8-day cumulative renal ex-
cretion of digitoxin (56.7 ug) compared with 94.9 pg in the control subjects (Fig. 6).
VOHRINGER et al. (1976) found a reduced renal excretion of digitoxin over a period
of 192 h following an oral dose of radioactively labeled digitoxin in uremic patients
compared with five control subjects. The mean fecal excretion was higher in the
uremic patients. PETERS et al. (1977) also found a lower excretion of digitoxin in
three patients with uremia compared with three patients with heart insufficiency
(»<0.005). We suggested (STORSTEIN, 1973, 1974b) that compensatory mech-
anisms were operative in uremic patients, accounting for the reduction in serum
elimination half-life. Increased fecal excretion was demonstrated by VOHRINGER et
al. (1976). We have studied the metabolic pattern of cardioactive and inactive con-
jugated metabolites of digitoxin in serum and urine in uremic patients on mainte-
nance treatment with the drug and compared these results with data from control
subjects (Fig. 7). Uremic patients had less unchanged digitoxin and more hydrox-
ylated and hydrolyzed metabolites than the control group whereas the extent of
conjugation was the same in the two groups (STORSTEIN, 1977¢c). BopEm and UN-
RUH (1978) found that uremic patients have markedly increased levels of dihydro-
digitoxin when compared with patients without renal failure. VOHRINGER et al.
(1976) on the other hand were not able to demonstrate significant changes in digi-
toxin metabolism.

We showed that uremic patients had lower serum concentrations on mainte-
nance therapy than control patients (Table 5). Similar findings were reported by
PETERS et al. (1977) and VOHRINGER et al. (1976). Urine concentrations are mark-
edly reduced in uremic patients on maintenance treatment (STORSTEIN, 1974b)
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Fig.7a,b. Distribution of cardioactive metabolites (100%) and inactive conjugated meta-
bolites (100%) in a serum and b urine from uremic and control patients. (STORSTEIN, 1977¢).
DT: Digitoxin metabolites. DG: Digoxin metabolites. Arabic members signify sugar
molecules

leading to a concomitant decrease in the renal excretion of the drug. Renal clear-
ance of digitoxin and cardioactive metabolites is 0.58 ml/min in uremic compared
with 0.98 ml/min in control patients on maintenance treatment.

3. Nephrotic Syndrome

Single-dose kinetics was studied in five patients with nephrotic syndrome (STOR-
STEIN, 1976 b). As can be seen from Table 1 these patients had an increased volume
of distribution and lowered serum protein binding compared with control subjects.
Serum elimination half-life was enhanced owing to a marked increase in total body
clearance. This increase in total body clearance was due to enhancement of both
renal and metabolic clearance of the drug. Nephrotic syndrome is unique in allow-
ing passage of substances with high molecular weight through the glomeruli. Digi-
toxin excretion in urine was composed of free and protein-bound drug (urine digi-
toxin protein binding 60.1%). In accordance with these findings PETERS et al.
(1974) found lowered serum digitoxin values in nephrotic patients on maintenance
treatment.
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H. Concluding Remarks

The highly protein-bound drug digitoxin is rapidly and well absorbed. Unbound
drug has a high affinity to tissue and crosses both the blood-brain and placental
barrier. Digitoxin is metabolized to a great number of active and inactive metab-
olites, but unchanged drug is the main cardioactive substance present. Renal and
fecal pathways are responsible for drug excretion and the enterohepatic circulation
plays an important role in the long elimination half-life of digitoxin. Digitoxin
pharmacokinetics is influenced by age as the renal excretion of the drugis increased
in children and decreased in old age although serum elimination is unchanged.
Gastrointestinal, thyroid, hepatic, and renal disease influence digitoxin pharma-
cokinetics and metabolism, but the investigated disease states do not lead to any
accumulation of the drug.
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CHAPTER 2

Pharmacokinetics of Digoxin and Derivatives

N. RIETBROCK and B.G. WooDCOCK

A. Tissue Distribution

In the absence of sensitive analytical methods, estimation of the quantity of gly-
coside in the myocardium was at one time possible only by observing the pharma-
cologic effect in the intact animal, or in a heart-lung preparation, or in the em-
bryonic chick heart (WEESE, 1928, 1929; LENDLE, 1935; ROTHLIN, 1944; FRIEDMAN
and BINE, 1947; BINE et al., 1951; ROTHLIN and BIRCHER, 1954). Later, the direct
detection of digitalis glycosides in various organs and tissues of the rat was
achieved using the xanthydrol or m-dinitrobenzol reaction (REPKE, 1958). Fluores-
cence techniques enabled additional inferences on the structure of the steroid nu-
cleus to be obtained (JENSEN, 1953; WELLS et al., 1961; JELLIFFE, 1967). The main
disadvantage of the foregoing methods is the relatively low sensitivity.

More precise investigations on the tissue distribution and binding of cardiac
glycosides to cell components became possible with the introduction of radiola-
beled glycosides (see this Handbook, Vol. 56/I, Chap.4). Subsequently, the intro-
duction of radioimmunoassay methods enabled glycoside distribution studies in
humans to be achieved without having to administer radiolabeled drug (KARr-
JALAINEN et al., 1974; ANDERSSON et al., 1975; K et al., 1975).

Naturally, and apart from a few exceptions, investigations on glycoside concen-
trations in tissue have confined themselves primarily to the estimation of glycoside
concentration in the myocardium. The glycoside distributes itself differently in the
different regions of the heart. In the muscle of the left ventricles glycoside concen-
trations are definitely higher than in the musculature of the right ventricles and
auricles. KUSCHINSKY et al. (1968) have reported that no more than 10% of digoxin
in the myocardium is bound to specific receptors. PFLEGER et al. (1975) have sug-
gested that histologically detectable differences in structure between auricles and
ventricular musculature are associated with the different distribution pattern. In
the animal the T tubules are fully developed and the lower content of strophan-
thin G in the guinea-pig heart can be explained by a reduction in the specific bind-
ing sites due to the T tubules which occupy the surface of the cell membrane.

The estimation of the glycoside concentration in the myocardium is the first
and most obvious means of providing an answer to the question — does a constant
relationship exist between the concentration of cardiac glycoside in blood and that
in the myocardium? Almost all investigators in this field have measured the digoxin
concentration in the whole muscle. A summary of the findings from such studies
on biopsy material taken during heart surgery or specimens of heart removed post-
mortem etc. is given in Tables [ and 2. A striking observation is the extreme vari-
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Table 1. Relationship between plasma glycoside concentration and the concentration in
different regions of the heart obtained in patients during surgery

Reference Region of heart Distribution ratio
CoLTART et al. (1972; 1974; 1975) Papillary muscle 39:1-155:1
Haasis et al. (1977) Papillary muscle 46.6+8.96:1
(r=0.844)"
HARTEL et al. (1976) Papillary muscle 46.9:1-90:1
(r=0.967)
GULLNER et al. (1974) Right atrium 239432
CARRUTHERS et al. (1975) Papillary muscle, 39.3:1-114:1
right atrium 3.8:1-124:1
REDFORS et al. (1973) Right and left ventricle 19:1-177:1
(r=0.83)
CHAMBERLAIN (1973) Left ventricle 39:1-155:1
CARROLL et al. (1973) Right atrium 25:1-128:1
BINNION et al. (1969) Left atrium 350:1

2 y=regression coefficient for the relationship between plasma glycoside concentration and
the glycoside concentration in the tissue

Table 2. Relationship between plasma glycoside concentration in different regions of the
heart obtained post-mortem

Reference Region of heart Distribution ratio
Haasis et al. (1977) Left ventricle 46.2+9.5:1
Right ventricle 33.0+74:1
Jusko and WEINTRAUB (1974) Left ventricle 20.1-60:1
mean 35.6:1
GORODISCHER ¢t al. (1976) Left ventricle 84:1-325:1
mean 146.1:1
WEINMANN et al. (1979) Left ventricle 51.9459.1
(r=0.379)
Right ventricle 26.5+21.9
(r=0.490)
Left atrium 25.0+15.2
(r=0.861)
Right atrium 16.4+10.5
(r=0.681)
ANDERSSON et al. (1975) Ventricle, atrium 47:1-174:1
(children) mean 104:1
Km et al. (1975) Ventricle, left atrium, Mean 99:1 (newborn)

right atrium (children) mean 114:1

2 p=regression coefficient for the relationship between plasma glycoside concentration and
the glycoside concentration in the tissue

ation in glycoside concentration in different areas of heart. Only a small percentage
of the glycoside present can be involved specifically with the effects on the heart
arising from binding to glycoside receptors of Na*, K *-activated ATPase of the
cell membrane, the greater percentage of the digoxin content being bound nonspe-
cifically. Also the digoxin concentration in tissue homogenates is highly dependent



Pharmacokinetics of Digoxin and Derivatives 33

on the ratio of muscle tissue to fat and connective tissue etc. in the specimen taken.
Possible reasons for the differences in the estimates of the digoxin content of car-
diac tissue reported by the various laboratories are: size of the patient groups; type
of glycoside used, dosage as well as compliance factors; time of blood and tissue
sampling (steady state); different parts of the same organ sampled (e.g., ventricle);
histologic variations between tissue samples; different methods of tissue handling
and preparation; differences in extraction procedures; differences in the assay
methods used; variations in electrolyte concentrations in serum; and finally alter-
ations in acid-base status and oxygen tension in the tissue. Undoubtedly one of the
most important causes of variations in the glycoside concentration in the heart
must be general or local changes in the myocardium resulting from the various
pathologic states. To what extent dilatation or hypertrophy, fibrosis, lipomatosis,
or interindividual differences in the ratio of connective tissue to muscle fiber tissue
can influence the distribution of digoxin in the heart is difficult to assess because
such changes seldom occur in isolation from other events. With regard to the de-
pendence of glycoside distribution on morphological structure under different met-
abolic conditions of the heart, animal studies involving acute ischemia and necrotic
changes in the heart tissue indicate that the digoxin content of ischemic tissue in
comparison with adjacent normal myocardium is definitely lower (BELLER et al.,
1972; THOMPSON et al., 1972; HopkINs and TAYLOR, 1973; KUHLMANN et al., 1975).
In view of these possible factors the extreme variability in the glycoside concentra-
tion of myocardium is more understandable. However, there does exist a complex
relationship between the glycoside concentration in the myocardium and the con-
centration in serum such that estimations of serum glycoside concentration in re-
gard to clinical observations are sensible and useful guides in the control of digitalis
therapy.

Considerable differences in the distribution of digoxin and f-methyldigoxin
have been found in the central nervous system. As early as 1952, FRIEDMAN et al.
established that digitoxin was taken up by the brain very much more slowly than
by other tissues but remained there longer. The main reason for the slower diffu-
sion of digoxin, f-methyldigoxin, and also other glycosides into the central nervous
system (CNS) is the blood-brain barrier which retards the free diffusion of gly-
coside from plasma water into the extracellular fluid of brain. BENTHE (1975) found
a strong correlation between the distribution coefficient for brain—plasma water
and the lipid solubility of different glycosides. Similar concentration differences be-
tween polar and lipophilic glycosides were found after repeated dosage in cats
(FLAscH and HEINZ, 1976), in dogs (RIETBROCK and KUHLMANN, 1977; KUHLMANN
et al., 1979), and in humans (HaAsIS and LARBIG, 1976). ANDERSSON et al. (1975)
found a mean digoxin concentration of 32 ng/g wet weight in the telencephalon re-
gion of the brain in humans during steady-state treatment. This concentration was
comparable to that in skeletal muscle but three times higher than in fatty tissue.
A seven times higher concentration than in the telencephalon was recorded for the
choroid plexus where the concentration exceeded even that in the myocardium by
a factor of 1.7 (Fig. 1; KUHLMANN et al., 1979).

Digoxin distribution studies on various brain tumors by WiLLIAMS et al. (1976)
indicate the importance of the blood-brain barrier and Na*, K *-ATPase in gly-
coside uptake. Corresponding to the significantly higher ATPase activity in menin-
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Fig.1a-1. Comparison of digoxin (®), f-methyldigoxin (a), and ouabain (m) (ng/g wet
weight) in various regions of the brain and in other tissues of dogs 24 h after daily intrave-
nous administration of 0.0125 mg/kg 3H-digoxin, f-methyldigoxin, and ouabain over 10
days. a renal cortex; b renal medulla; ¢ myocardium,; d liver; e adrenal; f skeletal muscle; g
telencephalon; h thalamus/hypothalamus; i mesencephalon; j cerebellum; k medulla

giomas in comparison with malignant blastomas (Laws and O’CoNNOR, 1970;
AGREN et al,, 1971) the concentrations of digoxin were 21.8+7.3 ng/g and
5.7+ 5.2 ng/g wet weight respectively. In addition both types of tumor were ob-
served to alter the nature of the blood-brain barrier and the blood flow in the ad-
jacent non-tumor tissue of the brain cortex was raised.

For digoxin in dogs there is a distinct concentration difference between the ce-
rebrum and the cerebellum and between different sections of the brain stem,
whereas the more lipophilic f-methyldigoxin is more evenly distributed over the
whole brain (Fig. 1; KUHLMANN et al., 1979). Investigations on the time course of
digoxin and f-methyldigoxin distribution have shown that in contrast to most tis-
sue compartments where there is a rapid exchange with blood, the equilibrium with
the brain compartment is slow (RIETBROCK and KUHLMANN, 1977; KUHLMANN et
al., 1979). On a daily maintenance dose, the glycoside accumulation in dog brain
is higher than in other tissues. Corresponding to the longer accumulation half-life
in the brain (Fig. 2), the steady-state concentration for digoxin would be expected
after 12-15 days and for f-methyldigoxin after 24-30 days (Fig. 3). Also it appears
that the larger part of the glycoside content in brain is bound nonspecifically, and
although the concentration of f-methyldigoxin is higher than that for digoxin, the
frequency of central toxicity effects using data on four f-methyldigoxin patients
was not significantly different from that in digoxin patients (RIETBROCK and
ALKEN, 1980).
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Fig.2a,b. Elimination of digoxin a and f-methyldigoxin b in plasma (P), skeletal muscle
(S), heart (H), liver (L), and brain (B) in dogs in the post steady state. Concentrations
are expressed as logarithms. The broken lines indicate that plasma concentrations are mea-
sured in 10 x ng/ml (RIETBROCK et al., 1977a)

Fig.3. Glycoside concentration in plasma for each 24 h period following the intravenous
administration of 0.75 mg 3H-digoxin A or 3H-B-methyldigoxin x daily for 3 days and
0.375 mg 3H-digoxin for a further 2 days in patients with acute hepatitis (ZILLY et al., 1975)

The reported values for cerebrospinal fluid : serum ratios in patients on main-
tenance doses with digoxin vary between 0.03 and 0.33 (ALLONEN et al., 1977;
BoDEM et al., 1977; GAYEs et al., 1978; SCHOTT et al., 1976; SomoGY1 et al., 1972).
Children have the same ratios as adults (ALLONEN et al., 1977). f-Methyldigoxin
has a six times higher penetration into the cerebrospinal fluid, where the ratio is
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0.6 compared with 0.1 for digoxin (BODEM et al., 1977). These human data are in
accordance with observations in animals which show a higher penetration into the
brain for f-methyldigoxin (KUHLMANN et al., 1979). Drug concentrations in the ce-
rebrospinal fluid do not necessarily reflect concentrations in various parts of the
cerebrum.

B. Apparent Distribution Volume

The digoxin concentration—time curve after intravenous injection or infusion indi-
cates that the pharmacokinetics of digoxin should be described by a model contain-
ing at least two kinetically distinct compartments (DOHERTY et al., 1968; GREEN-
BLATT et al., 1974; NYBERG et al., 1974; REUNING et al., 1973). A three-compart-
ment model has been proposed by KRAMER et al. (1974) and by SUMNER and
RuUsSELL (1976).

The first very rapid decrease of concentration is mainly the result of dilution
in blood and is complete within a few minutes. The next step is the distribution
phase of digoxin during which the half-life varies between 20 and 60 min. The rapid
disappearance of digoxin from the central compartment is mainly due to a rise of
concentration in the peripheral compartment rather than to the elimination of the
glycoside. Extensive distribution of digoxin to the peripheral compartment is indi-
cated by an average volume of distribution at steady state which greatly exceeds
the average volume of the central compartment (REUNING et al., 1973; NYBERG et
al., 1974; Koup et al., 1975), and by the fact that the peripheral compartment is
much larger than the volume of body water. The central compartment for digoxin
includes principally the plasma. The peripheral compartment is mainly the skeletal
muscle. The deep compartments include erythrocytes and brain where the equilib-
rium concentration is reached later than in most other tissue (GORODISHER et al.,
1976; KUHLMANN et al., 1979). The extensive distribution of digoxin in tissue is re-
flected by the large volume of distribution. The total volume of distribution, cal-
culated at steady state (Vp,,), varies in healthy subjects between 5.1 and 8.1 1/kg;
in patients with cardiac failure is approximately 5.0 1/kg; and in renal failure 3 -3
and 4-4 1/kg (REUNING et al., 1973; NYBERG et al., 1974; Koup et al., 1975, 1976).
The volume of distribution in neonates and infants is higher than that found in
adults. The mean Vg in infants, 2-81 days old, is 9.9 I/kg (WETTRELL et al.,
1974). The basis for this difference seems to be due, at least partially, to an in-
creased tissue binding of digoxin in the young age group. Among other possible
factors leading to the quantitative differences in volume of distribution is a change
with age in body composition.

C. Elimination
I. Metabolism

Extensive investigations on the metabolism of digoxin show that structural modi-
fications, including conjugation reactions with glucuronate and sulfate take place,
which lower the lipid solubility and raise the water solubility. Metabolic steps in-
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clude: (a) cleavage of the digitoxose residues; (b) conjugation reactions; (c) reduc-
tion of unsaturated lactone rings.

1. Cleavage of Digitoxose Residues

The cleavage of cardiac glycosides into the genin and sugar moiety by enzymatic
hydrolysis has already been reported in the very early literature (FiSCHER, 1928;
KELSEY, 1951). The first conclusive analytical investigations, however, came from
the research activities of OKITA et al. (1955) and REPKE (1959, 1966, 1970). Further
confirmation of the catabolism pathways and identification of bis- and mono-di-
gitoxosides of digoxin and digitoxin was provided by Haack et al. (1957) and
KaIseR et al. (1957) with successful isolation studies on extracts obtained from the
fermented leaves of Digitalis purpurea and Digitalis lanata.

The liver is the principal site for the cleavage of the f-glycoside-glycoside bond.
The precise nature of the enzyme however is not yet clearly explained. A cleavage
by f-glucosidase is unlikely since this enzyme has an absolute specificity for carbon
atom 3 which in digoxin and digitoxin has the OH group linking the sugars in the
epimer form (REPKE, 1970). The cleavage of a sugar chain is therefore probably not
a simple hydrolysis step. A preliminary oxidation through NADPH-dependent en-
zyme systems of the liver must also be considered. Investigations on rat liver mi-
crosomal preparations have shown that the digitoxose groups of digitoxin are only
released in the presence of NADPH and that the reaction can be inhibited by the
microsomal drug metabolism inhibitor SKF 525A (Prodiafen; p-diethylaminoeth-
yl diphenylpropyl-acetate) and can be inhibited by carbon monoxide (SCHMOLDT
et al., 1975). Neonate liver is unable to carry out the cleavage reaction, thus sup-
porting the participation of these postnatally acquired enzymes (HERRMANN and
REPKE, 1963 a).

What conclusions regarding the pharmacokinetics and pharmacodynamics can
be deduced? The first factor of importance is that the 50% inhibitory concen-
trations for inhibition of Na*, K*-ATPase by tris-, bis-, and mono-digitoxosides
of digoxigenin and digitoxigenin lie between 0.1 and 1 nmol/l (REPKE, 1966, 1971).
As to the quantitative differences in clinical efficacy, for example, for mono-di-
gitoxosides and the genins in comparison with the tridigitoxosides, these are not
solely attributable to differences in the activity spectrum. More important deciding
factors are alterations in the pharmacokinetics of the sugar-deficient metabolites.
There are three aspects to note.

The first aspect refers to the quantity of the various metabolites derived from
digoxin or methyldigoxin. Moving from plasma to urine to feces the major frac-
tion, unchanged glycoside, progressively falls. Furthermore the smaller quantities
of sugar-deficient metabolites consist almost entirely of conjugates of mono- and
bis-digitoxosides (Table 3).

The second aspect is the lipophilicity. The different absorption properties of di-
goxin and digitoxin are due to differences in their solubilities. The monoglycosides
are strongly nonpolar as shown by their considerably higher chloroform solubi-
lities and n-octanol/water distribution coefficients (Table 4). Thus it would be ex-
pected that the penetration of the mono-digitoxosides through lipid membranes
would be at least equal and possible higher.
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Table 4. Physicochemical properties of digoxin, f-methyldigoxin, digitoxin, and digitoxigenin-
mono-digitoxoside. (PETERSEN et al., 1977)

Glycoside H,O CHCl; n-Octanol/H,0
solubility solubility distribution coefficient

Digoxin 0.04 0.25 18

Methyldigoxin 0.13 45 54

Digitoxin 0.008 14 70

Digitoxigenin-mono-digitoxoside 0.092 107 390

Table 5. Half-life in plasma, total excretion, and fraction as polar metabolites of various
cardiac glycosides. (RIETBROCK et al., 1977a)

Glycoside Urine Feces ti)2 Period
(days) (days)
Daily Polar Daily Polar
dose (%) fraction (%) dose (%) fraction (%)
Digoxin 703+24 5 141425 18 1.5+03 0-7
Digoxigenin-  196+50 57 592470 21 07402  0-6
mono-
digitoxoside
Digitoxin 225416 23 16.1+1.7 21 6.8+0.5 0-8
Digitoxigenin- 44.2+7.6 87 47.5+64 12 23+40.2 0-8
mono-
digitoxoside

The third aspect refers to the elimination rate. While the bis-digitoxosides have
a similar pharmacokinetic profile to the original compounds (REPKE, 1972), this
is changed considerably on formation of the mono-digitoxosides (Table 5). The
half-life becomes significantly shortened. Simultaneously, the metabolism rate is
elevated because of the stronger intervention of the liver in the elimination process.
The elimination of glycoside thus becomes more independent of the renal function
(RIETBROCK et al., 1977 a).

2. Conjugation Reactions

Conjugation reactions with sulfate and glucuronide must be considered as factors
in the biotransformation and rapid elimination of the mono-glycosides and agly-
cones (HERRMANN and REPKE, 1963 a,b; KUHLMANN et al., 1974).

For a long time the view was held that these conjugation reactions could only
be effected after completely splitting off the digitoxosides and subsequent epimer-
ization of the hydroxyl group on carbon 3 of the aglycone. Measurements at the
epimerization position by HERRMANN and REPKE (1963 a) established however that
this is already restrictively fixed, and that the ability of the human liver to carry
out elimination of digitoxigenin through initial epimerization is unlikely. How do
these observations fit in with the rapid biotransformation of mono-digitoxosides?
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For a number of years the possibility of direct conjugations with tri-digitox-
osides and their sugar-deficient metabolites has been considered. Almost all the rel-
evant studies left room for contradictory interpretations. Characterization of the
metabolites on the basis of solubility and estimations following conjugate hydro-
lysis with f-glucuronidase and sulfatase were the methods utilized in nearly all the
investigations reported. Up to the present time, direct structural analysis of the
chloroform-soluble metabolites of plasma, urine, and feces has been frustrated ow-
ing to difficulties in isolation and the small quantities recovered. Despite the re-
servations already mentioned and a deficiency in definitive methodological alter-
natives, chromatographic analysis reveals two distinct pathways: the direct conju-
gation of the mono-digitoxoside and the conjugation, (possibly confined to the rat
only) of the 3 epimer of the aglycone (HERRMANN and REPKE, 1963 a, b; RIETBROCK
and VOHRINGER, 1974). Both reaction steps lead to a considerable increase in elimi-
nation rate (REPKE, 1970).

It is to be hoped that further progress in the clarification of biologic efficacy
and pharmacokinetics will result from the recent synthesis of some specific car-
denolide glucuronides and cardenolide suphates by PETERSEN et al. (1977). In the
case of digoxin-16'-glucuronide for example it was observed that the water solubil-
ity is increased by a factor greater than 10° and the chloroform solubility decreased
by a factor greater than 10* (PETERSEN et al., 1977).

The cardioactivity of conjugates retaining at least one digitoxose group is com-
parable to digoxin. In contrast, the cardioactivity of the cardenolide—genin conju-
gate is at least 10% lower. The higher polarity of these compounds allows further
conjecture that their diffusion properties are similar to those of ouabain, their
elimination rates high, and their accumulation therefore comparatively low
(PETERSEN et al., 1977).

3. Hydrogenation

In the last few years several reports have been published on the occurrance of di-
hydro compounds in plasma and urine of humans (LucHr and GRUBER, 1968,
WATSON et al., 1973; CLARK and KALMAN, 1974; PETERS et al., 1978). The satur-
ation of the double bound between C20 and C22 is effected by intestinal microor-
ganisms (HERRMANN and REPKE, 1968). Application of appropriate experimental
procedures excluded the involvement of a hepatic process or a transformation
through enzymes of the intestinal wall. Whether the resulting cardanolide has the
20a or the 208 configuration is unknown at the present time.

The microorganisms responsible are probably anaerobic since saturation of the
lactone ring becomes completely suppressed, when for example, lanatoside C is in-
cubated with cecum contents in the presence of oxygen (HERRMANN and REPKE,
1968). Since the hydrogenation occurs in the lower intestine the appearance of the
cardanolide in urine is retarded with a clearly defined lag phase. Formation and
absorption of hydrogenated compounds is subject to considerable individual vari-
ation depending on the nature of the bacterial flora of the gut and the bioavailabil-
ity of the parent glycoside. The cardioactivity of dihydrodigoxin is only 1/20 of that
for digoxin (HERRMANN and REPKE, 1968).
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At about the same time LUCHI and GRUBER (1968) published a case study on
a 57-year-old patient who required a daily dose of 2-3 mg digoxin for the mainte-
nance of compensation. Whilst the half-life of total radioactivity following a dose
of radiolabeled digoxin was 35 h and the fraction excreted in the urine in the first
24 h was 26%, these values being within the limits usually encountered, the degree
of metabolism was extremely high with a value of 57% of which 15% was dihydro-
digoxigenin.

WaTsoN et al. (1973) succeeded in the determination of dihydrodigoxin in plas-
ma and urine using gas chromatography-mass spectroscopy (GC-MS). Dihydro-
digoxin is reduced digoxin and its detection showed that glycolysis is not a neces-
sary prerequisite for reduction. A high dihydrodigoxin concentration in plasma
was detected in 3 of 150 patients. In one case the concentration amounted to 30%
of the total glycoside and it was surprising, in view of the earlier report from LucHr
and GRUBER (1968), that none of the patients required an unusually high daily dose
of digoxin. The highest daily dose administered was 1 mg and the lowest 0.25 mg.
CLARK and KALMAN (1974) examined the distribution and excretion of metabolites
in 50 patients on maintenance therapy with 0.125-0.75 mg digoxin daily. From 2%
to 10% of the glycosides excreted in the urine were polar, water-soluble metabo-
lites. 50% of the patients excreted dihydrodigoxin, mean value 13%, with a range
of 1%-47%, of the total glycoside output.

The clinical importance of such dihydro compounds must be evaluated from
two aspects. The first is with regard to the radioimmunoassay of glycoside concen-
tration in plasma and urine. It is known that digoxin and digitoxin antibodies are
“far-sighted” in their discriminating capacity so long as no structural alterations
have taken place in the basic steroid nature of the molecule (LARBIG and KOCHSIEK,
1972). After hydrogenation of the lactone ring however, the affinity almost com-
pletely disappears (RIETBROCK et al., 1977b). Out of nine antibodies, six of which
were obtained from commercial sources, one commercial preparation with a cross
reactivity against dihydrodigoxin of more than 10% should not be used for the es-
timation of cardiac glycoside fractions in plasma and urine (RIETBROCK et al.,
19771b). The second aspect is the large variation in glycoside plasma concentration
for a given dose, where the coefficient of variation normally ranges from 0.2 to 0.6.
After an intravenous dose of digoxin and after an oral dose of -acetyldigoxin only
61% and 39% of the total variance (ng*/ml?) respectively can be explained in terms
of differences in body weight, age and serum creatinine (RIETBROCK et al., 1978).

It remains to be seen in further investigations whether individual differences in
transformation of digitalis glycosides into their dihydro compounds has an effect
on the variation of glycoside plasma concentrations. Animal experiments have
shown that dihydrodigoxin persists in the tissue of the dog for an extremely short
period (KUHLMANN, 1978). Furthermore, the presence of a plasma-tissue concen-
tration gradient of approximately 1.0 indicates the absence of an organ-specific dis-
tribution.

I1. Excretion

The principle route of digoxin and f-methyldigoxin elimination is via renal excre-
tion. After a single intravenous or oral dose the glycosides can be detected in sig-
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Table 6. Renal excretion of digoxin, f-methyldigoxin, a-acetyldigoxin, and f-acetyldigoxin

Reference Preparation Dose Renal Comments
(mg) excretion
(days/%)
HUFFMANN and Digoxin 05 iv. 10/57
AzARNOFF (1972)  Digoxin 0.5 p.o. 10/40 Fasting
GREENBLATT et al. Digoxin 0.75 1.v. 6/76 1 h Infusion
(1973) Digoxin 0.25 p.o. 6/41
DENGLER et al. 3H-Digoxin 0.251L.v. 6/70
(1973) 3H-Digoxin 0.25 p.o. 6/50 Fasting
SANCHEZ et al. Digoxin 025 p.o. 5/39 Fasting
(1973) Digoxin 0.25 p.o. 5/38
GREENBLATT et al. Digoxin 0.75 p.o. 6/41 Fasting
(1974) Digoxin 0.75 p.o. 6/36
GREENBLATT et al. Digoxin 0.751.v. 6/69
(1973) Digoxin 0.751.v. 6/76 Infusion
MARcUs et al. Digoxin 04 iv. 6/60 1 h Infusion
(1976) Digoxin 04 1v. 6/70 3 h Infusion
Digoxin 04 p.o. 6/52 Fasting
LINDENBAUM (1973)  Digoxin 05 p.o. 1/25 Fasting
FLASCH (1975) Digoxin 06 iv. 6/50
Digoxin 0.75 p.o. 6/32 Fasting
B-Acetyldigoxin 06 p.o. 6/41 Fasting
K101z et al. (1976) Digoxin 06 1v. 8/39 1 h Infusion
B-Acetyldigoxin 06 p.o. 8/32 Fasting
BOCHNER et al. Digoxin 05 iwv. 2/35
(1977) Digoxin 0.5 p.o. 2/23 Fasting
BoNEeLL1 et al. (1977)  f-Acetyldigoxin 1.0 p.o. 4/41 Fasting
DaANoON et al. (1977)  Digoxin 0.5 p.o. 5/44 Fasting
GREEFF et al. (1977) Digoxin 0.5 v 7/67
Digoxin 0.5 p.o. 7/28
Digoxin 0.5 p.o. 7/37 Fasting
B-Acetyldigoxin 06 p.o. 7/42
p-Acetyldigoxin 0.6 p.o. 7/45 Fasting
B-Acetyldigoxin 0.5 p.o. 7/45
B-Methyldigoxin 0.5 iv. 7/64
p-Methyldigoxin 0.5 p.o. 7/41
B-Methyldigoxin 0.5 p.o. 7/40 Fasting
RIETBROCK et al. 3H-p-Methyldigoxin 0.2 i.v. 7/62
(1975) 3H-B-Methyldigoxin 0.2 p.o. 7/55
ECKSTEIN and 3H-B-Acetyldigoxin ~ 0.29 p.o. 7/58
KUHNE (1976) 3H-a-Acetyldigoxin ~ 0.27 p.o. 7/57

1.v.=intravenous; p.o.=oral

nificant quantities in urine over a period of about 6 days (DOHERTY and PERKINS,
1962; RIETBROCK et al., 1975). On maintenance doses the deep compartments of
the body accumulate digoxin with the result that the elimination of digoxin on dis-
continuation of treatment is slower than after a single oral dose (RIETBROCK et al.,
1976).

Biliary secretion of digoxin, methyldigoxin, and acetyldigoxin makes a smaller
but significant contribution to total elimination (MARCUS et al., 1966 a; DOHERTY
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Table 7. Cumulative urinary excretion of cardiac glycoside (% dose): comparison of
intravenous and oral doses

Urine collection Digoxin B-Methyldigoxin
period (days)
i.v.sol Oral sol. i.v. sol. Oral sol.
2 45 1] 33[1]
7 74 [3] 34 3] 62 [2] 55[2]
64 [1] 64 1]
14 50 [5] 82 [4] 75 [4]
Extrapolated to infinite time 67 [1] 78 [1]
1) GREEFrF et al. (1977) 4) BEERMANN (1972)

2) RIETBROCK et al. (1975) 5) BEERMAN et al. (1972)
3) DoHERTY et al. (1970)

et al., 1969; EcksTeIN and KUHNE, 1976; RIETBROCK et al., 1977 a). It may be the
dominant elimination pathway in patients with severe renal insufficiency and part-
ly compensates for the reduction in renal elimination (BLooM and NELP, 1966;
MARCUs et al., 1966b; DOHERTY et al., 1967).

Prediction of the digoxin elimination rate has received much attention in recent
years for the development of prescribing aids such as nomograms (ARONSON,
1978). It is becoming increasingly apparent that the elimination of digoxin is a
complex process, readily modified by physiologic, pharmacologic, and pathologic
factors as explained in the following discussion.

1. Renal Excretion

After a single intravenous dose of digoxin or methyldigoxin given in a radiolabeled
form as a trace dose, or as a therapeutic dose of unlabeled drug, the proportion
of the dose recovered in the urine in patients with normal renal function, is in the
region of 60%—70% over a collection period of 5-7 days, in most studies reported
(Table 6). The urinary excretion of cardiac glycoside varies considerably between
the different studies and also between individual subjects. Differences be-
tween studies reflect mainly bioavailability differences between the pharmaceutical
preparations. In a group of six healthy subjects, digoxin renal elimination varied
from 50% to 80% of the dose during maintenance dosage. This variation repre-
sented differences in bioavailability for the same preparation in different patients
(KoNGoOLA et al., 1976; MAWER, 1980). After oral doses the quantity of glycoside
recovered in the urine is less than after intravenous administration, even when the
oral dose is in solution (Table 7).

2. Renal Excretion of Metabolites

Most of the dose of digoxin or methyldigoxin appears in urine as unchanged drug
(Table 3). DonerTY and KANE (1975) reported that 95%-98% of digoxin re-
covered in a 7-day urine collection was unchanged drug but other studies (WATSON
et al., 1973; CLARK and KALMAN, 1974) utilizing GC-MS, indicate that the degree
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of metabolism is more variable. After oral doses of digoxin and methyldigoxin, me-
tabolites in the urine include small amounts of digoxigenin, mono-digitoxosides,
and bis-digitoxosides (Table 3) and occasionally appreciable quantities of reduced
digoxin and corresponding metabolites. Reduced digoxin and the dihy-
drometabolites may, in some patients, be the most abundant group of metabolites.
Of these dihydrodigoxin is the principal metabolite. These derivatives appear to be
formed in the gastrointestinal tract by microorganisms and absorbed as such (see
Sect. C.I).! They can account for as much as 50% of the total extractable digoxin
and metabolites in urine and a mean value of about 15% of total glycoside can be
expected (CLARK and KALMAN, 1974; PETERS et al., 1978; PETERS and KALMAN,
1978). Occurrence of significant quantities of dihydrometabolites in urine is not in-
fluenced by age, sex, dose, or blood level of digoxin and could be dependent on
diet or gut flora (PETERS et al., 1978). Half-lives for disappearance of dihydrodi-
goxin were very short, 1.2 h in patients with normal renal function. This can be
compared with 11.5 h, 8.5 h, and 2 h for digoxin-bis-digitoxoside, digoxin-mono-
digitoxoside, and digoxigen respectively, obtained after a single dose of radiola-
beled digoxin (GAULT et al., 1979) and with 16.8 h for the half-life of digoxin-
mono-digitoxoside following maintenance digoxin treatment (Table 5).

Urinary excretion of 3H-a-acetyldigoxin and *H-B-methyldigoxin by healthy
volunteers was, in one study, 60% and 50% respectively of which 85%-+90% was
digoxin (ECKSTEIN and KUHNE, 1976). HINDERLING et al. (1977) also studied *H-
methyldigoxin elimination in volunteers after administration of an intravenous
bolus. Six day urinary excretion was 80% of the dose of which 32% was digoxin
and 43% unchanged B-methyldigoxin. Almost identical data were reported in an
earlier study by RIETBROCK et al. (1975) and Table 3.

3. Factors Influencing Renal Elimination

BrooM and NELP (1966) were the first to publish data showing a relationship be-
tween the renal clearance of digoxin and creatinine. Since the major part of digoxin
is excreted by the kidney and a good correlation between creatinine and digoxin
clearance is apparent, it has been generally accepted that digoxin is excreted by
glomerular filtration, where 60%-70% of the total plasma digoxin concentration
passes into the ultrafiltrate, and creatinine clearance is used as a measure of digoxin
renal clearance (lisaLo, 1977; see Sect. C.I1.6). However, STEINESS (1974) has re-
ported that half of the urinary digoxin in humans is excreted by active tubular se-
cretion and half by glomerular filtration, and a similar finding was later reported
for the rat (RoMAN and KAUKER, 1976). These observations do not in themselves
reduce the usefulness of creatinine clearance as an index of digoxin clearance. In-
deed, creatinine is an nonpolar molecule like digoxin and presumeably equally
susceptible, as judged from clearance studies on nonpolar compounds, to active
transport by anion and cation transport systems or both (WEINER, 1973). DOHERTY
et al., (1969) reported evidence for the tubular reabsorption of digoxin at both the
proximal and distal sites in the nephron of the dog. Evidence based on micropunc-

1 Dihydrodigoxin can be detected in urine of patients after intravenous digoxin administra-
tion (PETERS, personal communication)
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ture studies has shown that *H-labeled digoxin in rats is absorbed from the proxi-
mal convoluted tubule but not from the Loop of Henle (ROMAN and KAUKER,
1976).

STEINESS (1974) showed that spironolactone (Aldactone), an aldosterone antag-
onist, inhibits the tubular secretion and thereby the renal clearance of digoxin. In
alater study from the same group of investigators (WALDORFF et al., 1978) the renal
clearance of digoxin was measured after a single 0.75 mg dose of digoxin given in-
travenously. It was alleged that in the period 0-24 h spironolactone is without sig-
nificant effect on digoxin renal clearance, because the fraction eliminated by tubu-
lar secretion is small in comparison with the fraction excreted by glomerular filtra-
tion and because the secretion process is saturated at the high serum digoxin con-
centrations. In contrast, renal digoxin clearance in the period 2448 h and 48—
144 h is Jowered by spironolactone because the active renal secretion process at the
much lower digoxin concentrations prevailing carries a relatively larger proportion
of the total digoxin eliminated by the kidney. Corresponding to these changes, the
plasma digoxin clearance was decreased by a mean value of 26% but the range was
large (+2% to —74%). An average increase of about 30% in the steady-state plas-
ma concentration was to be anticipated (WALDORFF et al., 1978). These studies re-
fer to single doses of digoxin and their significance with regard to patients on main-
tenance therapy is uncertain. Moreover, the absence of an effect of spironolactone
on digoxin elimination has also been reported (OHNHAUS and MASSON, 1977). This
study brings into question the former interpretation since OHNHAUS and MASSON
used small intravenous doses (0.1 mg) of labeled digoxin thus avoiding the prob-
lem, if it exists, of saturation of the secretion process.

That hypokalemia may lead to the development of digitalis toxicity in digitalis
patients receiving a normal digoxin dose and with plasma concentrations in the
therapeutic range is widely appreciated. STEINEss (1978) however has reported that
digoxin toxicity in hypokalemic patients is compounded by a reduced active renal
tubular secretion of digoxin in humans, an effect already observed earlier in dogs
(MARrcus et al., 1971). All patients were receiving both digoxin and furosemide
maintenance treatment and inulin clearance was used as the baseline for changes
in clearance. When patients received potassium supplements, the tubular secretion
was restored to normal. These changes are regarded by the authors as significantly
increasing the risk of digoxin-induced arrhythmias by lengthening the plasma half-
life of digoxin and raising the plasma digoxin concentration. MALcOLM et al. (1977)
measured the urinary excretion of a single 0.75 mg oral dose of digoxin in eight
healthy subjects before and during the administration of oral furosemide 40 mg dai-
ly, and observed no significant effect for paired comparisons on the digoxin renal
excretion. The authors compared digoxin excretion with the urine flow and put for-
ward their observations as confirmation of the results of BISSETT et al. (1973) that
there exists no dependence of digoxin excretion on the urine flow rate. Although
the validity of their data is supported by the studies of BROWN et al. (1976), TIL-
STONE et al. (1977), and TsursuMI et al. (1979) where no significant effect of
furosemide on digoxin renal elimination was found and by the report from Bac-
Z’ynsk1 and Kokor (1978) with a similar finding in the case of f-methyldigoxin,
their conclusions can be criticised. The possibility that augmented urine flow could
abbreviate the time for tubular reabsorption and result in the elimination of more
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digoxin in the urine was originally put forward by BISSET et al. who subsequently,
and possibly prematurely, refuted their own hypothesis. BISSET et al. obtained their
data on two patients who had nephrogenic diabetes insipidus and MALCOLM et al.,
TILSTONE et al., and TsuTsuMi et al. studied healthy subjects. All these studies in-
volved an increase in urine flow, over and above the normal flow rate which cannot
be equated with changes in urine flow that occur in patients with congestive cardiac
failure. Congestive cardiac failure patients usually have a low urine flow rate and
a digoxin tubular reabsorption higher than normal might thus be expected. Little
weight can be given to the report of BROWN et al. who studied a small mixed group
of subjects, four cases with heart disease and two volunteers without heart disease.
In the case of the f-methyldigoxin study, the characteristics of the urinary elimina-
tion of f-methyldigoxin are known to differ from those for digoxin (RIETBROCK et
al., 1975; ZiLLyY et al., 1975; HINDERLING et al., 1977). Moreover TsuTsuMi et al.
produced evidence that furosemide inhibits the tubular secretion of digoxin [see
STEINESS, (1978) above], thus casting doubt on the value of furosemide studies as
a basis for conclusions on the relationship between urine flow rate and digoxin re-
nal elimination. Thus, HALKIN et al., (1975) in studies on 35 patients under treat-
ment in hospital for congestive cardiac failure or for atrial fibrillation found that
variation in digoxin clearance in these patients was more related to urine flow and
urea clearance than to creatinine clearance. Because of the effect of urine flow on
digoxin clearance, it was suggested by HALKIN et al. that urea clearance may there-
fore be a better way of inferring what the situation is at any time in the patient with
cardiac conditions requiring digoxin (see Sect. C.IL.6).

Other drugs having actions on digoxin renal elimination are quinidine, which
produces a reduction in renal clearance and an increase in serum digoxin concen-
trations of 2.5 times by an action which may involve inhibition of digoxin secretion
(DOERING, 1979; HAGER et al., 1979), and alcohol, which may act indirectly
through a reduction in digoxin biovailability when consumed simultaneously with
digoxin tablets (SCHWABE et al., 1979).

4. Extrarenal Excretion

Kour et al. (1975) found a mean value for total body clearance of digoxin of
188 +44 ml/min/1.73 m? which was significantly higher than that for digoxin renal
clearance 144 +41 ml/min/1.73 m?, despite the difference being relatively small in
comparison with the standard deviation of the mean. These data together with
similar data from SUMNER and RUSSELL (1976), RIETBROCK et al., (1977a) give
fractions of 18%-28% for digoxin and 27% for methyldigoxin eliminated by non-
renal routes in patients with normal renal function.

According to CALDWELL and CLINE (1976), about 30% of an intravenous dose
of 3H-digoxin reaches the digestive tract in 24 h. About 45%-50% of the
radioactivity recovered in the stools after a dose of labeled digoxin consists of un-
changed drug, from 10%—-20% digoxigenin-bis-digitoxoside and 25% digoxigenin-
mono-digitoxoside (DOHERTY and KANE, 1975).

In patients with renal failure the reduced renal elimination rate (Table 6) is
partly compensated by extrarenal elimination. BLooM and NELP (1966) found a



Pharmacokinetics of Digoxin and Derivatives 47

much larger quantity of digoxin in the stools of patients with renal failure than in
normal subjects, without any indication of impaired gastrointestinal absorption.
In anephric subjects, fecal elimination of * H-digoxin increased several fold (Do-
HERTY et al., 1968) indicating that this pathway is usable when renal excretion is
unusable or limited by disease.

5. Effect of Extrarenal Excretion on Bioavailability

A low biovailability of digoxin and methyldigoxin was reported some years ago
(LINDENBAUM, 1973; for a review see KELLER and RIETBROCK, 1977). Although nu-
merous studies on new tablet formulations have subsequently been made and a
variety of methods for estimating bioavailability applied, bioavailability values
much greater than 60% for digoxin and 70% for methyldigoxin have not been
achieved. Furthermore, even in the case of digoxin and methyldigoxin solutions the
bioavailability is below 100% (Table 6; GREENBLATT et al., 1976). RIETBROCK et al.,
(1975) determined the absorption of * H-f-methyldigoxin in 12 healthy subjects af-
ter single oral and intravenous doses given as a solution. After the oral dose the
urine and fecal excretion of total radioactivity was 62.2%+2.1% and 29.0%
+5.2% of the dose respectively. After the intravenous dose the urine and fecal ex-
cretion was 55.2% +2.8% and 28.6% +5.7% respectively thus indicating almost
complete absorption of the glycoside when given orally as a solution although con-
siderable quantities of the drug or its metabolites were found in the stools. Methyl-
digoxin and digoxin thus appear to be completely absorbed and to have some en-
terohepatic recycling similar to that reported for mono-digitoxosides (K UHLMANN
et al., 1974; VOHRINGER, 1978).

6. Prediction of Digoxin Elimination

Like many other drugs used in clinical practice digoxin elimination can be de-
scribed by a first-order kinetic model. In a single-compartment model the rate of
drug elimination, dC/ds, after a single dose is given by dC/df= — KC where KX is
the elimination constant and C is the total drug in the body at any given time. From
integration we obtain the equation for the elimination half-life 7, ,, which expresses
the rapidity with which the drug is eliminated from the body. ¢, ,=1n2/K.

As descriptions of the rate at which a drug is eliminated from the body, both
Kand t,,, are dependent on the apparent volume of distribution ¥, Thus the pri-
mary pharmacokinetic parameter that rigorously characterises the kinetics of drug
elimination is the elimination clearance (Cl). Since K= CI/V, we obtain the equa-
tion ¢;,,=0.693 V/Cl showing the relationship between the apparent volume of
distribution, clearance and the half-life. For digoxin the global clearance, CI, is the
sum of the renal clearance and the extrarenal or fecal clearance.

Since digoxin has a narrow therapeutic index, is eliminated predominantly in
the urine, and is used frequently in patients with renal insufficiency the assessment
of digoxin clearance is of paramount importance in maintenance dosage estima-
tion. Several workers have published equations and nomograms intended to aid
the physician in deciding on the most suitable dosage regimen for the individual
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Table 8. Failure of serum creatinine measurements to predict creatinine clearance in patients
with severe cardiac failure (DoBBs et al., 1976)

Degree of Number of Creatinine clearance (ml/min)®  Paired ¢ test
cardiac failure patients

Measured Predicted t p
Severe 20 345+85 46.6+10.5 31 <0.01
Less than severe 31 552+6.5 554+ 6.8 0.1 >09

2 Standard errors of mean are given

patient (DETTLI et al., 1972; SHEINER et al., 1972; BATTIG et al., 1974; DOBBS et al.,
1976, SUMNER and RUSSELL, 1976; GAULT et al., 1976). All the nomograms or
equations require knowledge of the creatinine clearance from which the clearance
of digoxin is estimated and utilized to compute the appropriate maintenance dose to
arrive at the predicted concentration. A comparison of the different equations and
nomograms has been made by ARONSON (1978) who observed that the equations of
Tozer (1974) and DoBss et al. (1976) satisfactorily predicted the correct mainte-
nance dose in a group of 24 patients with atrial fibrillation or cardiac failure and
predicted creatinine clearances in the range 10-138 ml/min.

Dosss et al. (1976) examined the relationship between measured creatinine
clearance and the corresponding predicted creatinine clearance based on the data
of SIERSBAEK-NIELSEN et al. (1971) utilizing serum creatinine measurements. The
predicted creatinine clearance was not valid in 20 patients with more severe symp-
toms out of the total of 51 cardiac failure patients examined (Table 8). The 20
patients with more severe cardiac symptoms had a 25% lower mean measured
clearance in comparison with the remaining 31 patients with less severe cardiac
failure and the predicted clearance was approximately 35% higher than the mea-
sured values. In patients with severe cardiac failure it is therefore necessary to
measure, rather than predict the creatinine clearance before computing the appro-
priate dose. These results however indicate a qualitative and quantitative change
in handling of creatinine by the body and therefore a possible source of nonparal-
lelism between creatinine and digoxin handling by the kidney.

Whilst recognizing that attention to the most appropriate method for the deter-
mination of creatinine in various disease states will improve digoxin prescribing,
there is a significant body of evidence to indicate that renal clearance of creatinine
may not always be the best index of digoxin renal clearance. In Sect. C.I1.3 refer-
ence was made to the studies of HALKIN et al. (1975) who reported a better correla-
tion in congestive cardiac failure patients between digoxin renal clearance and
urine flow rate and between digoxin renal clearance and urea clearance. Some years
earlier BAYLISS et al. (1972) in observations on elderly ambulent patients found no
significant correlation between digoxin clearance and creatinine clearance and sug-
gested that the lack of correlation probably reflected tubular secretion of creatinine
and reabsorption of digoxin. In 1972 KRAMER and SCHELER observed that digoxin
clearance is mainly a function of the glomerular filtration rate (expressed as
creatinine clearance) and serum protein binding but LUCCHINI et al. (1979) using
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the more accurate '3*I-clearance technique for measurement of glomerular filtra-
tion rate found that in 14 hospitalized adult patients with compensated chronic
heart failure the correlation between digoxin renal clearance and glomerular filtra-
tion was better than for creatinine clearance. LUCCHINI et al. however could only
account for about 60% of the variation in digoxin clearance leaving 40% unex-
plained. This shortfall in the predictive capacity of glomerular filtration is however
no better than that for most other previously reported models based on creatinine
clearance (ARONSON, 1978) and therefore the possible introduction of glomerular
filtration as an index of digoxin renal elimination must await further investi-
gations.

The previous discussion on the elimination of digoxin by renal and extrarenal
routes has indicated that changes in renal tubular secretion, tubular absorption,
and biliary secretion of digoxin are possible factors in patients with cardiac failure
that lead to difficulties in predicting digoxin clearance.

7. Acceleration of Digoxin Elimination

The therapeutic attempt to shorten the duration of toxicity of cardiac glycosides
in the body has resulted in a variety of possible procedures but all have their limi-
tations, in most instances because of the high tissue binding of cardiac glycosides.
The prompt treatment by intravenous furosemide may be beneficial in the manage-
ment of massive digitalis overdose (ROTMENSCH et al., 1978), but hemodialysis and
similar physical techniques are probably more reliable. Mean dialyzance for di-
goxin of up to 28 ml/min (I1SALO and FORSSTROM, 1974; VAN DER VIIGH, 1977; GIL-
FRICH et al., 1978) and for methyldigoxin 25 ml/min (KRAMER et al., 1972) have
been obtained. The efficacy of hemodialysis is low (3%-5%) if estimated in rela-
tion to a single dose injected before dialysis and high (30%-50%) if estimated in
relation to the excretory capacity of normal kidneys during a period corresponding
to the duration of dialysis (KRAMER, 1977). In practical terms this relatively low
efficacy means however that hemodialysis is only of limited value in life-threaten-
ing digoxin intoxication (GAULT et al., 1976; RISLER et al., 1979).

Hemoperfusion over charcoal was applied on an experimental basis in the clini-
cal field for barbiturate intoxication as early as 1965 (YATZIDIS et al., 1965). Re-
cently its application in the treatment of digitalis toxicity has received attention
(GILFRICH et al., 1978; KRAMER et al., 1977; BISCHOFF et al., 1977; RISLER et al.,
1979). In dogs with chronic digitalis intoxication the clearances of digoxin, f-
methyldigoxin, and B-acetyldigoxin using hemoperfusion over charcoal ranged
from 36-43 ml/min and marked improvement of cardiac arrythmias were ob-
served. These data are comparable to the mean clearance values obtained from in
vitro studies where at a blood flow rate of 100 ml/min the digoxin clearance over
charcoal was 51 ml/min (GILFRICH et al., 1978). RISLER et al. (1979) reported that
the non-ionic polymeric absorbent Amberlite XAD 4 can remove as much digoxin
as normal human kidneys, but that the amount of digoxin removed was only a
small percentage of the total body pool. After use of the technique in a patient,
these authors concluded that compared with the risks of hemoperfusion as an in-
vasive treatment, its effect was small and accordingly could not be recommended
as a standard therapeutic procedure for severe digoxin intoxications.
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CHAPTER 3

Pharmacokinetics of Strophanthus Glycosides

K. GreerrF and K. E. WIRTH

A. Introduction

Of the therapeutically useful strophanthus glycosides, only those of strophan-
thidin K or ouabagenin (strophanthidin G) are now used in a pure form. They are
present in a variety of plants but are mainly extracted from the seeds of the African
Strophanthus kombé or S. hispidus (strophanthoside K), the seeds of S. gratus, or
from the wood of the ouabaio tree Acocanthera schimperi (ouabain). Chemically
they differ from the digitalis glycosides in a different substitution of the aglycone
and sugar residues (Fig. 1).

Ouabain, in contrast to digitoxin, possesses a CH,OH group at C10, a hydroxyl
group at both C1 and C5, and rhamnose instead of 3-digitoxose as sugar residue,
thereby making ouabain highly polar or water soluble. Dihydroouabain (hydrox-
ylated at the lactone ring) has been used for certain experimental purposes; despite
being 1,000 times less potent than ouabain, its onset of action and subsequent
washout in isolated heart preparations are, however, more rapid.
Strophanthoside K (y-strophanthin-K), in contrast to ouabain, possesses a CHO
group at C10, no hydroxyl group at C1 and C11 and a cymarose and two glucose
residues (Fig. 1). f-strophantin-K amd a-strophantin-K (cymarin) are formed by
splitting off the glucose residues. Cymarol, a metabolite of cymarin, contains a
CH,OH group instead of the CHO group. Dihydrocymarin has a saturated lactone
ring.

Convallatoxin (from Convallaria majalis) and Helveticosol (from Erysimum ca-
nescens) are composed of the aglycone strophanthidin K and the sugar residues
rhamnose and digitoxose, respectively. The short-acting acetylstrophanthidin,
which is of only experimental value, is strophanthidin K with the acetyl group at
C3.

B. Enteral Absorption
I. Human Investigations

1. Ouabain

Since 1885 when FraseR recommended the use of a tincture made of strophanthus
seeds for the treatment of cardiac insufficiency the discussion on the oral efficacy
of strophanthus glycosides has continued. FRAENKEL (1906) introduced intrave-
nous (i.v.) injection of ouabain, because he found this glycoside to be relatively in-
effective on oral administration. LINSENMEIER (1909) observed that high oral doses
of 10-30 mg ouabain were necessary to compensate for cardiac insufficiency,
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Fig. 1. Chemical constitution of ouabain and the glycosides of strophanthidin K; for deriv-
atives see also Fig.6

FRAENKEL, however, in 1933 maintained that this therapy was unreliable and some-
times ineffective. HoCHHEIM (1906) reported therapeutic success with high oral
doses of strophanthin G up to 30 mg/day. He further noted no accumulation of
strophanthin G. EGGLESTON and WHITE (1927) found that ouabain had no effect
in doses of up to 5.2 mg perlingual. SARRE (1952) found that an oral dose of 3 or
1.5 mg perlingual resulted in the same therapeutic effect as 0.25 mg i.v. REINDELL
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Fig.2. Renal excretion of ouabain after intravenous injection of 0.5 mg or oral administra-
tion of 6 mg in healthy volunteers. Renal ouabain excretion was calculated by extrapolation
to infinity after i.v. injection with 328 pg (66%) and after oral application with 79 pg (1.3%).
(GREEFF et al., 1974)

et al. (1952) confirmed on the one hand the oral efficacy of ouabain, but its unreli-
able absorption on the other. P1SCITELLO and MAGGI (1973) investigated the effi-
cacy of an alcoholic ouabain solution and found with 75-170 pg/kg given orally,
a dose-dependent shortening of the left ventricular ejection time and ejection time
index measured according to WEISSLER and SCHOENFELD (1970). A case of lethal
ouabain poisoning was reported in 1952 in a patient, who was receiving a daily oral
dose of 6-12 mg ouabain. By mistaking ouabain tablets for methadone, an extra
single dose of 7.5-10 mg led to stenocardia, atrioventricular block, and cardiac ar-
rest (NEUGEBAUER, 1960).

LAHRTZ et al. (1968) were unable to measure radioactivity in the serum of
patients, who had received 3H-ouabain orally and intraduodenally, whereas
MARCHETTI et al. (1971) found an absorption rate of 7% after 5 h. The enteral ab-
sorption of ouabain was measured, using radioimmunoassay (RIA), comparing re-
nal excretion after i.v. and oral administration (VERSPOHL, 1973; GREEFF et al.,
1974; GREEFF, 1977). Smaller amounts of the glycoside were found in urine after
a single oral dose of 6 mg ouabain, than after an i.v. injection of 0.5 mg (Fig. 2).
Absorption quotients of 0.7%-3.0% (mean 2.2%) were calculated. Using 3H-oua-
bain ERDLE et al. (1979) confirmed the low and irregular absorption of the gly-
coside when administered sublingually or orally.

2. Strophanthoside K

GHIRARDI et al. (1973) measured a mean absorption of 31% within 24 h after the
rectal application of 250, 500, and 1,000 pg 3H-strophanthoside K to humans.
There seem to be no further investigations on the absorption of strophanthoside K
in humans.
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3. Cymarin

Recent clinical experience has shown that cymarin is absorbed more efficiently
than ouabain. This glycoside was brought on to the market in tablet and ampule
form as early as 1913 (SCHUBERT, 1913) and clinically investigated (ALLARD, 1913).
GEISSBERGER (1961) and ScHwARZBACH and HERMSTEIN (1967) calculated an ab-
sorption quotient for cymarin of 15%-25% with a dose of 1.5-3.0 mg. KRUEGER
(1969) found a maintenance dose of 1 mg cymarin to be sufficient for therapy.
GROBEL and MOTTAHEDIN (1966) determined an absorption quotient of 20% for
cymarin, HANDRICK (1966) and STORZ (1969) calculated a mean absorption
quotient of 33% and 36%, respectively, and a disappearance rate of 39%. Values
of 29% absorption and 35% disappearance rate were determined by KRAMER et
al. (1972); these were calculated from clinical parameters and ECG analysis.

Using RIA, WIRTH et al. (1979) compared the renal excretion of cymarin after
administration of 0.6 mg i.v. and 6 mg orally. Total excretion, extrapolated to in-
finity, was calculated as 210 pg (35% of the given dose) following i.v. administra-
tion and 394 ug (13% of the given dose) on oral administration. An absorption
quotient of 37% was calculated from these values (Fig. 3). An interesting conclu-
sion from these observations was that the kinetics of cymarin varied according to
its route of administration. Most of an i.v. injection of cymarin was excreted within
12 h, and 77% of the total amount excreted was found in the urine within 24 h
(Fig. 3). Upon oral administration, however, 42% of the total amount excreted was
found within 1 day and 81% after 2 days in the urine. This demonstrates that cy-
marin is effective for longer following oral administration than after 1.v. injection.
These observations raise the question as to whether other cardiac glycosides exhibit
different kinetics upon oral or 1.v. administration. Digitoxin for instance seems to
be eliminated to a higher degree after oral than after intravenous administration
(GREEFF et al., 1979).

4. Cymarol

This glycoside is a metabolite of cymarin. FIEHRING et al. (1970) calculated from
clinical parameters, after i.v. and oral doses of cymarol, an absorption quotient of
40% and a daily disappearance rate of about 50%. GUNDERT-REMY et al. (1978)
found 30% of the radioactivity of an i.v. dose of 3H-cymarol in the urine within
6 days and 68% in the feces, upon oral application however, only about 18% of
radioactivity was found in the urine. An absorption quotient of 87% was calcu-
lated from blood levels and a value of 57% was determined from urinary excretion
data.

5. Helveticoside Derivatives

A new strophanthin derivative, cyclopentanone helveticoside, has recently been in-
vestigated in humans. This glycoside is composed of strophanthidin K coupled
with D-digitoxose. STORZ (1974), comparing clinical parameters upon i.v. and oral
administration, determined an absorption quotient of 35% and a disappearance
rate of 48%.
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Fig. 3. Renal excretion of cymarin after oral or intravenous application in healthy volun-
teers. (WIRTH et al., 1979)

II. Animal Experiments

1. Ouabain

HATCHER and EGGLESTON (1919) found on oral administration of 80-984 mg/kg
ouabain to rats, only slight traces in the urine but up to 75% of the given dose in
the feces. Using the increased potassium excretion as an extracardiac parameter for
effects of cardiac glycosides, GREEFF (1958 a) was unable to detect any enteral ab-
sorption in the rat upon oral administration of up to 10 mg/kg. BUCHTELA et al.
(1970) determined an absorption rate of 5%-10% in rats upon oral administration
of 1 mg/kg 3H-ouabain.

LAUTERBACH (1967 a) observed that the absorption quotient in isolated rat in-
testine decreased with increasing ouabain concentrations; the absorption was de-
scribed as a transport process with saturation kinetics, whereas diffusion did not
take place under physiologic conditions (see Chap. 6). FORTH et al. (1969 a), using
blood-perfused duodenum in situ of rat and guinea pig, also found that the absorp-
tion or transport rate was dependent on the glycoside concentration. A dose-de-
pendent ouabain absorption was determined in the perfused small intestine of the
rat (OHLMEIER and RUIZ-TORRES, 1972).

In guinea pigs LOLLMANN et al. (1971) found on oral administration of * H-oua-
bain only a very slight absorption, whereas MARCHETTI et al. (1971) determined an
absorption quotient of 10% after 15 h, Haass et al. (1972) of 2% after 1 h and
MARzo et al. (1974) about 36% 5 h after intraduodenal administration.

In cats VON NYARY (1932) determined an absorption quotient for ouabain of
45%, using a method still of value today; an i.v. lethal dose of ouabain was injected
into the duodenum, followed by an i.v. infusion 3-6 h later to bring about death
by cardiac arrest. REINERT (1952), using the same method, measured an absorption
quotient of about 60% 5 h after an intraduodenal injection of the i.v. lethal dose;
this value, however, varied greatly from animal to animal. It should be noted that,
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when administering digitoxin, maximal, i.e., 100% absorption takes place within
2 h, whereas the time needed for the maximal absorption of ouabain is up to 5 h.
LAHRTZ et al. (1968), using * H-ouabain in cats found, after oral and intraduodenal
administration such a variation in absorption rates that no statistical analysis was
possible. FORTH et al. (1969b) injected 3H-ouabain into a sutured duodenal loop
of cat in situ and calculated an absorption of 10% within 1 h. LAUTERBACH and
VOGEL (1968) also carried out experiments on cat intestine, the results are described
in Chap.6.

2. Strophanthoside K

According to the investigations of GREEFF (1958 b) and ENGLER et al. (1958), stro-
phanthoside K is absorbed in rats only after bacterial transformation into cy-
marin. LINGNER et al. (1963 b) reported an absorption quotient of 10% in cats after
intraduodenal administration of strophanthoside K. MaARrzo et al. (1973) admin-
istered *H-strophanthoside K rectally to guinea pigs and found an absorption
quotient of about 55%, while measuring excretion in the urine over a period of
15 h. These same authors (MARZO et al., 1974) reported an absorption of about
38% upon intraduodenal administration of *H-strophanthin K in the same spe-
cies.

3. Cymarin

In unanesthetized rats 33% of the orally given dose of cymarin is absorbed
(GREEFF, 1958 a). GEISSBERGER (1961) and LINGNER et al. (1963 b) calculated an ab-
sorption of 27% upon intraduodenal administration to cats and subsequent titra-
tion. Upon measuring chemically the amount of cymarin remaining after an intra-
duodenal administration, LINGNER et al. (1963 a) calculated an absorption quotient
of 94%; these authors have suggested that a large amount of the absorbed cymarin
was rendered inactive by its passage through the liver. Analysis of the intestinal
contents of the test animals showed the presence of desmethylcymarin (helve-
ticoside); it was further shown that the cat, like the rat, was able to demethylate
cymarin. LINGNER et al. (1963 a) investigated in cats the enteral efficacy of some
semisynthetic cymarin derivatives. Compared with cymarin, acetylcymarin for ex-
ample, was equally effective while diacetalcymarol was 18 times less so. According
to BoutaGy and THoMAS (1977), diacetalcymarol is absorbed in the rat more effi-
ciently than its parent glycoside cymarol, but is metabolized more quickly in the
liver; in spite of improved absorption, an improved therapeutic effect cannot be ex-
pected.

4. Convallatoxin

LAUTERBACH (1964) noted that in rats the absorption of convallatoxin is dependent
upon the dose administered; thus, absorption rate was about 15% after a dose of
15 umol/kg, the absorption quotient decreasing with increasing dose. This phe-
nomenon was also observed by LAUTERBACH and VoGeL (1968) and by
LAUTERBACH (1967 b) in isolated rat intestine as well as in perfused rat small intes-
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tine in vivo (LAUTERBACH, 1968). A transport mechanism with saturation kinetics
has been described (LAUTERBACH, 1967 a) (for details see Chap. 6). LINGNER et al.
(1963 a) found an absorption rate of about 36% in the anesthetized cat.

5. Other Derivatives of Strophanthidin K

SCcHAUMANN and WEGERLE (1969) assayed the efficacy and calculated the relative
toxicity and enteral activity of several esters and ethers of helveticoside and helve-
ticosol by intravenous and intraduodenal administration to cats and guinea pigs.
They did not report exact calculations of the absorption; the ratio of the toxic doses
upon intravenous or intraduodenal infusion varied between 20% and 50%.

ZIELSKE et al. (1969) calculated the absorption rates 2 h after i.v. and intestinal
administration of H-helveticosol (strophanthidol K-mono-digitoxoside) and
some of its esters and ethers in guinea pigs. They obtained a value of 7%, as mea-
sured from the contents of the intestine and about 33%, as measured from blood
levels. The different esters and ethers demonstrate in most cases much higher ab-
sorption rates, i.c., up to 45% and 65%, respectively.

C. Blood Level and Tissue Distribution
I. Human Investigations
1. Ouabain

Concentrations of this glycoside in human investigations have almost always been
measured in blood plasma or urine. The plasma concentration curves obtained
may in most cases be fitted to a two-compartment model (Fig. 4). After an i.v. in-
jection of ouabain its plasma level falls rapidly, with a half-life of distribution («
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Fig. 4. Plasma level (mean values + standard errors) following single intravenous injection
of ouabain or strophanthoside K (0.5 mg) in healthy male subjects according to SELDEN and
SmrTH (1972) (ouabain) and GREEFF, STROBACH, WIRTH (unpublished) (strophanthoside K)
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Table 1. Half-life of elimination ¢;, of ouabain in healthy
volunteers and patients with normal renal function. Calcula-
tion from blood levels after i.v. injection

Reference Method t1/2(h)
MARKS et al. (1964) *H 5
VERSPOHL (1973) RIA < 85
ERDLE et al. (1979) SH 11
KRAMER et al. (1972) 3H 12-17
KRAMER and SCHELER (1972) 3H 139
SELDEN and SMITH (1972) RIA 21.8
SELDEN et al. (1974) ’H 22
LAHRTZ et al. (1969) ’H ~50
SELDEN and HAYNIE (1975) ’H 50

phase) of 2.3 min (MARKS et al., 1964), 4 min (ERDLE et al., 1979), and approxi-
mately 20 min (LAHRTZ et al., 1969). The rapid decrease in plasma concentration
during the o phase to values that lie near the limit of detection for RIA complicates
the estimation of the half-life of the slow § phase, which represents the excretion.
Even when using > H-ouabain, which can be detected over a longer period, the half-
life for the § phase varies, according to various authors between 11 and 50 h
(Table 1). MARKS et al. (1964) measured a half-life of 5 h, though this value was
calculated from measurements made during 2 h after an i.v. injection of 3H-oua-
bain. SELDEN and SMITH (1972) measured half-lives of 18-25 h (mean 22 h) in seven
healthy volunteers, 7-48 h after administration of 0.5 mg ouabain; the plasma oua-
bain concentration after 48 h was lower than 0.2 ng/ml. The distribution value was
calculated by VERSPOHL (1973) as 16 1/kg after i.v. injection of 0.5 mg ouabain.

MARKS et al. (1964) measured the difference in * H-ouabain concentration be-
tween coronary artery and venous blood in five patients undergoing open heart
surgery. 3 H-ouabain (25 pCi) was administered i.v. after coronary bypass. Samples
of arterial and coronary sinus blood were taken at frequent intervals. A difference
in the ouabain concentration between coronary arterial and venous blood existed
only during the first 4 min; after this period of time the heart tissue and blood per-
fusing it seemed to be in equilibrium. This is consistent with observations on the
rapid onset of positive inotropic effects after ouabain administration. In three of
the patients, right auricle tissue samples were obtained 30-90 min after ouabain ad-
ministration: these samples contained approximately 5-10 times the plasma con-
centration. The authors assumed that a period of extracorporeal circulation does
not remove ouabain from its binding sites in heart muscle. SELDEN and NEILL
(1975) injected ouabain into patients undergoing coronary sinus catheterization
and measured a coronary arteriovenous difference for the first 9-12 min. From
these results the authors calculated a left ventricular ouabain concentration of
30 ng/g of myocardium.

2. Strophanthoside K

The pharmacokinetics of strophanthoside K, like those of ouabain, have been
measured almost without exception in the central compartment (BRASS and PHIL-
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1PPS, 1970; GHIRARDI et al., 1973; MaARzo et al., 1976; WIRTH et al., 1979). No ob-
vious differences were found between the two glycosides (Fig. 4). GREEFF and STRO-
BACH (1979) found in three patients who had died from an overdose of strophan-
thoside K, a cardiac muscle concentration of between 133 and 290 ng/g wet weight,
with a plasma concentration of between 21 and 55 ng/ml; the concentration
quotients for cardiac muscle/plasma, were calculated as 5, 6, and 8.

3. Acetylstrophanthidin

According to SELDEN et al. (1973) this aglycone has a plasma half-life of 2.3 h.
LowN and LEWIN (1954) and LuccHgsI and SHIVAK (1964) used acetylstrophanthi-
din (because of its rapid elimination) for a tolerance test in digitalized patients in
order to determine the optimal individual digitalis levels (see also Chap. 8). Further
information on the uptake of the strophanthus glycosides in cardiac muscle can be
found in Chap.7.

II. Animal Experiments
1. Ouabain

In dogs VERsPOHL (1973) determined the distribution of ouabain after an injection
of 60 pg/kg; the value, 18 1/kg, was of the same order of magnitude as that deter-
mined by the same author in humans. The radioimmunologically determined
blood levels over a period of 24 h gave a half-life of 8.5 h or less. SELDEN and SMiTH
(1972) also determined plasma oubain concentrations by RIA over a longer period
of 48 h and calculated, in seven dogs, half-lives of between 17 and 24 h (mean 18 h).
Using the tolerance test of repeated intravenous infusion, GREEFF et al. (1969) cal-
culated a half-life for ouabain of 26 h.

In rats the highest concentrations of radioactivity 16 min after the administra-
tion of 3H-ouabain was found in the hypophysis, followed by liver, ventricular
muscle, kidney, and skeletal muscle. After 6 h, the sequence of radioactive concen-
tration was as follows: hypophysis, adipose tissue, adrenal glands, and skeletal
muscle, followed by kidney and hypothalamus (DUTTA and MARKS, 1966). These
observations indicate a fast hepatic clearance for ouabain in the rat. The excretory
capacity of the rat liver is dependent on age. The investigations of KLAASSEN (1972)
showed a liver concentration of 4 pg/g, 15 min after administration of 4 mg/kgi.v.
3 H-ouabain in 7-day-old animals, compared with a liver concentration of 20 pg/g
in 39-day-old animals. The plasma half-life for the younger animals was calculated
as 30 min and that of 39-day-old animals as 5 min. KUPFERBERG and SCHANKER
(1968), in agreement with the above results, showed that in rats, with ligatured kid-
neys, 85% of a 1 mg/kg i.v. *H-ouabain dose was excreted by the bile within
90 min. The plasma: liver concentration ratio was calculated as 33:117, indicating
an active transport of the glycoside from the blood into the liver. They further con-
firmed this by showing an active uptake of * H-ouabain into rat liver slices against
a four-fold concentration gradient.

RusseLL and KLAASSEN (1972) found that ouabain disappeared from the plas-
ma much more rapidly in the rat than in rabbit and dog and that there are differ-



66 K. Greerr and K.E. WIRTH

Table 2. Quabain concentration in plasma, liver, and bile in rats, rabbits, and dogs 20 min
after intravenous injection of 80 pg/kg *H-ouabain. In rats plasma concentration is lower
than in rabbits and dogs but bile concentration is higher. Thus, the concentration gradient

of ouabain from bile to plasma is more than 100 times higher than in rabbits or dogs. (RUSSELL
and KLAASSEN, 1972)

[Ouabain] Rat Rabbit Dog

Plasma (ng/ml) 21+ 820 658 +12.6 651 +31.7
Liver (ng/g) 368 + 51 144 +20 230 +28
Bile (ng/ml) 24300 +1,730 173 +29 630 +35
Bile/plasma 1,510 + 328 289+ 0.65 927+ 1.72
Liver/plasma 199+ 28 249+ 4.51 330+ 0.75
Bile/liver 70.8+ 9.7 131+ 029 269+ 0.11

2 Mean + standard error of two to four animals

Table 3. Concentration of *H in heart and heart/plasma *H concentra-
tion gradients after administration® of 3H-glycosides to rats, rabbits,
and dogs (RUSSELL and KLAASSEN, 1973)

Concentration in heart®

Rat Rabbit Dog
Ouabain 370+ 1.7° 350 +51.0 561+29.0%¢
Digoxin 946+ 64 746+13.5 402+ 57.0%¢
Digitoxin 106 +24.5 118 + 14 251+24.8%¢

Concentration in heart® Concentration in Plasma’

Rat Rabbit Dog
Ouabain 221+40.52 5.54+0.78¢ 13.7 £5.314
Digoxin 4.21+0.64 1.26+0.33¢ 6.31+1.68°
Digitoxin 2.01+098 0.47+0.01 1.36+0.01°

2 Tissue samples were taken 20 min after an intravenous dose of
0.08 mg/kg of each *H-glycoside

b Glycoside ng equiv./g heart

¢ Each value represents the mean +standard error of two to four
animals

4 Significantly different from rats, P <0.05

¢ Significantly different from rabbits, P <0.05

f Glycoside ng equiv./ml plasma

ences in the concentration gradient of 3H-ouabain from bile to plasma in the three
species (Table 2). They found that 20 min after *H-ouabain was administered the
rat exhibited an overall bile: plasma concentration gradient of 1,500 whereas the
same gradient was much less for the rabbit (2.9) and dog (9.3). The authors suppose
that the relative inability of the rabbit and dog to excrete ouabain into the bile is
due to a low capacity for transferring ouabain from the plasma to liver and from
the liver to bile (Table 2). RusseLL and KLAASSEN (1973) further observed differ-
ences in the ouabain concentration in the heart of rat, rabbit, and dog (Table 3).
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They also found differences in the concentration of digoxin and digitoxin
(Table 3). _

The uptake of *H-ouabain into the myometrium also seems to differ between
the rat and the rabbit (MURTHY et al., 1972): the uptake in the rat, in contrast to
the rabbit, is independent of the concentration of Na* and ATP and is not antag-
onized by K* or by a lowering of temperature.

In guinea pigs DUTTA and MARks (1966), using *H-ouabain, found after
16 min the highest concentration of radioactivity in the kidneys, followed by ven-
tricular muscle, hypophysis, atria, and liver. MARCHETTI et al. (1971), GROPE
(1978), and MEerK (1980) found the highest concentration of radioactivity in the
kidneys and urine, demonstrating that the main pathway of excretion for ouabain
in guinea pigs is via the kidneys. MErk (1980) found, 6 h after administering 3H-
ouabain, 82% in various organs and a different distribution compared with stro-
phanthoside K (Fig. 5). GRoPE (1978) also compared the ouabain concentration of
various organs after 8 days of treatment with 5 pg/kg i.p. daily (Table 4). About
the same concentration of ouabain was found in heart and skeletal muscle, but the
total amount found in the heart was 100 times higher than in the skeletal muscle.
Traces of ouabain were detectable for longer (72 h) in heart and liver than skeletal
muscle and kidney.

FRICKE et al. (1969) working with the Langendorff preparation of the isolated
guinea pig heart, found only a slight accumulation of 3H-ouabain bound to nu-
clear, membrane, and mitochondrial fractions. The highest radioactivity was
found in the microsomal fractions. LOHR et al. (1971) using autoradiography,
found that in contrast to digoxin, ouabain was bound extracellularly to the cell
membrane. PFLEGER et al. (1975) found, however, an intracellular uptake of this
glycoside in guinea pig heart preparations, that was seven times lower than that
for digitoxin. They suggested, according to the analysis of the efflux kinetics, two
compartments for ouabain, which they were, however, unable to localize. LULL-
MANN et al. (1975) proposed the existence of a small, saturable compartment for
ouabain in the guinea pig papillary muscle, at the cell membrane.

Ouabain uptake in guinea pig liver was investigated by KOLENDA et al. (1971).
They detected an uptake, which resulted in a liver : medium concentration gradient
of about 3, no excretion being detected via the bile, as in the case of digoxin and
digitoxin. It was supposed, that the hydrophilic ouabain molecule was not able to
penetrate into the active liver cell compartment and could not therefore be
metabolised.

In the cat BENTHE (1975) investigated the tissue distribution of 3 H-ouabain: 5 h
after administration of a single dose (100 uCij, i.e., 0.1 mg/2 kg), 1.2% of the given
dose was found in both the myocardium and the kidney, 0.45% in the liver, 0.003%
in brain, and 0.01% in skeletal muscle. The biliary excretion during the experiment
was measured as 0.6%. The high myocardial binding of ouabain, 2-3 times higher
than for other glycosides investigated by the above authors (digitoxin, digoxin, -
acetyldigoxin, and S-methyldigoxin), could be explained by a high affinity of the
myocardium for this glycoside. FLASCH and HEeiNz (1976) administered daily
21.6 pg/kg (32.5 uCi/kg) of 3H-ouabain over 5 days to the cat and measured the
radioactivity of certain organs 5 h after the last administration: 1.8% of the daily
dose per g wet weight was found in the myocardium and 0.02% in the cerebrum
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and cerebellum; in plasma 0.02%/ml of the daily administered dose could be
found.

SELDEN and NEILL (1975) investigated the myocardial uptake of * H-ouabain af-
ter a single i.v. dose in humans (0.5 mg) and dogs 8-36 pg/kg). As in humans, the
ouabain concentration difference between coronary artery and coronary sinus nar-
rowed rapidly during the first 1-3 min and thereafter at a slower rate in an ex-
ponential fashion for the next 4-12 min, with a mean half-life of 1.4 min. The ex-
ponential phase of ouabain removal from the coronary circulation accounted for
49% of that directly measured in left ventricular plasma samples, obtained shortly
after ouabain uptake was complete. Left ventricular plasma oudbain concentration
in these samples was about 12-fold higher than in simultaneously obtained plasma.
Thus, the initial rapid efflux of ouabain from the coronary circulation would ap-
pear to reflect movement into interstitial fluid, the subsequent exponential removal
reflecting binding to myocardial cells.

The following quotients were determined by ABSHAGEN et al. (1971) for the dis-
tribution of 3H-ouabain between erythrocytes and plasma: cow, cat, and guinea
pig 0.09, rat 0.04, human 0.03, and dog 0.01. This uptake seems, in the case of the
cat to be independent of the presence of Na*, K*-ATPase, as no evidence of this
enzyme has been found in cat erythrocytes (GREEFF et al., 1964).

2. Strophanthoside K

In guinea pigs GIERTZ et al. (1954) measured, upon administration of unlabeled
glycosides, in contrast to digitoxin, a higher activity in the kidneys and somewhat
less in the liver. MARZO et al. (1974) found, 24 h after an i.v. or intramuscular ad-
ministration in guinea pigs, the highest tritium concentration in the intestinal con-
tents, bile, liver, and skeletal muscle (Table 5). At this point 31% of the admin-
istered tritium radioactivity was still to be found in the animals. Of particular in-
terest is the high concentration gradient from kidney to liver for ouabain compared
with the low gradient for strophanthoside K (MARZO and GHIRARDI, 1977), which
is confirmed by MERK (1980) and GropE (1978) (Table 6). In the heart a higher
congcentration of tritium was found in the ventricular compared with the atrial
muscle. Upon investigating the subcellular distribution of the glycoside in the heart
of guinea pigs, the highest specific concentration was found in the microsomal frac-
tion, lower concentrations being evident in the nuclear and mitochondrial fractions
(see also MARZzO and GHIRARDI, 1974). Following rectal administration of tritium-
labeled glycoside, the highest activity was found in the intestinal contents and less
in the walls of the rectum, the bile, and the urine (MARZO et al., 1973). MERK (1980)
also found in guinea pigs after intraperitoneal (i.p.) administration of labeled and
unlabeled strophanthoside K, the largest amount in the intestinal contents, less in
the urine and in skeletal muscle (Fig. 5). It was found that 6 h after administration,
92% of the labeled and 80% of the unlabeled glycoside was still to be found in the
body of the animals. These results demonstrate that strophanthoside K has a dis-
tribution different from that of ouabain. Brass (1971) administered tritiated gly-
coside to mice, and found, 30 min later, the highest activity in the liver, approxi-
mately half of that in the kidney, and less activity in heart and skeletal muscle.
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Table 6. Different distribution of ouabain and strophanthoside K regarding their con-
centrations in kidney and liver in guinea pigs. Strophanthoside K is concentrated in liver
tissue to a higher degree than in kidney tissue whereas ouabain is bound to a higher degree
in kidney tissue

Reference Method Dose Time after  Kidney Liver con- Q
(ng/kg) application concentra- ~ centration
h tion (ng/g) (ng/g)

Strophanthoside K

MARzoO et al. H 250 iv. 5 +194 334 0.58
(1974) + 7 + 31
MARZO et al. *H 250 i.m. 5 213 506 042
(1974) + 31 + 63
MERK H 60 i.p. 6 174 770 0.23
(1980) + 27 + 121
MERK RIA 60 ip. 6 16.3 28.7 0.57
(1980) + 45 + 45
Cymarin
MERK RIA 38 i.p. 6 0.8 30 0.27
(1980) + 01 + 03
Ouabain
Marzo and H 100 Lv. 5 317 54 5.87
GHIRARDI + 12 + 2
(1977)
GRroPE (1978) RIA 50 i.p. 6 315 8.0 394
MERK (1980) ‘H 50 ip. 6 186.5 319 5.85
+ 115 + 43

Lv.=intravenous, i.m. =intramuscular, i.p.= intraperitoneal

3. Cymarin

MOERMAN (1965) investigated the distribution of cymarin in the rat 5 min after iv
administration of 5 mg/kg and found 47% in skeletal muscle, 14% in the small in-
testine, and 11% in the liver. The concentrations in blood were 7 pg, in heart
muscle 10 pg, and in skeletal muscle 5.8 ug/g. The total recovery at that time was
87%. MERk (1980) found in guinea pigs, 6 h after i.p. administration of 69 nmol/
kg, 6% of a total recovery of 21% in the large intestine. The concentrations in the
plasma were less than 1 ng, in heart muscle 2.1 ng, in skeletal muscle 2.8 ng, in the
kidneys 0.8 ng, and in the liver 3.0 ng/g. The concentration gradient from kidney
to liver is similar to that of strophanthoside K being lower than 1, indicating a high
intestinal excretion.

4. Convallatoxin

MERrK (1980) investigated the distribution of convallatoxin 6 h after an i.p. dose
of 69 nmol/kg in guinea pigs and found 13% in the urine and 10% in the large in-
testine. In skeletal muscle the concentration was 6.6 ng, in heart muscle 2.3 ng, in
liver 4.4 ng, and in the kidney 7.4 ng/g tissue.



72 K. Grerrr and K.E. WIRTH

D. Metabolism

I. Human Investigations and Animal Experiments

1. Ouabain

Owing to the short-lived action of ouabain in humans and animals, HATCHER and
EGGLESTON (1919) supposed that transformation in the liver played an important
role in the elimination of this glycoside. FARAH (1946 b) found 80%-85% of a 4-
6 mg dose of ouabain, 24 h after infusion, in the bile of rats; as a biologic assay
method was used to determine the ouabain concentration, no information could
be obtained on its biologic transformation. Cox et al. (1959) re-examined the bili-
ary excretion of ouabain in rats by means of paper chromatography and made
comparative investigations with regard to biliary and renal excretion. Thus 88%
of an 1.v. injection of 1 mg/kg ouabain was found in the bile within 5 h and 5%
in the urine within 24 h after the injection. Extracts of bile or urine, examined
chromatographically, did not show the presence of metabolites even at these high
doses, no compound with an saturated lactone ring being detectable. Only upon
administration of an even higher dose of 10 mg/kg i.p. did these authors find, apart
from ouabain, traces of two compounds of a less polar nature, which appeared to
be metabolites. According to these authors, the high biliary excretion is character-
istic of ouabain because of its polarity, as in previous investigations. Cox and
WRIGHT (1959) found, using the same experimental procedure, after a dose of the
relatively nonpolar digitoxin, only 10% within 5 h in the bile. Of this 10%, a large
portion had been metabolized (e.g., to digoxin); this is in contrast to the behavior
of ouabain.

RUsSELL and KLAASSEN (1972) confirmed the high biliary excretion of ouabain
in rats, even at low doses; 54.6% of an i.v. injection of 0.08 mg/kg > H-ouabain was
found within 12 h, whereas the biliary excretion was much lower in rabbits (4.4%)
and dogs (1.3%). These observations confirm the assumptions of HATCHER and
EGGLESTON (1919), that the high resistance of the rat to ouabain is due to a pref-
erential elimination via the liver. This is not as believed, due to metabolism, but
to an excretion of the unchanged molecules. Up to now, there is no information
on any possible metabolic transformation of ouabain in the rat. Indeed, the fast
biliary excretion is only partly responsible for the high resistance of this species,
as it is well known that the heart and also the cardiac Na*, K *-ATPase of the rat
are particularly insensitive to ouabain (REPKE et al., 1965; GREEFF and SCHLIEPER,
1967, DRANSFELD et al., 1966, 1967).

Neither were traces of ouabain metabolites found in other species, e.g., in a
heart-lung preparation of the dog (FARAH, 1946a), in the *H-ouabain perfused,
isolated guinea pig liver, by investigating the bile (LULLMANN et al., 1971; KOLENDA
et al., 1971), or in experiments with cats (LAHRTZ et al., 1968). In humans, the only
investigations have been on the renal excretion of ouabain; no metabolites were
found in these experiments (MARKS et al., 1964; LAHRTZ et al., 1968; LULLMANN
et al., 1971).

2. Strophanthidin K Derivatives

The first indication of a metabolic transformation of strophanthoside K (y-stro-
phanthin-K) to cymarin (x-strophantin-K) was found in experiments on rats (for
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chemistry see Fig. 1). It was observed that strophanthoside K becomes pharmaco-
logically active upon oral application after the splitting off of the terminal glucose
residue and transformation into cymarin (GREEFF, 1958 a,b; ENGLER et al., 1958).
This transformation is apparently brought about by the intestinal flora, as the ef-
fectiveness of orally administered strophanthoside K could be completely pre-
vented by oral pretreatment with antibiotics or sulfonamides (GREEFF, 1958 b).
This interpretation was confirmed by the chromatographic identification of cy-
marin in the urine of rats and also by the observation, that the in vitro incubation
of y-strophanthin-K with feces of rat, dog, cow, guinea pig, or human produced
cymarin (ENGLER et al., 1958; ENGLER, 1958). It may hence be concluded that, not
only with the rat, but also with humans and other species, cymarin is produced
from strophanthoside K in the intestine and is absorbed as such. Cymarin could
also be found in urine and feces after a subcutaneous injection of strophanthoside
K; therefore, the investigators have assumed that cymarin may also be produced
within the enterohepatic circulation or after elimination via the intestinal wall.

StoLL and RENZ (1951) investigated the metabolism of f-strophanthin-K using
enzyme preparations from the tissues of various species, €.g., cardiac muscle of pig,
calf, cow, and horse. This glycoside was found to be unmetabolized or metabolized
only to a slight extent. STOLL et al. (1951) showed on the other hand, that enzyme
preparations from the lower fungi ( Aspergillus oryzae and Claviceps purpurea) split
p-strophanthin K into glucose and cymarin.

MAaRZo et al. (1973) applied >H-strophanthoside K rectally to guinea pigs, and
found 45% unchanged glycoside and 55% cymarin in the rectal contents, whereas
in urine, the ratio was 90: 10 and in the bile 78:22. They concluded that only the
rectal contents are able to transform strophanthoside K into cymarin to a signif-
icant extent.

GILLISSEN et al. (1964) investigated the metabolism of cymarin in isolated frog
and cat liver. In the frog liver a metabolite was detected, besides cymarin, which
was more polar but unidentifiable, whereas in the cat liver cymarin was largely de-
methylated to helveticoside; small amounts of strophanthidin K as well as other
metabolites with high polarity were also found.

WEIss-BERG and Tamm (1963) described a microbial reduction of strophan-
thidin K to produce strophanthidol. Strophanthidin-19-carbonic acid or 108-hy-
droxy-19-norperiplogenin derivatives are produced by a process of autoxidation
(BINKERT et al., 1962; vON WARTBURG et al., 1962; LAUTERBACH, 1964). MOERMAN
(1965) applied cymarin i.v. to the rat in vivo and upon thin layer chromatographic
analysis, cymarin itself as well as cymarol and strophanthidin and several other
unidentifiable metabolites were found.

LauTterBAcH and REPKE (1960) investigated the metabolism of cymarin in rat
liver slices: small amounts of strophanthidin were detected as well as four further
metabolites, one of them probably helveticoside. Allocymarin was apparently not
metabolized. In further experiments with rat liver slices and liver homogenate,
LAUTERBACH (1964) investigated the metabolism of cymarin, helveticoside, conval-
latoxin, and strophanthidin. In all cases a reduction of the 19-oxocardenolide took
place, producing the 19-hydroxy derivatives, cymarol, helveticosol, convallatoxol,
and strophanthidol. This reduction does not result in an inactivation, as 19-hy-
droxy derivatives may be more potent than their mother substances, (for review see
LAUTERBACH, 1964) it could actually mean an increase in polarity and therefore an
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Fig.6. Metabolic pathways of cymarin. (LAUTERBACH, 1964)

acceleration in renal excretion or fecal elimination. The primary alcohol groups
formed do not take part in further reactions. It may hence be concluded that stro-
phanthidin derivatives are not inactivated as previously supposed, via a fermenta-
tive oxidation of their aldehyde groups. The various metabolic pathways, accord-
ing to LAUTERBACH (1964), can be seen in Fig. 6. Alternatively, a demethylation of
cymarose may occur with additional splitting of the sugar residues. A subsequent
inactivation may take place by the epimerization or conjugation of the C3 hydroxyl
group (LAUTERBACH and REPKE, 1960; THOMAS and WRIGHT, 1965; LAUTERBACH,
1969).

E. Excretion

Ouabain and strophanthin G when given orally are absorbed slowly but incom-
pletely, so that their excretion can be quantitatively estimated only after parenteral
administration. Following i.v. injection the blood level of strophanthus glycosides
falls quickly owing to the rapid distribution (Fig. 4). As such, the half-life for ex-
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cretion is difficult or impossible to measure by RIA using plasma levels. Excretion
of strophanthus glycosides takes place via the kidneys, the bile, or the intestine and
exhibits species variation.

I. Human Investigations

1. Ouabain

In investigating the excretion of ouabain in humans, the tritium-labeled glycoside
has been most useful. Renal 3H excretion after i.v. injection has been measured
over periods varying from 1 to 4 days. In spite of this variation, most authors have
calculated similar excretion rates, as the major portion of the total amount excreted
leaves the body within the first 24 h (Table 7).

MARKkS et al. (1964) found for ouabain a renal excretion rate on the first day
of 45%—63%. In two patients, 2%—8% of the administered radioactivity was ex-
creted in the bile within the first 24 h. LAHRTZ et al. (1969) calculated a renal tri-
tium excretion in patients with healthy kidneys of 61% within 48 h; in patients with
renal insufficiency the excretion rate was only about 28% in the same period. A
further value for renal tritium excretion upon i.v. administration of 3 H-ouabain of
52% within 48 h was reported by EICKENBUSCH et al. (1970). KRAMER and SCHELER
(1972) found an excretion of 34% within 24 h and 44% within 72 h. SELDEN et al.
(1974) determined excretions of 46% or 48% in 6 days using > H-ouabain or RIA,
respectively; 5.4% was found by SELDEN et al. (1974) in the bile of four cholecys-
tectomized patients and 34% in the feces in a total excretion of 77% (three
patients). ERDLE et al. (1979) found a value of 50% within 3 days. Using RIA, VERr-
SPOHL (1973) calculated a renal excretion rate of 29% in 24 h after i.v. injection of
0.5 mg, 56% after 4 days and 66% upon extrapolating to infinity (VERSPOHL, 1973;
GREEFF, 1977; GREEFF et al., 1975).

Much smaller amounts of 3H-ouabain have been found in the urine following
oral or intraduodenal administration, due to slight absorption (see Sect. B.II);
0.2%-2% of the given dose was found by LAHRTZ et al. (1968) and 1.0%-1.5%
by MARCHETTI et al. (1971) within 24 h, 0.6%-2.5% by ERDLE et al. (1979) within
72 h. After oral administration of 6 or 8§ mg of ouabain, VErspoHL (1973) and
GREEFF (1977) calculated 0.5%—4.5% of the given dose in the urine using RIA.

2. Strophanthoside K

Brass and PHILIPPS (1970) found in volunteers 68% of the i.v. dose of 0.25 mg *H-
strophanthoside K in the urine within 7 days, most of the excretion, i.e., 90%, tak-
ing place within the first 24 h (Table 7). In contrast, patients with terminal renal
insufficiency excreted only 12%-40% of the given dose in 7 days. MARZO
et al. (1976) extrapolating to infinity measured 53% of a single i.v. injection of
0.5 mg 3H-strophanthoside K in the urine and 51% after intramuscular adminis-
tration. The major part was also excreted within the first 24 h. These authors mea-
sured a biliary excretion of 3.8%-7.6% in six cholecystectomized patients. WIRTH
et al. (1979), using RIA determined a renal excretion of an i.v. injection of 0.5 mg
strophanthoside K of 70%. A study of excretion after rectal administration was
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Table 7. Renal excretion of strophanthus glycosides in healthy volunteers and patients
without renal failure as a percentage of administered dose in different collection periods.
o0 Means of cumulative excretion calculated by extrapolation to infinity

Reference Method Dose Renal excretion
(% dose)  (h)

Ouabain
MARKS et al. (1964) *H 25 uCi and iv. 45-632 24
unlabeled
LAHRTZ et al. (1968) *H 1 uCi/kg p.o. 0.5-2 24
(0.6 pg/kg) .
LAHRTZ et al. (1969) *H 0.66 pCi/kg iv. 61 48
(=0.04 mg/
70 kg)
EICKENBUSCH et al. *H 1 uCi/kg Lv. 52 48
(1970)
MARCHETTI et al. *H 50-150 pg/kg p.o. 1.0-1.5 24
(1971)
KrAMER and ScuELER ~ *H 0.1 pCi/0.09mg  iv. 34 24
(1972) 44 72
VERSPOHL (1973) RIA 0.5 mg iv. 29 24
56 96
SELDEN et al. (1974) H ~73 uCi and iv. 46° 144
RIA unlabeled iv. 48 144
GREEFF ¢t al. (1974) RIA 8 mg p.o. 0.544 o
6 mg 0.7-3.0 0
ERDLE et al. (1979) H 27uCi (025 mg) iv. = 50 72
and unlabeled
Strophanthoside K
Brass and PHILIPPS H 48 pCi iv. 68 168
(1970) (0.25 mg)
GHRARDI et al. (1973) °H 250-1,000pg  pr. 10-12 24
MARZoO et al. (1976) 3H 131 uGi iv. 3742 24
(0.25 mg) 53 0
im. 32-33 24
51 o0
iv. 62° 0
WIRTH et al. (1979) RIA 0.5 mg iv. 70 0
Cymarin
WIRTH et al. (1979) RIA 0.6 mg Lv. 35 o0
3.0 mg p.o. 12 0
Acetylstrophanthidin
SELDEN et al. (1973) RIA 1.0 mg L. 22 24

2 In 2 of 15 persons 2%-8% radioactivity were excreted in the bile in 24 h

b Excretion of 5.4% radioactivity in the bile in 120-164 h, of 21%-40% in the feces in 144 h

¢ Excretion of 3%—5% radioactivity in the bile in 24 h, 4%-8% extrapolated to infinity in
six cholecystectomized patients

i.v.=intravenous, p.o.=oral, p.r.=rectal, i.m.=intramuscular
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carried out by GHIRARDI et al. (1973). Upon application of 250, 500, or 1,000 pg
3 H-strophanthoside K, 10.4%-11.9% of the tritium radioactivity could be mea-
sured in the urine within the first 24 h.

3. Cymarin

The renal excretion of cymarin is lower than that of strophanthoside K or ouabain.
After i.v. injection of 0.5 mg to healthy volunteers WIRTH et al. (1979) found 35%
of the given dose in the urine (Table 7, Fig. 3).

4. Acetylstrophanthidin

A total renal excretion of 22% was measured after i.v. injection of 1.0-1.5 mg of
this short-acting cardenolide in two healthy subjects, by means of RIA (SELDEN et
al., 1973).

II. Animal Experiments
1. Ouabain

The first animal experiments for measurements of the excretion of ouabain were
carried out in rats, dogs, and cats by HATCHER and EGGLESTON (1919). A greater
amount of the i.v. dose was found in the bile of rats and cats than in the dogs.
FARrAH (1946 ) also found that the greater part of a given dose of ouabain was ex-
creted in the rat via the liver and bile. These observations, that the lethal dose of
ouabain in the rat after partial and total hepatectomy decreased in proportion to
the amount of liver removed, confirmed the importance of the liver in the excretion
of ouabain. As described before, Cox et al. (1959) found a predominantly biliary
excretion of ouabain in rats upon i.v. injection of high doses (1 mg/kg). DUTTA et
al. (1964) used H-ouabain and therefore smaller doses. They found about 12%
of a single i.p. injection of 0.2 mg/kg (50 pg/animal) in the urine after 72 h and
about 77% in the feces. In contrast, i.v. injection of 250 or 400 pg/animal (25-30 kg
body weight) in sheep resulted within the first 64 min in a predominantly renal ex-
cretion; the ratio of excretion of ouabain in urine and bile was 30:1 (Table 8).

Detailed investigations of species variations in the biliary excretion of ouabain
were carried out by RUSSELL and KLAASSEN (1972, 1973). It was found that, 20 min
after an i.v. injection of 80 pg/kg *H-ouabain the biliary concentration was much
higher in rats than in the rabbit or dog (Table 2). Especially noticeable was the high
bile: plasma concentration gradient of 1,500 for rats compared with 2.9 for rabbits
and 9.3 for dogs, suggesting that ouabain does not pass so easily from the plasma
into the liver or bile in the rabbit and dog as it does in the rat. The species variation
in biliary excretion of ouabain is said by the authors to be an important factor in
the differing toxicity. These differences in biliary excretion are peculiar to ouabain,
as digoxin and digitoxin may be excreted in the bile in large amounts in rabbits and
dogs, as well as in rats. IGA and KLAASSEN (1979) found in rats a hepatic extraction
of ouabain of about 50% comparing the area under the plasma concentration—time
curve and cumulative biliary excretion, respectively, after intraportal and intrave-
nous administration.
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SELDEN et al. (1974) investigated the excretion of 3H-ouabain in dogs and
found, 4-6 days after an i.v. injection, 54% in the urine and 5% of the given dose
in the bile. Renal excretion also apparently plays an important role in the guinea
pig; GARBE and Nowak (1968) found a total excretion of 91% 26 h after i.v. ad-
ministration of 3H-ouabain with only traces found in the feces. MERK (1980) found
43% of an i.p. injection of 69 nmol/kg *H-ouabain in the urine, 0.1% in the bile
and 9% of the given dose in the intestinal contents. LULLMANN et al. (1971) also
reported that ouabain is excreted predominantly by the kidneys in guinea pigs. In-
vestigations which fail to show any excretion of *H-ouabain in isolated perfused
guinea pig liver (KOLENDA et al., 1971) are in agreement with the above findings.
MARZO0 et al. (1974) determined a renal excretion of 24% 5 h after an i.v. injection
of 90 pug/kg 3H-ouabain and an excretion of 4% via the bile (Table 8).

Very few experiments along these lines have been performed with cats. HATCH-
ER and EGGLESTON (1919) failed to demonstrate the presence of any glycoside in
the urine of cats. LAHRTZ et al. (1968) in experiments with eight cats, found 3 h af-
ter oral or intraduodenal administration of *H-ouabain a predominantly renal
rather than a biliary excretion.

2. Strophanthoside K

MARZo0 et al. (1973, 1974) carried out investigations on the pharmacokinetics of
this substance in guinea pig. Upon rectal administration of 250, 500, or 1,000 pg/kg
3 H-strophanthoside K, 9% of the radioactivity was found in the urine within 5 h
and 18% within 15 h after application (1973). Of the excreted glycoside, 90% re-
mained unmetabolized, the rest being cymarin. The concentration ratio for the par-
ent compound: cymarin in the bile was found to be 78:22. Intravenous administra-
tion of 3H-strophanthoside K to guinea pigs with bile fistulae resulted in 19% of
the dose being excreted via the kidneys and 23% in the bile. MARZO et al. (1974)
found that six times more strophanthoside K was excreted in the bile in guinea pigs
than ouabain. Qualitatively similar results were reported by MERK (1980): 27% of
the dose were found in the urine 6 h after the administration of 69 nmol/kg stro-
phanthoside K intraperitoneally but 43% in the intestinal content (Table 8). The
differences in distribution and excretion of ouabain and strophanthoside K are
seen in Fig. 5.

3. Cymarin

The elimination of this glycoside was investigated by MOERMAN (1965) in rats: 10%
of an i.v. dose of 5 pg/g was excreted via the kidneys within 2 h. In guinea pigs
MErk (1980) found by RIA 2.2% in the urine, and 16% in feces 6 h after i.p. in-
jection of 69 nmol.

4. Acetylstrophanthidin

SELDEN et al. (1973) measured a renal excretion of 13% and an excretion in the bile
of 1.5%-2.1% 24 h after the i.v. administration of 1 mg to dogs (17-25 kg).
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5. Dihydroouabain

DurTaA et al. (1964) measured in rats a 5% renal excretion and an excretion of 23%
via the intestine after an i.p. dose of 50 pg/animal ®H-dihydroouabain. An anes-
thetized sheep with canulated ureters and biliary tract, excreted 2.5% of a given
dose within 64 min; excretion in the bile was 50 times less than in the urine.

6. Convallatoxin

LAUTERBACH (1964) measured in the rat a mean biliary excretion rate of 14%
within the first 3 h after intraduodenal doses of 0.5-32 pmol/kg. Of the amount
excreted, 70% was the parent compound and the rest convallatoxol. MERK (1980)

found by RIA 13% in the urine and 10% in the feces after i.p. injection of 69 nmol.

F. Conclusions

Strophanthus glycosides, in contrast to most glycosides from digitalis plants are
distributed faster in the peripheral tissues and their blood levels fall more rapidly
after i.v. injection of a single dose.

Ouabain (strophanthin G) is not metabolized and is hence, rapidly excreted via
the kidneys, whereas strophantoside K is metabolized, the main metabolite being
cymarin. Strophantoside K and its metabolites are predominantly eliminated via
liver and/or bile, this elimination occuring more slowly than that of ouabain. Me-
tabolism and excretion patterns of strophanthus glycosides are very different in the
various species. Thus, for instance in dogs ouabain is eliminated more slowly than
digitoxin while in rats it is eliminated rapidly via liver and bile.
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CHAPTER 4

Pharmacokinetics of Squill Glycosides

K.-E. ANDERSSON and B. BERGDAHL

A. Introduction

Among the native squill glycosides, only proscillaridin A has so far found consid-
erable clinical application. In addition, the semisynthetic meproscillarin (4-
methylproscillaridin A) was recently introduced. Pharmacokinetic knowledge of
these glycosides has been obtained by indirect techniques based on clinical param-
eters and by measurements in plasma and other body fluids by use of 8Rb uptake
inhibition assay or by * H-labeled glycosides. Generally, there is agreement between
the results from the two approaches.

Separation of intact glycoside from polar metabolites, mainly conjugates, has
usually been made by extraction with dichloromethane or chloroform. This raises
some doubt concerning the validity of the results found because the extraction step
of the 8Rb procedure is not specific for the intact glycosides. Metabolites, such
as the aglycone scillarenin, are also extracted and might contribute to the inhibition
of 8°Rb transport, although it is known that hydrolysis and subsequent epimeriz-
ation decrease the inhibitory effect of squill glycosides to a large extent (BELZ et
al., 1973; BERGDAHL and ANDERSSON, 1977). It has been found that some of the glu-
curonides of digoxin and digitoxin exhibit considerable inotropic activity in iso-
lated guinea pig papillary muscle (BeLz and HEeiNz, 1977). It is possible that also
conjugated squill glycosides are cardioactive; this remains to be studied.

B. Distribution After Intravenous and Oral Administration

I. Proscillaridin A

BELZ et al. (1974 b) administered proscillaridin A intravenously during 2 h to five
male volunteers. During the 1st h after the administration, plasma concentrations
measured by 8°Rb technique were found to decrease rapidly. This suggested a rap-
id initial distribution of the glycoside to the tissues. Plasma concentration data af-
ter oral intake further supported this view and also revealed two maxima in the
plasma concentration time curve. Thus, after giving 2.5 mg as tablets, BELZ et al.
(1974 c) measured a peak concentration in the first plasma sample taken (after
0.5 h), with a median value of 0.41 ng/ml (range 0-1.5 ng/ml). A second maximum
of about the same magnitude was found after 10 h, and there was a distinct mini-
mum at 3 h (median value ~ 0.10 ng/ml). The existence of two peaks in the plasma
concentration time curve after oral administration to healthy subjects was confirm-
ed by ANDERSSON et al. (1977 a) also using the #Rb technique for estimation of gly-
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coside plasma concentration. In that study, the first maximum was found after 20—
45 min, and higher values were observed (range 1.64-3.20 ng/ml) than in the inves-
tigation by BELZ et al. (1974c) despite similar dosage. Some difference might be
attributed to a more frequent plasma sampling during the first 2 h after drug in-
take, thereby better defining the true maxima, but the magnitude of the differences
suggests other influences, e.g., dosage form factors and subject variability.

The second peak in the concentration time curve could be caused either by re-
distribution of the glycoside or by hepatoenteric recycling. An analysis of the
proscillaridin concentrations in portal and peripheral blood after oral intake of
1.5 mg of the drug (tablets) was performed in four patients undergoing diagnostic
portal vein catheterization (ANDERSSON et al., 1977b). The individual portoperiph-
eral differences were small and reached a maximum within 10-25 min; at 4 h no
differences were found. Reoccurring portoperipheral differences were registered
after 6-10 h in three patients, suggesting new absorption of glycoside. An extensive
biliary excretion of proscillaridin A, mainly in conjugated form, was demonstrated
by ANDERSSON et al. (1977d) in patients with biliary drainage. In vitro experiments
demonstrated splitting of proscillaridin conjugates by enteric contents (ANDERSSON
etal.,, 1977d), opening up a possibility for reabsorption of the drug. These findings
suggest that hepatoenteric recycling, and not redistribution of the glycoside from
initial binding sites, is the most probable cause of the second peak in the plasma
concentration time curve.

Measurement of proscillaridin concentrations in the thoracic duct lymph in two
patients after oral intake of the glycoside showed that the concentration in the
lymph closely followed that in the plasma (ANDERSSON et al., 1977 ¢), which should
exclude proscillaridin transport in the lymph as an important alternative pathway
to the systemic blood after absorption.

II. Meproscillarin

The plasma concentration of meproscillarin, after oral and intravenous adminis-
tration of the glycoside, exhibited a pattern qualitatively similar to that found with
proscillaridin A (BELZ et al., 1976). Thus, after intravenous administration (Fig. 1),
there was an initial steep decrease in the plasma concentrations occurring for about
3 h. From 4 to 10 h, no further decrease, but rather a small increase in plasma con-
centration was observed in most of the 16 subjects investigated. After oral admin-
istration, the plasma concentrations generally decreased sharply after the first
sample taken at 1 h, and a second peak was more distinct (Fig. 1). RIETBROCK and
STAUD (1975) administered 0.5 mg * H-methylproscillaridin orally to healthy vol-
unteers and found maximum plasma concentrations of total radioactivity (2.5%
of the dose/liter) within 1-2 h after oral intake. They also observed a second peak
of activity (1.1% of the dose/liter) in two of five subjects investigated between 6
and 12 h. In four patients with biliary drainage given the same dose, STAUD et al.
(1975) found maximum radioactivity (2.8%—6% of the dose/liter plasma) within
1-3 h after intake. A second maximum was seen in one patient, which might indi-
cate incomplete drainage.

Available data thus suggest that the distribution patterns of proscillaridin A
and meproscillarin are similar. Both show second maxima in the plasma concen-
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Fig.1. Plasma meproscillarin concentrations at different times after intravenous (upper
panel) and oral (lower panel) administration of 1.2 mg to 16 healthy volunteers. BELZ et al.,
1976

tration profile, probably because of hepatoenteric recycling. As judged from the
area under the plasma concentration time curve after intravenous administration
and the slope of the terminal part of the curve, squill glycosides, like most other
cardiac glycosides, have a large volume of distribution in the body. Except for in
vitro results showing a high binding of squill glycosides to plasma proteins (BELZ
and SCHREITER, 1974), there are no data that allow conclusions to be drawn about
the affinity of the squill glycosides to different tissues in the body.

C. Metabolism and Excretion Pathways
I. Proscillaridin A

Evidence for an extensive metabolic inactivation of proscillaridin A was found by
ANDERSSON et al. (1975). They gave repetitive oral doses of the drug to healthy vol-
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unteers and found less than 1% of the daily administered dose in feces and urine
during 24-h sampling periods, measured as proscillaridin extractable with
dichloromethane. The concentration of extractable proscillaridin found in bile af-
ter single oral doses to patients with biliary drainage was 10-100 times higher than
that in plasma (ANDERSSON et al., 1977 d). The amount of intact drug found in bile
during 24 h was estimated to be less than 1% of the dose, but after incubation of
the bile samples with f-glucuronidase and sulfatase, this amount increased 100- to
200-fold. Thus, conjugation of the glycoside to glucuronic and/or sulfuric acid
seems to be a major metabolic pathway.

After single oral doses of the glycoside to patients undergoing diagnostic portal
vein catheterization, low peak concentrations of proscillaridin were found in the
portal vein as well as in peripheral veins (ANDERSSON et al., 1977b). However, after
enzymatic hydrolysis of the plasma samples of one patient, the extractable proscil-
laridin as well as the portoperipheral concentration differences increased mark-
edly. The peaks in the portal blood at 30 min after administration were 2.4 before
and 47 ng/ml after the deconjugation. The corresponding peaks in the peripheral
plasma were 0.8 and 18 ng/ml.

After single oral doses of 2.5 mg of the glycoside to male volunteers, pooled
plasma samples had a proscillaridin concentration of 0.56 ng/ml. Enzymatic treat-
ment increased the concentration to about 50 ng/ml (BERGDAHL, 1977). When
treating venous samples taken 30 min after the dose had been administered, gly-
coside concentrations as high as 150 ng/ml were found after deconjugation (BERG-
DAHL, 1977). Deconjugation of plasma samples from patients on maintenance dose
treatment, taken just before the dose of proscillaridin, increased the concentration
from 0.66 +0.43 ng/ml (mean + SD) to 9.2 + 6.6 ng/ml (BERGDAHL, 1977). A large
proportion of conjugated proscillaridin is obviously present in both portal and pe-
ripheral blood. Its existence in portal blood suggests that conjugation already takes
place in the gut wall.

II. Meproscillarin

Using tritiated meproscillarin, WEYMANN et al. (1978) performed a study of the dis-
position of the glycoside in rats and dogs. After intravenous administration of the
drug to rats, an average of 55% of the dose was recovered in feces during the first
48 h; about 30% of this fraction was soluble in chloroform. During the same time,
only 6% of the dose was recovered in urine, and of this more than 90% was chloro-
form-soluble. The large amount of drug in feces seems to be explained by biliary
excretion: within 5 h an average of 25% of an intraduodenal dose was recovered
in bile. Half of this amount was extractable by chloroform (bile/chloroform ratio
1:2, three extractions).

The same authors also found a rapid metabolism of meproscillarin in dogs.
Thus, 30 min after an oral dose almost half of the radioactivity in plasma was
bound to polar metabolites of the glycoside. At this time, the chloroform-ex-
tractable activity (plasma/chloroform ratio 1: 1, three extractions) consisted of ap-
proximately 65% meproscillarin, the rest was scillarenin, the corresponding aglu-
cone. During the following hours, the amount of meproscillarin gradually de-
creased and was replaced by metabolites. Unchanged glycoside was not detectable



Pharmacokinetics of Squill Glycosides 91

after 7 h when the chloroform fraction consisted of 70% proscillaridin and 30%
3a, 12f-hydroxyscillarenin.

Asin rats, biliary excretion of meproscillarin was also predominant in dogs. Af-
ter an oral dose of 20 pg/kg, 25% appeared in bile within 6 h; 4% of the dose was
found in the chloroform phase. The metabolites in the water-soluble fraction con-
sisted mainly of glucuronides (70%-80%) and sulfates (10%). During 5 days after
an oral dose of meproscillarin, an average of 70% was recovered in feces. Only
about half of this amount was said to be extractable with chloroform. During the
first 48 h of sampling, mainly unchanged meproscillarin was found in the feces of
the dogs. As the glycoside and its metabolites were excreted via the bile predom-
inantly as conjugates, the authors concluded that a splitting of the conjugates oc-
curred in the gut. However, this conclusion is valid only if the degree of absorption
of the glycoside was high.

Detailed studies of the fate of tritiated meproscillarin after single oral doses to
five healthy men were performed by RIETBROCK and StauD (1975). Solubility in
chloroform was determined by three extractions with a 2: 1 ratio between organic
and aqueous phase. About 45% of the radioactivity in plasma was chloroform-sol-
uble, and this percentage remained constant for a period of 6 days. However, the
low amount of radioactivity in plasma made quantitation of various metabolites
possible only during the first 4 h. Initially, mainly meproscillarin and also proscil-
laridin, scillarenin, and two unidentified metabolites were detected. The kinetics of
these two unknown metabolites suggested that one of them might be transformed
into the other. At 4 h, no meproscillarin was found, and 70% of the radioactivity
in plasma consisted of the more stable metabolite. When the water-soluble fraction
of radioactivity in plasma was treated with S-glucuronidase, there was a 62%
cleavage of the fraction; meproscillarin was the major cleavage product.

The investigators also found that during a sampling period of 7 days, an aver-
age of 56% of the administered meproscillarin dose was recovered in feces; 80%
of this fraction was chloroform-soluble and consisted mainly of meproscillarin
(90%) and small amounts of scillarenin (4%). The chloroform-insoluble fractions
(about 12% of the given dose and probably conjugates) could not be hydrolyzed
by treatment with f-glucuronidase.

In urine, a mean of 6% of the dose was recovered in the chloroform and 14%
in the aqueous phase during 7 days. The former fraction consisted mainly of the
two unknown metabolites, but small amounts of meproscillarin, proscillaridin,
scillarenin, and another unidentified metabolite were also found. After treatment
of the chloroform-insoluble fractions with f-glucuronidase, half of it was hy-
drolyzed and, as in plasma, mainly meproscillarin was recovered. The amount of
meproscillarin excreted in urine in patients with biliary drainage (STAUD et al.,
1975) was similar to that found in healthy subjects.

StauD et al. (1975) found that on average 55% (range 29%-89%) of an oral
dose of tritiated meproscillarin could be recovered in the bile of patients with bili-
ary drainage; the sampling time varied from 72 to 120 h; 43% of the dose was ex-
creted during the first 24 h. The chloroform-soluble fraction (extraction conditions
as above) was about 12% of the dose. Within this fraction, quantitation of various
metabolites was not possible, but scillarenin, meproscillarin, proscillaridin, and the
above-mentioned three unidentified metabolites were found. Of the polar fraction,
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80% could be split by enzyme treatment and found to be meproscillarin conjugated
to glucuronic acid. Only 3% of the rad10act1v1ty was recovered in feces during 96—
120 h. This finding strengthens the impression that biliary excretion is responsible
for the large amount eliminated in feces in healthy volunteers (RIETBROCK and
STAUD, 1975). As mainly unchanged meproscillarin was found in feces and polar
conjugates predominated in the bile, deconjugation appears to have occurred dur-
ing the intestinal passage. A marked increase in the glycoside concentration was
found when bile samples from patients given proscillaridin were treated in vitro
with enteric contents (ANDERSSON et al., 1977d). A similar deconjugation of me-
proscillarin conjugates by enteric contents therefore seems probable.

The extent of hepatoenteric recycling of meproscillarin was first shown by BeLz
and BADER (1974) giving oral doses of activated charcoal together with an intrave-
nous dose of the glycoside. They found that plasma concentrations of the drug 10 h
after administration were about 60% of that of controls not given charcoal, sug-
gesting adsorption to charcoal in the intestine after biliary excretion of drug. Thus,
reabsorption of squill glycosides after biliary excretion reduces the elimination by
this pathway. Nevertheless, more than half of the dose appears to leave the body
in the feces. This fraction should be further increased when renal function is com-
promised (see below).

D. Elimination Rate
1. Proscillaridin A

Studies of the effects of proscillaridin A in patients with cardiac disease, mostly
atrial fibrillation, have revealed that the glycoside has a moderate duration of ac-
tion. The daily loss of glycoside during maintenance therapy was estimated at
20%-50% of the loading dose (MEIER and WAGNER, 1965; HANEL and MEIFFERT,
1966; BELZ, 1968; LOSCHHORN, 1969; WULFING VON DER HEYDEN, 1969; BULITTA,
1974). '

After intravenous administration of proscillaridin to male volunteers, BELZ et
al. (1974b), using the ®°Rb uptake inhibition assay, found a mean terminal elimi-
nation half-life (¢3) of 46 h. This was evaluated during a period of 9-96 h after the
dose. Using the same assay, BeLz and BReCH (1974) determined the plasma ¢, of
proscillaridin after oral maintenance doses to male volunteers and patients with se-
rious renal insufficiency. The elimination of proscillaridin was found to be inde-
pendent of renal function; the median ¢, in the volunteers was 47 h (range 28-68 h)
and in the patients 41 h (range 34-88 h). BERGDAHL (1979) also determined the
plasma ¢, of proscillaridin by the 86Rb assay after stopping maintenance dose
treatment. In four young male volunteers the mean elimination constant corre-
sponded to a t, of 23 h (range 21-29 h), which is shorter than that found by BeLz
and BRECH (1974) The elimination of proscillaridin from plasma in 24 elderly
patients with slight to moderate cardiac insufficiency (BERGDAHL, 1979) was in
agreement with previous studies including those using indirect methods; a median
t, of 49 h was found. A striking finding was the tenfold variation of the elimination
rate; t, ranged 19-209 h, and seven patients had a ¢, longer than 69 h. A statistical
evaluatlon showed that methodological factors were of minor importance for the
variation observed. The true variation may be even greater, as some patients with
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an evidently rapid elimination had to be excluded because the proscillaridin con-
centration was below the detection limit of the method in samples crucial for the
evaluation. It should also be pointed out that the hepatoenteric recycling of the gly-
coside (cf. above) makes calculation of the elimination rate difficult as a true ex-
ponential decline of the plasma concentration cannot be taken for granted.

II. Meproscillarin

WEYMANN et al. (1978) investigated the elimination of tritiated meproscillarin in
dogs. Plasma ¢, of total label averaged 18 h; the same value was found for the label
that could be extracted by chloroform. The information on meproscillarin elimina-
tion obtained indirectly from studies of drug effects in patients with atrial fibrilla-
tion has shown a daily loss of glycoside of about 40% of the loading dose (HERKEN
and BRANDES, 1978). Using tritiated meproscillarin, RIETBROCK and StauD (1975)
found that the plasma ¢, of label averaged 51 h in five healthy volunteers. STAUD
et al. (1975), studying the drug in patients with biliary drainage, found a ¢, of label
in plasma ranging 18-30 h. As discussed above, interruption of hepatoenteric re-
cycling is the most probable explanation to the difference between the reports.

Data on the elimination of meproscillarin in volunteers and patients have also
been obtained by measuring the glycoside concentration in plasma by means of the
86Rb assay. After single oral doses of meproscillarin, an average ¢, of 33 h was
found; the corresponding result after intravenous administration was 23 h (BELz
et al., 1976). After single intravenous doses of meproscillarin, the elimination of
the glycoside from plasma was shown to be independent of renal function. In
patients with uremia, the plasma ¢, averaged 29 h and that of controls was 27 h
(BELZ et al., 1974a). When comparing the elimination of meproscillarin in male
volunteers and patients with renal insufficiency, BECKMANN et al. (1978) observed
average elimination half-lives of 46 and 49 h, respectively. As expected, no correla-
tion was found between the elimination constant of the glycoside and creatinine
clearance. During continuous treatment with meproscillarin in patients with im-
paired renal function and healthy subjects, no statistically significant differences
were found between the plasma concentrations of the two groups (TWITTENHOFF
et al., 1978). This further supports the view that meproscillarin is eliminated inde-
pendent of renal function.
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CHAPTER 5

Plasma Protein Binding of Cardiac Glycosides

J. KRIEGLSTEIN

A. Introduction

As early as 1913 OPPENHEIMER reported that the toxic effects of digitoxin on the
isolated frog heart were considerably attenuated when the glycoside was dissolved
in serum rather than in Ringer’s solution. He suggested that digitoxin is partially
bound to a constituent of serum. About 20 years later HOEKSTRA (1931) and
BRrRUCKE (1934) considered this problem again and demonstrated a binding of digi-
toxin when various proteins were added to the perfusion medium of isolated frog
heart preparations. Further studies carried out by LENDLE and PuscH (1935) and
HaArRMANN et al. (1940 a, b) showed the first evidence of albumin being the binding
protein in serum. The albumin binding of digitoxin was confirmed by the work of
Fawaz and FARAH (1944), FaraH (1945), and ROTHLIN and KALLENBERGER
(1950). The first extensive quantitative study on the binding of cardiac glycosides
to human plasma proteins was presented by SCHOLTAN et al. (1966) and by Lukas
and DEMARTINO (1969).

B. Characterization of Plasma Protein Binding

As shown in Table 1, there is a relatively large range in the binding data reported.
Some of the differences may be partially explained by differences in protein con-
centration (albumin content), the temperature at which the study was performed,
and the experimental procedure used. Nevertheless, it becomes evident that digi-
toxin is highly bound to plasma protein (i.e., 90%), digoxin is bound only to an
intermediate extent (20%-30%), and ouabain reveals only very small if any bind-
ing.
BaGaGot and Davis (1973) compared the extent of plasma protein binding of
digitoxin and digoxin in several species (Table 2). They used plasma of cat, dog,
goat, horse, man, monkey, opossum, ox, pony, rabbit, rat, sheep, and swine. In ev-
ery plasma studied, digitoxin is more avidly bound than digoxin although the ex-
tent of binding varies significantly among species. In addition, human plasma re-
vealed the highest percentage of bound digitoxin as was also found in earlier stud-
ies (FARAH, 1945; PFORDTE and FORSTER, 1970; ABSHAGEN et al., 1971).

It is now generally accepted that cardiac glycosides in human plasma are mainly
bound to albumin. Lukas and DEMARTINO (1969) found 91% of digitoxin in hu-
man plasma to be bound to albumin, 6% to y-globulin, and 3% to other globulins
(ot5, By, B2). EVERED (1972) found digoxin to be entirely bound to albumin in hu-
man serum. Using pure y-globulin solutions, a considerable binding affinity of the
glycosides to this protein was also demonstrated (SCHOLTAN et al., 1966; KUSCHIN-
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Plasma Protein Binding of Cardiac Glycosides
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