Journal of Clinical Imvestigation
Vol. 45, No. 5, 1966

Double Isotope Dilution Derivative Assay of Digitoxin in
Plasma, Urine, and Stool of Patients Maintained
on the Drug *

DanieL S, Lukas  AND RavLpa E. PETERSON
(From the Department of Medicine, Cornell University Medical College, New York, N. Y.)

Although the cardiac glycosides have been used
extensively since Withering published his obser-
vations on the effects of foxglove nearly two hun-
dred years ago (1), their distribution and metabo-
lism and the cellular basis of their action in man
are unknown. The lack of sufficiently sensitive,
chemically specific methods of assay has hampered
studies of the biologic behavior of these com-
pounds.

The sensitivity of available spectrophotometric
- and fluorometric methods is limited to 2 pg or
more, and none of them are molecularly specific,
since they involve structural components common
to all cardenolides and many glycosides. Thus,
production of color depends on the action of vari-
ous reagents on either the lactone ring (2-11) or
the 2-deoxy sugar residues (12-20). The «,8-
unsaturated lactone ring is also responsible for ab-
sorption of ultraviolet light at a wavelength of
217 mp (21). Fluorescence results from the ac-
tion of strong acids on the steroid segment of the
molecule and is attributable to dehydration and
oxidation products and the formation of accessory
ring structures (22-27). All these reactions are
subject to interference by numerous substances.

Most current information regarding the metabo-
lism of the cardiac glycosides is derived from stud-
ies employing bioassay methods (28-41) or the
administration of radioisotopically labeled com-
pounds (42-53). Bioassay with the chick or duck
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embryo heart is sensitive to 0.005 to 2 ug of car-
denolide or glycoside, depending on the source of
the biologic extract and the degree of purification
(28-32, 41), and even smaller quantities of glyco-
side labeled with **carbon (48-50) or tritium (51—
53) can be detected. Neither method, however, is
intrinsically specific.

Bioassay measures not only the parent com-
pound but also its active metabolites, as well as
other cardioactive substances in the sample. Simi-
larly, radioactivity in samples from a subject given
a radioisotopically labeled glycoside may repre-
sent the original compound, metabolites, or degra-
dation products commonly formed during extrac-
tion of submicrogram quantities of steroids. Iso-
lation of the glycoside from its metabolic products
by partition with solvents (43) and by paper (39)
or column (45) chromatography before bioassay
or radioassay has improved specificity, but pre-
cision is impaired unless means are incorporated
to correct for losses during these procedures. An
additional disadvantage of the direct administration
of radioisotopic compounds to human subjects is
that it can be used only for acute studies.

The double isotope dilution derivative method
is one of the most sensitive, precise, and chemi-
cally specific methods for measuring steroids in bio-
logic extracts (54-57). As little as 0.2 mug of
aldosterone in peripheral plasma can be determined
(56). The method has proved to be applicable to
digitoxin. This paper describes the techniques
employed and presents data on digitoxin in the
plasma, urine, and stool of patients treated chroni-
cally with this glycoside.

Methods
Principle of assay. A quantity of tritium-labeled digi-
toxin of high specific activity was added to the sample at
the beginning of the analysis. Digitoxin was extracted
from the sample and converted to digitoxin triacetate-1-*C,
which was isolated and purified. The amount of *carbon
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in the pure derivative is related stoichiometrically to digi-
toxin content. The ratio of tritium added initially to the
amount recovered was used to correct for loss of digi-
toxin during analysis.

Pyeparation of digitoxin-*H. Five to 10 mg of digi-
toxinl was subjected to exchange with tritium gas?2
(58). Digitoxin-*H was separated from radiation by-
products by partition between dichloromethane® and wa-
ter and by descending chromatography of the residue
from the dichloromethane layer on 18- X 55-cm sheets of
Whatman no. 1 paper at 26° C for 8 hours in a solvent
system containing benzene, methanol, and water in a
volumetric ratio of 4:2:1. Twenty ug of authentic digi-
toxin was chromatographed on a separate region of each
paper. One to two thin strips were cut in the direction
of development from each paper and dipped into a freshly
prepared mixture of 3 vol 1% m-dinitrobenzene ¢ and 1
vol 40% benzyltrimethylammonium hydroxide in methanol.
Digitoxin was identified by the blue color it developed
and by its position relative to the nonradioactive stand-
ard. The corresponding peaks of radioactivity on the
remaining sheets of paper were located with a strip
scanner.’ Digitoxin-*H was eluted from these segments
of paper with methanol and submitted to four additional
chromatographies in the following solvent systems: cy-
clohexane, dioxane, methanol, water (4:4:2:1, vol/vol)
for 3 days; and cyclohexane, dioxane, methanol, water
(4:3:2:1) for 4 days. .

Methanol in the eluate from the final chromatogram
was evaporated in a water bath at 37° C with an air jet.
The residue was dissolved in 40 ml of dichloromethane
and shaken with 2 to 3 ml of water. After aspiration of
the water layer containing fragments of filter paper, the
dichloromethane was evaporated. Ethanol was added to
the digitoxin-*H to make a stock solution, which was
stored at —20° C.

Purity of the digitoxin-*H and chemical identity with
authentic digitoxin were established by three serial re-
crystallizations of a mixture of 150 mg digitoxin and
10.3 uc of digitoxin-*H from 1:2 (vol/vol) ethanol-
petroleum ether. A portion of the initial mixture and
the crystals and mother liquor from each recrystalliza-
tion were dried. A quantity of each was weighed and dis-
solved in ethanol. These solutions were assayed for tri-
tium activity with a liquid scintillation spectrometer ¢

1 We are indebted to Dr. James A. Dingwall of the
Squibb Institute for Medical Research, New Brunswick,
N. J., for generous supplies of pure (99.6%) digitoxin.

2 New England Nuclear Corp., Boston, Mass.

8 All dichloromethane used in this study was purified by
passage through a 7- X 40-cm column of 28- to 200-mesh
silica gel.

4 Grade V, Sigma Chemical Co., St. Louis, Mo.

5 Automatic Chromatogram Scanner, Vanguard Instru-
ment Corp., La Grange, Ill, or Radiochromatogram
Scanner System, model 7201, Packard Instrument Co.,
La Grange, Il

8 Tri-Carb liquid scintillation spectrometer, series 314E
or model 3003, Packard Instrument Co., La Grange, Ill.
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F16. 1. SCHEMATIC REPRESENTATION OF PAPER CHRO-
MATOGRAMS SHOWING MOBILITY OF DIGITOXIN TRIACETATE
AND RELATED MARKERS IN FOUR SOLVENT SYSTEMS. Digi-
toxin triacetate is depicted as a black spot, aldosterone di-
acetate as a horizontally hatched circle, rhodamine B as
an open circle, and F-11 as a dotted circle. Solvent sys-
tem 1= cyclohexane, benzene, methanol, water (100:25:
100:15) for 20 hours; system 2 = cyclohexane, dioxane,
methanol, water (10:2:10:1) for 24 hours, system 3=
isooctane, ¢-butanol, methanol, water (4:2:4:1) for 62
hours, and system 4 = mesitylene, methanol, water (3:2:
1, reversed phase) for 20 hours.

using a toluene phosphor.” The specific activities of all
crystals and mother liquor residues deviated from the
specific activity of the initial mixture by no more than
3%.

In another demonstration of purity, a mixture of 3 mg
digitoxin and 1.8 wc digitoxin-*H was chromatographed
in cyclohexane, dioxane, methanol, and water (4:4:2:
1) for 24 hours, rechromatographed in cyclohexane, diox-
ane, methanol, and water (4:3:2:1) for 3 days, and
then converted to digitoxin-*H triacetate by treatment
with acetic anhydride and pyridine. The triacetate was
purified by chromatography in systems 1 and 4 (Figure
1). Digitoxin content of the initial mixture, of eluates
from each of the first two chromatographies, and of the
triacetate derivative was determined spectrophotometri-
cally by a modified alkaline m-dinitrobenzene color reac-
tion; tritium content was measured by liquid scintillation.
The specific activity of the initial mixture remained con-
stant within 2.8% through all of these procedures.

Still another proof of the purity of the tritiated digi-
toxin was provided by the correspondence of measured
to anticipated *carbon to tritium ratios in triacetate-1-%C
derivatives of various combinations of digitoxin and digi-
toxin-*H (see below).

These procedures, which involved multiple sequential
solution of digitoxin-*H in different solvents, exposure
to acetic anhydride at 56° C for several days, and storage
for a prolonged period in ethanol, also demonstrated
that tritium comprised a chemically stable component of
the molecule.

Specific activity of the digitoxin-*H was determined by

7 Liquifluor, Pilot Chemical Co., Watertown, Mass.
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converting 0.25 to 2.5 ug of the compound to the tri-
acetate derivative with acetic anhydride-1-*C. After the
digitoxin-*H triacetate-1-**C was purified by paper chro-
matography in the four solvent systems used for the
double isotope dilution derivative method, its tritium and
Mcarbon contents were determined. The specific activity
of the tritiated digitoxin was calculated from the known
specific activity of the acetic anhydride. Determinations
using several different lots of acetic anhydride-1-*C
yielded values of 0.76 mc per mg for one lot of digitoxin
and 0.72 mc per mg for a separately prepared lot. Hy-
drolysis of the glycoside and measurement of the specific
activity of the free genin by converting it to digitoxi-
genin-*H acetate-1-*C demonstrated that only 33% of
the tritium in the digitoxin was associated with the
genin.

Specific activity of acetic anhydride-1-*C was deter-
mined by using it to acetylate cortisol and subsequently
measuring the ™carbon and cortisol content of the re-
sultant cortisol acetate-**C (54).

Alkaline m-dinitrobenzene color reaction. The follow-
ing modification of existing methods (2-5) for perform-
ing this reaction was employed. The solution to be as-
sayed was dried in a test tube. One-tenth ml of 1%
m-dinitrobenzene in redistilled ethanol (54) and 0.4 ml
of 40% benzyltrimethylammonium hydroxide in metha-
nol were mixed thoroughly with the contents of the tube.
Full development of blue color was achieved in 1 min-
ute. The color was stabilized with 3 ml ice cold re-
distilled ethanol. The solution was transferred to a
19- X 105-mm cuvette, and its optical denSity at 610 mgu
was determined in a Coleman Junior spectrophotometer
at 2 minutes aftér addition of the organic base. Stand-
ards of 20, 40, and 60 ug were similarly treated. Optical
density varied linearly with concentration. The coeffi-
cient of variation for replicate determinations of 10 to 60
ug was 1%. The color, which is specific for the lactone
ring, has a molar absorbancy index for digitoxin of
18,400. Since water inhibits development of color, its
introduction into reagents or reaction mixture was me-
ticulously avoided.

Acetylation of digitoxin. Treatment of digitoxin with
acetic anhydride in a molar ratio of 1:100 and pyridine
produces a mixture of four acetates of digitoxin, which
can be separated and identified by paper chromatography.
The four free hydroxyl groups of the digitoxose residues
are the sites of acetylation. The 148-hydroxyl group
within the steroid moiety of the molecule is tertiary and
relatively unreactive.

For double isotope dilution derivative assay, a mixture
of acetates (mono-, di-, tri-, and tetra-) would be incon-
venient because of limited yield of any single derivative.
It was not possible to devise conditions for acetylation of
microgram quantities of digitoxin that would consistently
yield only the tetraacetate without considerable degrada-
tion of digitoxin.

Yields of digitoxin triacetate greater than 80%, how-
ever, were obtained by treating digitoxin with pure acetic
anhydride (molar ratio 1:100) and pyridine (1/1.5, vol/
vol) at 56° C for 4 days in sealed tubes. With acetic an-
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hydride-1-*C, which because of its volatility and ex-
pense is handled as a 20% solution in anhydrous benzene,
the molar ratio of acetic anhydride to digitoxin had to be
increased to 300: 1 to achieve 90% yields of digitoxin tri-
acetate under otherwise similar conditions.

That the compound formed in this reaction is digitoxin
triacetate was established in several ways. One mg of
digitoxin was acetylated with acetic anhydride-1-*C.
The triacetate was freed of impurities by paper chroma-
tography (Figure 1). In the final eluate, digitoxin was
determined by the alkaline m-dinitrobenzene reaction, and
acetate by measuring “carbon content. The molar ratio
of acetate to digitoxin was 2.95: 1.

Mixtures of digitoxin and digitoxin-*H in varying
proportions were acetylated with acetic anhydride-1-*C.
The *carbon to tritium ratios in the derivatives indi-
cated a 3:1 molar ratio of acetate to digitoxin.

Digitoxin triacetate (mol wt, 891.08) was synthesized
and submitted to elemental analysis, which demonstrated
the following: C, 63.40%; H, 7.75%; and O, 28.85%.
Calculated values were C, 63.36%; H, 7.91%; and O,
28.73%. The melting point was 121 to 122° C.

Assay of digitoxin in plasma or urine. A quantity of
digitoxin-*H in ethanol approximately equivalent to 100,-
000 dpm was pipetted into a glass-stoppered cylinder.
An identical amount was pipetted into each of three
counting vials, dried, and put aside. The measured sam-
ple of plasma or urine was added to the cylinder and
mixed thoroughly with the digitoxin-*H. Digitoxin was
extracted by shaking the sample with 10 vol dichloro-
methane. The upper aqueous layer was removed by
aspiration. The lipid content of the extract was reduced
by shaking with 5 vol 0.1 N NaOH. The water layer
was removed, and residual alkali was neutralized by
shaking the extract with 15 vol 0.1 M acetic acid, which
was subsequently aspirated.

The extract was transferred to a beaker; a few milli-
liters of ethanol was added, and the dichloromethane was
evaporated by air stream from a fan. The residue was
dissolved in 3 to 4 ml ethanol and transferred with two
washes of dichloromethane to a 30-ml glass-stoppered
centrifuge tube. After the solvents were evaporated by
air jet at 37° C, the contents of the tube were dissolved
in 0.5 ml ethanol, and 2 ml water was added to produce
a 20% solution of ethanol. The solution was shaken with
10 ml cyclohexane to remove remaining lipids and non-
polar substances. After the cyclohexane layer was dis-
carded, the compounds in the ethanolic solution were ex-
tracted with 25 ml dichloromethane, and the aqueous
layer was removed. Thirty ug A-cortisone was added to
the extract, and the dichloromethane was evaporated.

The residue was applied with a mixture of methanol
and dichloromethane to Whatman no. 1 filter paper along
a thin line 2 cm long and chromatographed in the cyclo-
hexane, dioxane, methanol, water (4:4:2:1) system for
24 hours. After the chromatogram was developed, A'-
cortisone was identified by its absorption of ultraviolet
light at a wavelength of 254 mu. Digitoxin was located
by its mobility relative to the marker, and by the peak
of radioactivity in scans of the chromatogram. In this
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system, digitoxin migrates 16 cm and A'-cortisone, 20 cm,
in 24 hours.

The section of paper containing digitoxin was cut out,
and the steroid eluted in a test tube with methanol, which
subsequently was evaporated. The residue was trans-
ferred with dichloromethane to a 3-ml glass-stoppered
centrifuge tube. The dichloromethane was evaporated,
and the residue dried in a vacuum oven at 37° C for a
half-hour.

Acetic anhydride-1-*C, 0.02 ml (20% vol/vol in ben-
zene) 2 with a specific activity of 10 mc per mmole and
0.03 ml of anhydrous pyridine 8 were added to the tube.
To insure a tight seal, the stopper was sprayed with
Fluoroglide,? inserted while still moist, and held in place
by a ball-socket clamp. After the tube was rotated to
dissolve all the residue, it was maintained at 56° C for 4
days.

The acetylation was terminated with 0.5 ml 50% etha-
nol. To eliminate some nonpolar *C-labeled compounds,
the ethanol was shaken with 2 ml isooctane, which was
discarded. Digitoxin triacetate was extracted from the
ethanol solution with 3 ml carbon tetrachloride. The
aqueous layer was aspirated, and the carbon tetrachloride
was washed with 0.5 ml water. After 30 ug aldosterone
diacetate was added, the carbon tetrachloride was evapo-
rated.

The residue was chromatographed on paper in sol-
vent system 1 (Figure 1). Digitoxin triacetate-*C was
identified, and to separate it from other **C-labeled com-
pounds, it was chromatographed on paper in the three
additional solvent systems detailed in Figure 1. Digi-
toxin triacetate was located in each chromatogram by
radioscan and by its position relative to aldosterone di-
acetate and dye markers (Figure 1). Standard digitoxin
triacetate-*C chromatographed in parallel with the
sample served as a check on this relationship and assisted
in defining the dimensions of the spot to be eluted.

The triacetate was eluted from the last chromatogram
in a glass counting vial. The methanol was evaporated,
and 5 ml phosphor solution was added. Tritium and
“carbon contents of the vial were measured simultane-
ously by liquid scintillation spectrometry. At this time,
tritium content of the vials into which digitoxin-*H had
been pipetted at the outset of the analysis also was meas-
ured. The average recovery of digitoxin-*H in the analy-
sis of plasma samples was 12%, with a range of 1 to
39%.

In the model 3003 spectrometer, the photomultiplier
tube was operated at a voltage tap of 4.80. Tritium was
determined in one channel at 40% efficiency (discrimi-
nator, 50 to 700 divisions; gain, 45%). The efficiency for
measuring carbon in another channel was 62% (dis-
criminator, 150 to 700 divisions; gain, 7.5%). The ra-
tio of first channel to second channel counts per minute

8 The pyridine was refluxed over barium oxide for 4 to
6 hours and distilled through a fractionating column. The
middle fraction boiling at 115° C was collected and stored
over CaCl; in a vacuum dessicator.

9 Chemplast, Inc., East Newark, N. J.
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was 230 for tritium and 0.3 for *carbon. Background
was 12 c¢pm in the first channel and 8 in the second.
The *carbon to tritium ratio in the samples was 0.05 to
1.5, which is within the range affording maximal ac-
curacy in measuring both isotopes (59).

Digitoxin content of the sample was calculated from
the following equation: micrograms digitoxin = T[(C/
T)+— (C/T)alM/3S.-1,000, where T = counts per min-
ute digitoxin-*H initially added to sample; (C/T)v=
ratio of *C to *H counts per minute in counting vial;
(C/T)a=ratio of *C to *H counts per minute for triace-
tate-“C of added digitoxin-*H; S, = specific activity of
acetic anhydride-1-*C in counts per minute per milli-
micromole acetate; and M = molecular weight of digi-
toxin.

Assay of stool. Stools homogenized with water were
analyzed by the method used for plasma and urine with
certain modifications. The dichloromethane extract of
homogenate was subjected to two successive washings
with 0.1 N NaOH, followed by two washings with 0.1 M
acetic acid. The dried extract was partitioned between
3 ml of 25% ethanol and 10 ml of cyclohexane; the cy-
clohexane layer was replaced once or twice until it lacked
color. The dichloromethane used to extract digitoxin
from the aqueous ethanol was washed two to three times
with 2 ml water until the water was clear. After the
residue in the dichloromethane was chromatographed in
the cyclohexane, dioxane, methanol, water (4:4:2:1)
system, digitoxin was eluted and chromatographed again
in the benzene, methanol, water (4:2:1) system before
acetylation.

Assay of whole blood. The blood sample was diluted
with an equal volume of water to hemolyze the red cells
and analyzed by the method used for plasma, with one
modification. The initial dichloromethane extract was
washed twice with 0.1 N NaOH and twice with 0.1 M
acetic acid.

Specificity, precision, and accuracy of method. Com-
plete separation of digitoxin triacetate-1-*C from other
contaminating C-labeled compounds is essential for
specificity of the method. Several observations indicate
that this was accomplished by the procedures employed.

In determinations of the specific activity of tritiated
digitoxin, the C to *H ratio usually attained its lowest
value within three chromatographies after acetylation and
always after the fourth chromatography. No additional
change in the ratio occurred when the compound was
recovered from phosphor solution and was either re-
chromatographed on paper or reacetylated with non-
radioactive acetic anhydride and then chromatographed
as the resultant tetraacetate.

A mixture of digitoxin and digitoxin-*H was acety-
lated with acetic anhydride-1-*C and then chromato-
graphed in six different solvent systems. Eluates of the
triacetate after the third to sixth chromatographies
showed the following *C to *H ratios: 0.067, 0.069, 0.068,
and 0.068. Similarly, an additional chromatography af-
ter the routine four did not alter the *C to ®*H ratio of
digitoxin triacetate formed during analysis of plasma,
urine, or stool.
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Three 50-ml samples of plasma obtained from normal
subjects not taking digitoxin were assayed. Values of
digitoxin equivalent in these “blank” samples were 0.0042,
0.0045, and 0.0047 ug. The value for 100 ml urine from
a normal subject not taking the drug was 0.0002 ug.
The blank value for 50 ml of whole blood was 0.0008 ug.
Blank values for three stool samples were 0.01, 0.01,
and 0.05 ug per 100 g.

Mixtures of 0.03 ml acetic anhydride-1-¥C (SA, 10
mc per mmole) and 0.04 ml pyridine were incubated, ex-
tracted, and chromatographed as in the case of digitoxin-
containing samples. After each chromatography, the
area of paper corresponding to the position of digitoxin
triacetate was eluted. After the fourth chromatography,
the eluate of this segment of paper contained only 0 to
2 cpm of “C.

Separation of digitoxin from digoxin, digoxigenin di-
digitoxoside, digoxigenin monodigitoxoside, digoxigenin,
digitoxigenin di-digitoxoside, digitoxigenin monodigitoxo-
side, and digitoxigenin, compounds that have been pro-
posed to result from the metabolic degradation of digi-
toxin in man (41, 42, 60-64), was accomplished by pre-
acetylation chromatography. Thus, in the cyclohexane,
dioxane, methanol, water (4:4:2:1) system, digitoxin
migrated 16 cm from the origin in 24 hours, whereas
digoxin, digoxigenin, and compounds of intermediate po-
larity, the di- and monodigitoxosides of digoxigenin,
were arrayed between 2 and 6 cm. Digitoxigenin mi-
grated 42 cm; its di- and monodigitoxosides traveled
24 and 36 cm, respectively. In benzene, methanol, water
(4:2:1), the following distances in centimeters were
traversed in 8 hours: digoxin, 2; digoxigenin, 4; digi-
toxin, 36; and digitoxigenin, 47. Acetylation of digi-
toxin followed by four chromatographies of digitoxin tri-
acetate further ensured separation. For example, after
24 hours in the cyclohexane, benzene, methanol, water
(100:25:100: 15) system, the following mobilities in
centimeters were observed: digoxin tetraacetate, 14;
digoxigenin diacetate, 18; digitoxin triacetate, 21; and
digitoxigenin acetate, 40.

To test the precision and accuracy of the method, 0.01
to 0.2 ug digitoxin was added to 3- to 10-ml portions of
normal plasma. Analysis of these samples yielded values
for digitoxin content and concentration that were 101 %+
3% (mean=SE) of the expected values (Table I)
(65). Six different lots of acetic anhydride-1-“C were
used in these analyses. Although analytic accuracy for
the samples containing 0.01 to 0.02 ug was good, the
coefficient of variation of 20% indicated limited precision
(66). The method was more precise when larger
amounts of digitoxin were measured. For the twelve
samples containing 0.2 ug, the coefficient of variation
was 4% ; accuracy was reflected by a mean value (plus
or minus standard error) for these assays of 0.197 %=
0.002 ug. All the 0.2-ug samples were 10 ml in volume
and, therefore, represented a digitoxin concentration of
2 pg per 100 ml. They were obtained from two sepa-
rately prepared pools of plasma and analyzed with three
different lots of acetic anhydride. The average recovery
of digitoxin-°H in these assays was 6% (range, 2 to 9%).
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TABLE I

Results of double 1sotope dilution derivative assays of plasma
samples containing added digitoxin

Digitoxin added (ug) 0.01 0.02 0.04 0.10 0.20
ne

0.015 0.020 0.038 0.098 0.203

0.009 0.020 0.033 €.207

0.009 0.026 0.196

0.008 0.017 0.193

0.012 0.018 0.196

0.022 0.184

0.025 0.200

0.202

0.193

0.189

0.214

0.190

In each analytic run, 200,000 dpm of digitoxin-*H was
acetylated to determine the ratio (C/T)a in the above
equation. For each lot of acetic anhydride, the values
agreed within 2%. Values for specific activity of the
digitoxin-*H calculated from ratios observed with dif-
ferent lots of acetic anhydride also agreed within 2%.

Subjects. Patients studied were 19 to 72 years old and
hospitalized. They had cardiac failure or atrial fibrilla-
tion secondary to valvular, myocardial, or coronary
arterial disease, and they had been taking 0.05 to 0.4 mg
digitoxin daily by mouth for periods of 10 days to 12
years. In each patient, treatment had been initiated with
12 mg of the glycoside in two to three divided doses
during a period of 1 to 3 days. Except for three pa-
tients with impaired renal function, all subjects were
free of liver and renal disease. Also studied were pa-
tients with atrial arrhythmias and rapid ventricular
rates who were treated with large amounts of the drug
during short periods of time and developed toxic mani-
festations.

Venous blood was collected in heparinized syringes.
Usually, 10 to 15 ml plasma was analyzed, although
early in the study as much as 50 ml was used. Urine
was collected without preservative for three consecutive
24-hour periods. Samples of 100 ml from each period
were analyzed. Stools excreted during these 3 con-
secutive days were combined, weighed, and homogenized
in a blender with % to 1 vol water. Two hundred ml
homogenate was assayed. All samples were stored in a
frozen state before analysis.

Results

Digitoxin in plasma. In two patients, plasma
was obtained immediately before the daily dose
of 0.1 mg was ingested and at 3, 1 to 6, 12, and 24
hours thereafter. The variations in plasma digi-
toxin concentration in one of the patients are de-
picted in Figure 2. In three other subjects, plasma
digitoxin concentration was followed for 6 hours
after daily doses of 0.1, 0.2, and 0.4 mg. In all
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0.1 MG. DIGITOXIN P.O.

PLASMA DIGITOXIN CONC. UG./I00 ML.

(o] 4 8 12 16 20 24
HOURS

F16. 2. VARIATIONS IN PLASMA DIGITOXIN CONCENTRA-
TION DURING A 24-HOUR PERIOD IN A 59-YEAR-OLD WOMAN
MAINTAINED ON DIGITOXIN. The daily dose of 0.1 mg was
ingested at zero time (9:00 a.m.).

subjects, increase in the concentration of the gly-
coside in the plasma was detected at 4 to 1 hour
after ingestion of the drug. At 1 hour, the concen-
tration reached a peak, which was 17 to 30%
greater than the initial value, and which was sus-
tained for the ensuing 2 to 3 hours. By the fourth
to sixth hour, the concentration had fallen to its
initial level in all patients except one, in whom a
small increment of 0.23 pg per 100 ml was still
present after 6 hours.

Aside from the increase related to absorption
of the daily dose of the drug, plasma digitoxin
concentration remained relatively stable during the
course of the day. Additional evidence of this
constancy was obtained by measurements in ten
other patients before and 4 to 12 hours after daily
maintenance doses of 0.1 to 0.25 mg (Figure 3).

In 20 patients, plasma concentrations measured
before or 5 to 8 hours after the daily dose of 0.05
to 0.25 mg and, therefore, regarded as representa-
tive of concentrations present throughout most of
the day, ranged from 1.0 to 4.89 ug per 100 ml.
Concentration varied directly (r =0.91) with the
maintenance dose of digitoxin in micrograms per
kilogram of body weight (Figure 4). Most sub-
jects were receiving 0.1 mg per day, and their
plasma levels approximated 2 ug per 100 ml.

Five patients who had previously taken priming
doses of digitoxin experienced abrupt onset of
anorexia and nausea after receiving 0.25 to 0.6 mg
(4.0 to 6.6 ug per kg) of the glycoside daily for
6 to 30 days. Their plasma digitoxin concentra-
tions were 4.33 to 6.41 pg per 100 ml. Two pa-
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PLASMA DIGITOXIN CONC, G./100 ML
n
‘ N
J

) 2 4 6 8 10 12
HOURS AFTER DAILY DOSE
Fic. 3. PLASMA DIGITOXIN CONCENTRATIONS IN 10 PA-

TIENTS BEFORE AND 4 TO 12 HOURS AFTER DAILY DOSES OF
0.1 To 0.25 MG WERE INGESTED.

tients vomited ; one of them with a plasma concen-
tration of 5.6 pg per 100 ml also experienced scoto-
mas and blurring of vision.

The highest plasma concentration, 6.68 pg per
100 ml, was encountered in a patient who devel-
oped atrial tachycardia with 2:1 atrioventricular
block after 3.2 mg digitoxin had been adminis-
tered intramuscularly in 4 days (average daily
dose, 6.7 pg per kg). The arrhythmia subsided
within 4 days after the drug was withheld, and
after 10 additional days, during which 0.1 mg
(1.79 pg per kg) was taken daily by mouth, the
plasma concentration had fallen to 1.62 pg per
100 ml.
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F16. 4. RELATIONSHIP OF PLASMA DIGITOXIN CONCEN-
TRATION TO DAILY DOSE OF DIGITOXIN IN 20 PATIENTS
TREATED CHRONICALLY. The correlation coefficient is
shown. Included in the plot, but not in the statistical
computations, are values for three subjects to whom
digitoxin was never administered.



788

Another patient who developed atrial tachy-
cardia with 2:1 atrioventricular block after 1
month on a daily dose of 0.3 mg (6.9 ug per kg)
had a plasma concentration of 2.85 ug per 100 ml
5 days after onset of the arrhythmia and discon-
tinuation of the drug.

Persistence of digitoxin in the plasma after ces-
sation of treatment was studied in two patients
who had been maintained on 0.1 mg per day.
Plasma digitoxin concentration declined exponen-
tially with time. In one patient, the half-time of
digitoxin in the plasma was 4.3 days (Figure 5).
In the other patient, who had slight impairment of
renal function with a blood urea nitrogen of 25 mg
per 100 ml, the plasma half-time was 6.4 days.

To determine whether the red cells and other
formed elements of the blood contribute to the
circulating pool of digitoxin, the glycoside was
measured in 25 ml of blood and 15 ml of plasma
of single blood samples obtained from each of ten
patients. The hematocrit of each blood sample
was corrected for trapped plasma (67) and used
to calculate the amount of digitoxin expected in
whole blood on the basis of its plasma content.

Digitoxin concentration in plasma varied be-
tween 1.04 and 3.70 pg per 100 ml, and in every
patient exceeded that in whole blood (Table IT).
The quantities of digitoxin in 100 ml whole blood
were not significantly different (p > 0.5) from
the amounts expected to be present in the con-
tained plasma.

These results are supported by experiments in

20r

T% =4.3 DAYS

PLASMA DIGITOXIN CONC. 1/G./100 ML.

DAYS

F16. 5. DECREASE OF PLASMA DIGITOXIN CONCENTRA-
TION WITH TIME AFTER TREATMENT WAS DISCONTINUED IN
A 63-YEAR-O0LD MAN. The last daily dose of 0.1 mg was
administered at zero time. Concentration is presented
on a logarithmic scale. The half-time is shown.
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TABLE II

Concentration of digitoxin in plasma and whole blood of ten
subjects treated with digitoxin

Digitoxin concentration

Blood
Hematocrit Plasma Found Expected*
% 1g/100 mi

36.2 1.04 0.63 0.66
37.5 1.08 0.67 0.68
37.9 1.18 0.69 0.73
37.2 1.19 0.80 0.75
35.2 1.78 1.22 1.15
40.4 1.84 1.11 1.10
46.9 1.95 1.18 1.03
44.7 2.73 1.36 1.51
38.2 2.76 1.74 1.70
39.6 3.70 2.29 2.24

Average 1.17 1.15

_* Concentration expected if the cells contained no
digitoxin.

which incubation of digitoxin-*H with blood at
37° C was followed by assay of tritium activity
of dichloromethane extracts of the blood and its
plasma. The concentration of digitoxin in the
red cells was 2% of that in the plasma.

Excretion of digitoxin in urine. Eleven patients
taking 0.1 mg of the drug (1.3 to 2.6 pg per kg)
daily excreted 8.3 to 30.3 ug (average, 15.8 pg)
in the urine during a 24-hour period. In nine of
the subjects in whom plasma concentration was
measured before and twice after the absorption
peak, urinary excretion of the compound varied
directly (r =0.88) with its plasma concentra-
tion (Figure 6). One subject treated with 0.4
mg per day had a plasma concentration of 5.6 ug
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F16. 6. RELATIONSHIP OF RATE OF URINARY EXCRETION
OF DIGITOXIN TO PLASMA DIGITOXIN CONCENTRATION IN
NINE PATIENTS MAINTAINED ON A DAILY DOSE OF (.1 MG.
The correlation coefficient is indicated.
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per 100 ml and excreted an average of 49 pug
in 24 hours. His data fall on the regression line
defined by the points in Figure 6.

One patient with cardiac failure easily con-
trolled by 0.2 mg (2.7 pg per kg) of digitoxin
daily had slight impairment of renal function with
a blood urea nitrogen concentration of 25 mg per
100 ml. He excreted only 154 pg of digitoxin
in 24 hours despite a plasma level of 3.0 ug per
100 ml. Another patient with marked chronic
renal insufficiency required two periods of hemo-
dialysis weekly for control of uremia and had been
maintained on 0.1 mg (2.0 pg per kg) of digi-
toxin daily for 10 months. His plasma concen-
tration was 0.7 ug per 100 ml, and his 24-hour
urinary excretion of digitoxin was only 0.3 ug.
The data from both subjects fall well below the
points in Figure 6. Neither had manifested signs
attributable to toxic effects of the glycoside.

The possibility that an additional quantity of
digitoxin might be excreted as a conjugate of glu-
curonic acid was investigated in four patients.
One hundred m! urine was incubated at 37° C for
24 hours with 100,000 U bovine hepatic B-glu-
curonidase *° at pH 4.8 maintained by a sodium
acetate-acetic acid buffer. A 100-ml portion of
urine from the same sample was incubated with
buffer as a control. Digitoxin content was deter-
mined by the usual method except that the digi-
toxin-*H used to monitor procedural losses was
added to the urine before incubation. The digi-
toxin content of samples treated with B-glucuroni-
dase did not differ significantly from that of the
control samples (Table ITI). Additional studies
utilizing B-glucuronidase derived from Escherichia
coli also failed to demonstrate digitoxin glucu-
ronoside in the urine.

Excretion of digitoxin in stool. Five patients
maintained on 0.1 mg digitoxin excreted 9.3 to

TABLE III
Effect of B-glucuronidase on digitoxin content of 100 ml urine

Digitoxin content

Subject Control Treated
ug
MF 0.61 0.62
AR 2.10 2.16
HH 2.21 2.19
DR 2.70 2.80

10 Ketodase, Warner-Chilcott, Morris Plains, N. J.
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" TABLE IV

Plasma concentration and daily excretion of digitoxin in
patients treated chronically

Plasma Excretion
Daily  concen-
Patient dose tration Urine Stool Total
mg  pg/100 ml pg/day  pg/dey  pg/day
FB 0.1 1.71 14.6 9.3 239
PL 0.1 1.83 15.8 9.7 25.5
AL 0.1 2.10 21.8 14.5 36.3
AR 0.1 2.15 17.4 17.8 35.2
GP 0.1 2.40 30.3 18.8 49.1
MN 0.4 5.60 49.0 41.8 90.8
GW* 0.2 3.00 15.4 8.6 24.0
JRY 0.1 0.70 0.3 4.4 4.7

* Slight impairment of renal function.
1 Marked chronic renal insufficiency.

18.8 ug (average, 14.0 pg) daily in the stool. The
patient on a daily dose of 0.4 mg excreted 41.8 ug
per day. The subject with slight disturbance of
renal function excreted 8.6 ug of his 0.2-mg dose
daily, and only 4.4 ug per day appeared in the
stool of the patient with advanced renal insuffi-
ciency.

Although the analytic blank for stool is rela-
tively high, it could not have accounted for more
than 0.1 pg of the above values, since none of the
3-day stool collections exceeded 761 g.

Fecal excretion of digitoxin closely paralleled
urinary excretion of the glycoside in magnitude
(Table IV). The total daily output of digitoxin
in the urine and feces was 23.9 to 49.1 ug (aver-
age, 34 pg) in patients taking 0.1 mg per day.
Total daily output of the patient on 0.4 mg was
90.8 ug. Only 24 pg of a daily dose of 0.2 mg was
excreted by the patient with mild renal disease,
and only 4.7 pg of a daily dose of 0.1 mg appeared
in the urine and stool of the subject with chronic
renal failure. o

Discussion

Few observations have been made on digitoxin
in the plasma of man. When utilizing bioassay
with the duck embryo heart, Friedman and co-
workers were able to detect the glycoside in the
serum for only 3 hours after it had been adminis-
tered intravenously to four subjects (33, 34).
Okita and associates administered 0.5 to 1.5 mg
14C-labeled digitoxin intravenously to eight pa-
tients with cardiac failure, and during the en-
suing 96 hours followed the decline of whole blood
concentrations to levels as low as a “trace” to 0.1
pg per 100 ml (45). No information exists on
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digitoxin in the blood of patients taking it by
mouth or undergoing long-term treatment, al-
though Friedman, St. George, and Bine reported
that they could not detect the glycoside in the sera
of such patients or of individuals who had ingested
doses as large as 7 mg (34).

Interest in patients maintained on the drug for
a prolonged period was prompted by the consid-
eration that in these patients the rate of dissipa-
tion of the drug is probably evenly balanced by
the intake of the drug. Under these circum-
stances, the plasma concentration and rates of ex-
cretion were expected to be relatively free of ef-
fects related to distribution of the glycoside within
the body and to a markedly fluctuating body pool
of the compound. Without these complications,
analysis of interrelationships among dose, ex-
cretion, and plasma levels might be simplified, and
the plasma concentration may be regarded less
equivocally as an index to tissue concentrations.

The data indicate that patients maintained on
digitoxin by mouth have concentrations of digi-
toxin in their plasma of 1.0 to 5.6 pg per 100 ml.
These concentrations remain fairly constant dur-
ing the course of the day except for an increase of
20 to 30% during the 4 to 6 hours after the daily
dose is taken. Although the basic concentration
varied widely, even among patients taking the
same dose of 0.1 mg in whom levels of 1.0 to 2.4
pg per 100 ml were observed, it was directly and
strongly dependent on the magnitude of the daily
dose per unit of body weight. The regression
equation derived from the data in Figure 4 reveals
that each microgram of the dose per kilogram of
body weight is capable of sustaining a plasma
concentration of approximately 1 pug per 100 ml.

Since all subjects received 1.2 mg of the gly-
coside as a priming dose, and since no relationship
could be demonstrated between this dose per unit
of body weight and the plasma concentration es-
tablished during long-term treatment, adjustments
in plasma and tissue concentrations to levels con-
sonant with daily intake undoubtedly occurred.
Serial measurements of the body pool of the com-
pound will be required to define the direction of
these adjustments. The paramount role of the
daily dose relative to body weight in regulating
the concentration of digitoxin in the plasma and,
presumably, in other tissues has distinct thera-
peutic implications.

DANIEL S. LUKAS AND RALPH E. PETERSON

The toxic manifestations of the cardioactive ster-
oids are influenced by many -factors that may
modify the relationship between plasma and tissue
concentrations of these agents and the develop-
ment of adverse effects. The relationship may
also be obscured by the presence of cardioactive
metabolites of the parent compound. The pres-
ent data, however, suggest that toxic effects of
digitoxin may appear when the plasma concentra-
tion exceeds 4 pg per 100 ml, and that they are
very likely to occur at concentrations greater than
5 pg per 100 ml. These concentrations are two
or more times greater than those commonly pres-
ent during daily maintenance on 0.1 mg.

The blood reservoir of digitoxin is not large and
constitutes a small fraction of the total body pool
(46). At a volume of 3 L, the plasma of patients
maintained on 0.1 mg contains 30 to 70 ug of the
glycoside, but with larger doses as much as 170
pg may be present in the plasma. Since the con-
centration of digitoxin in blood cells is only 2%
of the plasma value, the quantity carried in the:
cells represents a very minor fraction of the blood
reservoir. It is very unlikely that complete re-
placement of the blood, as may occur under nu-
merous circumstances, would seriously affect tis-
sue concentrations or body pool of the glycoside.
The loss would be equivalent to approximately
half the daily dose.

Relative diurnal constancy of the plasma digi-
toxin concentration is a reflection of the long half-
time of the steroid in the body. The present study
tentatively defines the half-time in plasma as 4 to
6 days. Okita and co-workers calculated a whole
blood half-time of 2 to 2% days for intravenously
administered digitoxin-1*C (45). Okita later ob-
served, however, that the half-time for urinary ex-
cretion of the C-labeled compound was 9 days
(49) ; he attributed the disparity between the two
values to failure to define the course of the blood
concentration for a sufficient period of time. It
is also possible that the solvent partition and
alumina chromatography methods they used to
separate digitoxin from its metabolic products
did not succeed in separation of compounds closely
related to the parent glycoside. In contrast to
digitoxin, the more polar glycoside digoxin has a
half-time of 31 hours in the blood (52, 53) and
1.8 days in the urine (68).

Of fundamental physiologic significance is the
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state of digitoxin in the plasma. Previous in-
vestigations (69, 70) have revealed an affinity of
digitoxin for serum albumin. Studies in our lab-
oratory utilizing equilibrium dialysis and other
techniques have demonstrated that 97% of the
digitoxin in human plasma is bound to protein,
and that the binding is almost entirely attributable
to an interaction of the glycoside with plasma al-
bumin (71). Thus, within the range of digitoxin
concentrations observed and at normal levels of
plasma albumin, only 3% of plasma digitoxin
exists in a freely diffusible unbound state. Only
the free digitoxin is in direct equilibrium with the
tissue stores of the steroid and available for filtra-
tion in the renal glomeruli. The tight association
with albumin is one of the factors controlling the
‘size of the plasma pool and the stability of digi-
toxin in the plasma.

The renal excretion of digitoxin varies directly
with the plasma concentration of the compound.
The relationship between the two variables is such
that approximately 9 pg of the glycoside is ex-
creted daily for each pg per 100 ml plasma. The
average daily urinary excretion of 15.8 ug is only
40% of the value reported by Friedman and as-
sociates (35, 36) for normal human subjects and
patients with cardiac failure maintained on the
same dose of digitoxin. Since these investigators
bioassayed chloroform extracts of urine without
preliminary isolation of the authentic glycoside,
their measurements included all physiologically
active metabolites of the steroid that the extract
contained.

Renal clearance of digitoxin was not measured
in the present study, but in the ten patients whose
excretion and plasma concentrations were meas-
ured during the same day, the average renal clear-
ance was equivalent to 0.6 ml of plasma per min-
ute. The small concentration of unbound digi-
toxin in the plasma partly accounts for this low
rate. Also, unless glomerular filtration was mark-
edly curtailed in these subjects, it is probable that
the renal tubules reabsorbed significant quantities
of the compound. Numerous aspects of the proc-
esses controlling excretion of digitoxin by the
kidney, including the possibility of renal tubular
secretion, remain to be elucidated.

Fecal excretion of digitoxin in patients main-
tained on 0.1 mg averaged 14 ug per day, or 70%
of the simultaneously measured values for uri-
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nary excretion. Fecal excretion paralleled plasma
concentration and urinary excretion in magnitude.
In the patients with renal disease and impaired
renal excretion of digitoxin, elimination of glyco-
side in the stools was also low.

Other measurements of fecal excretion of digi-
toxin in patients treated chronically with the gly-
coside have not been reported, but Okita and as-
sociates (46) found that 9% of an intravenous
dose of 0.5 to 1.5 mg of digitoxin-**C appeared
in the stool during the subsequent 14 days. On
the basis of analyses of digitoxin-*C in the gall-
bladder, jejunum, ileum, colon, and the intralumi-
nal contents of these organs, these workers have
postulated that digitoxin is secreted into the bile
and subsequently is partly reabsorbed in the small
intestine (“enterohepatic recycling”) and partly
eliminated in the stool.

In animals, all major segments of the gastroin-
testinal tract are capable of absorbing the drug
(34, 41), and the rectal route is an effective mode
of administering the compound in man (72). The
present study has demonstrated fairly prompt, but
not necessarily complete, absorption of digitoxin.
The mechanism whereby some of the digitoxin
excreted in the bile and possibly some of the in-
gested compound escape subsequent absorption is
not clear. This problem, as well as the possibili-
ties of intestinal secretion (41, 43, 46) and intra-
intestinal degradation of the compound, requires
clarification.

The data on urinary and fecal excretion indicate
that patients maintained on 0.1 mg daily excrete
only 24 to 49% of the glycoside in unchanged
form. Since excretion via other routes is prob-
ably negligible, it appears that the remaining 51
to 76 ug of the compound was chemically altered
before it was eliminated. In the two patients with
renal disease who had been treated with the drug
for months and manifested no evidence of toxicity,
95 and 176 pg of the compound appeared to be
metabolized daily. Because of the limited con-
centration of ultrafilterable digitoxin in the plasma,
it is doubtful that hemodialysis, which was per-
formed twice a week on one of the patients, re-
moved much of his body store of the steroid. The
concentration of digitoxin in his dialysis fluid af-
ter his blood was equilibrated i vivo with a bath
of small volume was only 0.5 pg per L. The pa-
tient on a daily dose of 0.4 mg appeared to metabo-
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lize 310 pg per day. This dosage may have been
at the upper limit of his capacity to excrete and in-
activate the compound, since he manifested toxic
reactions to the drug 1 month after he was studied.

Several schemata for the metabolism of digi-
toxin have been proposed. This investigation has
demonstrated that simple conjugation with glu-
curonic acid and subsequent renal excretion of the
polar glucuronoside is not a significant metabolic
pathway for digitoxin. There is evidence that
conversion of digitoxin to digoxin by 128-hy-
droxylation occurs in man (41, 42, 64) and in the
rat (41, 42, 60, 61). Stepwise hydrolysis of the
trisaccharide moiety of either glycoside to the di-

digitoxoside (60, 64), monodigitoxoside (60),

and genin (60, 61) has been demonstrated. In
the liver, either of the genins may undergo epi-
merization to the physiologically inactive 3a-hy-
droxy form, which is then conjugated with glu-
curonic or sulfuric acid (61, 63). The quantita-
tive significance of these reactions has not been
defined. :

We have used the double isotope dilution
derivative method to measure digoxin and digi-
toxigenin ; preliminary studies indicate that it can
also be modified to assay the other digitoxosides
of both genins. These modified methods may aid
in elucidating the metabolism of digitoxin in man.

Summary

A double isotope dilution derivative method
was devised for measuring digitoxin in plasma,
whole blood, urine, and stool. The method utilizes
digitoxin-*H to monitor procedural losses of digi-
toxin and acetic anhydride-1-**C to convert the
compound to digitoxin triacetate-1-**C. It is ca-
pable of detecting 0.01 pg of the glycoside, and has
an accuracy of 101 = 3% (mean = SE) in assay-
ing 0.01 to 0.2 pg of the compound in plasma.
The coefficient of variation of the method is 4%
when 0.2 pg in 10 ml of plasma is measured.

The plasma of patients with cardiac disease who
were treated chronically with fixed daily quanti-
ties of digitoxin contained 1.0 to 5.6 ug of digitoxin
per 100 ml. The concentration remained constant
throughout the day except for an increase that
began } to 1 hour after the daily dose was in-
gested, attained at 1 hour a peak 17 to 30% greater
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than the initial level, and persisted for 4 and oc-
casionally 6 hours. Plasma concentration varied
directly with the size of the daily dose relative to
body weight; each microgram taken daily per
kilogram of weight sustained a concentration of
approximately 1 ug per 100ml. The concentration
of digitoxin in blood cells was only 2% of that
in plasma. After cessation of treatment, the half-
time for digitoxin in plasma was 4.3 days in one
patient and 6.4 days in another patient with slight
impairment of renal function. Patients mani-
festing toxic effects after large doses of the drug
had plasma concentrations of 4.3 to 6.7 pg per 100
ml, levels more than twice those in patients taking
0.1 mg daily.

Patients taking 0.1 mg of the drug per day ex-
creted 8 to 30 pg (average, 15.8) in the urine and
9 to 19 ug (average, 14) in the feces during 24
hours. The quantity excreted in the urine varied
directly with plasma concentration ; approximately
9 pg was excreted daily for each microgram per
100 ml of plasma. Fifty-one to 76 pg (average,
66) of the daily intake of digitoxin was not re-
covered in the urine and stool, and probably was
altered chemically before dissipation from the
body. Two patients with impaired renal function
excreted smaller fractions of their daily doses in
both urine and feces and appeared to metabolize
larger quantities of the drug. A patient main-
tained on 0.4 mg per day excreted only 91 pg of
the glycoside daily.

Since glucuronosides of digitoxin susceptible
to cleavage by B-glucuronidase could not be iden-
tified in the urine of patients treated with the
glycoside, conjugation of digitoxin with glucu-
ronic acid is not a significant metabolic process
in man.
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