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High-performance liquid chromatography (HPLC) with UV detection has 
been used successfully to isolate and qua&it&e digoxin, digcxigenin and its 
mono- and bisdigitcxcsides [I, 21, but not with the sensitivity necessary for 
assay of therapeutic concentrations in bioLogical fhGds. To achieve this Level of 
sensitivity, it has been necessary to combine HPLC and rztdiohnmunoassay 
13, 41. The use of tritiated digcxin as a tracer gives improved speciEcity and 
sensitivity compared with UV detection and permits isolation and quantitation 
of [3H]digcxin-12Q and its metabclites digcxigenin and the mono- and bis- 
digitcxosides, each in combination with their dihydrc metabclite if present. We 
have alsc found three additional peaks which remain of unknown composition. 
Our knowledge of the biotransformation of digcxin in man remains incomplete 
or controversial and improved methods for its study are necessary. 

EXPERIMENTAL 

The HPLC system used was Ccnstametric II (Laboratory Data Control 
Division of Milton Roy, Riviera Beach, FL, U.S.A.) with a Part&ii 10 8DS 25 
cm X 4.6 mm LD. reversed-phase column and a 5 cm X 2.1 mm guard cohunn 
packed with Co-Pell ODS (Whatman, Clifton, NJ, U.S.A.). The injection port 
was Model 7105 frcm Rheodyne (Berkeley, CA, U.S.A.). The flow-rate was 2.0 
ml/min and eh&ion was carried out initia?ly with 35% methanol and then with 
45% methanoI at a pressure of 2000 p.s.i. (138 bar). The solvent change was 
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made after the digoxigenin-monodigitoxoside peak sterted to descend. The UV 
detector used to monitor peaks at 220 nm was a modified Beckman Model 25 
spectrophotometer (Beckman, Palo Alto, CA, USA.). The chart speed was 0.2 
in.!min and the span 0.25 A. Eluted fractions of0.5 ml were colkcted with an 
LKB Produkter fraction co&&or Model 7000 (Bromma, Sweden). C3H]Digoxin 
and metaholites in 0.5-ml fractions were counted in RiafIuor (New England 
Nuclear, Boston, MA, U.S.A.) using a Beckman liquid scintiU.ation spectrometer, 
Model IS-339, with a counting error of <2%. 

SpectranaXyzed methylene chloride and methanol were purchased from 
Fisher Scientific (Montreal, Canada) and the methylene chloride Iater double 
distilled. The water was purified by reverse osmosis and a Mill&Pore A f%Iter 
system. The mixtures of methanol and water used for elution were degassed 
and fihered under vacuum before application. 

[3H]Digoxin-l% (Lot No. 690-186) with a specific activity of 16 mCi/mg 
was purchased from New England Nuclear. Digoxigenin-bisdigitoxoside, 
digoxigenin-monodigitoxoside and digoxigenin were purchased from 
Boehringer Mannheim (G.F.R.) (Lots 61016, 7681 and 154182 respectively), 
and dihydrodigoxin was a gift &om Burroughs Wellcome (Research Triangle 
Park, NC, U.S.A.). The above four compounds were titiated by New England 
Nuclek by catalytic exchange. Specific activities were 1.16 mCi/mg for 13H] - 
digoxigenin-bisdigito=os.ide, 1.01 mCi/mg for E3H] digoxigemn-mono-di- 
gitoxoside, 2.3 mCi/mg for [3H]digoxigenin and 4.4 mCi/mg for dihydro- 
digoxin. Dihydrodigoxigenin and [3H]dihydrodigoxigenin were prepared by 
hydrolysis of dihydrodigoxin and [ 3H] dihydrodigoxin in acid. The purity of all 
compounds except for the dihydro derivatives, was achieved and verified before 
use by thin-layer chromatography and Sephadex LH-20 chromatography [ 53. 
Thin-layer chromatography was used for the purification of the dihydro 
compounds [S]. Keto-digoxigenin and epidigoxigenin were also purchased 
from Boehrrger. 

Procedures 
Urine voided by healthy volunteers was used immediately for stud&s which 

involved assessment of recovery. As part of a study of the influence of gastric 
acidity on the biotransformation of digoxin 171, six volunteers were given 
150 pCi [3H]digoxin-120 and 250 pg unlabelled digoxin (Lanoxin, Burroughs 
Wellcome) down a naso-gastric tube, firstly with stimulation of acid secretion 
by a pentsgastrin infusion, and secondly without such stimulation. Urine was 
collected serially for assessment of endogenously formed metabolites and 
frozen 3t -2!?C until assayed. Some results on the specimens collected O-5 h 
after drtlg administration are reported; other resuhs will be reported in detail 
elsewhere. A_ll urine specimens were centrifuged and the supernatant extracted 
three ties with methylene chloride. The volume of urine extracted was 
caicuiated to contain approximately 30,000 cpm (usually about 5 ml) and the 
volume of methylene chloride used was four times the urine volume. AJIquotS 
of urine before and after extraction, as well as methylene chloride extracts 
were counted and recoveries calculated. f3H] toluene was used as an intern&_ 
standard to correct for quenching. Extracts were taken to dryness under 
vacuum, reconstituted in 100 ~1 of methanol and the entire volume injected 
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into the injection port of the chromatograph. Gktssware was treated with 
S2icla.d (Clay Adams, New York, NY, U.S.A.). The state of the colrrmn was 
checked daily before assays were performed by monitoring the UV peaks 
produced by application of a mixture of standards of digoxin, digoxigenin 
and its mono- and bis-digitoxosides in methanol. 

These studies were approved by an ethics committee and vohmteers gave 
informed consent. 

RESULTS AND DISCUSSION 

UY detection of digoxin and metabolifes 
Aliquots (5 pg each) of digoxigenin, its mono- and bis-digitoxosides and 

digoxin in combination in 20 ~1 methanol were applied to the column and 
peaks recorded with the UV detector. Mean retention times for 14 runs with 
standard deviations were 5.2 + 0.2 min for digoxigenin, 9.5 t 0.4 min for the 
mono-digitoxoside of digoxigenin, 16.7 * 0.5 min for the bis-digitoxoside of 
digoxigenin and 21.9 2 0.7 mm for digoxin. Variations of up to 5 min occurred 
with different columns. Keto-digoxigenin and epi-digoxigenin had the same 
retention time as digoxigenin, baaed on UV detection. 

When the four dregs were dissolved in methanol and 20 ~1 of the combina- 
tion injected, the limit of sensitivity of this HPLC system using UV detection 
considering peak heights and 2:l signa&to-noise ratio, was 278 ng for digoxin, 
50 ng for digoxigenin, 132 ng for its bis-digitoxoside and 150 ng for the mono- 
digitoxoside. Digoxin, for a given weight applied, gave the least UV absorbance 
with a peak height about one sixth of that obtained for the same amount of 
digoxigenin. These limits in sensitivity preclude use of this method for detection 
of digoxin and its metabolites in urine when therapeutic doses are used. Fur- 
thermore, considerable W absorbing material is extracted from urine with 
methylene chloride giving a large peak from O-5 min which obscures two pea!ss 
found after ~&ninktration of [3H]digoxin-l~ and overlaps with the 
digoxigenin pe, k (Rig. 1). It has therefore been necessary to use tritiated 
digoxin to obt& amplification and improved separation. 

Detecfhn using 3H-labelled digoxin and metabolites 
f3i-I] Digoxin-X&q [3H] digoxigenin and its 3H-mono- and bkdigitoxosides 

were added to urine in amounts comparable to that found in urine during the 
24 h after ingestion of 150 pCi [3H]digoxin-12a. A 5-iug amount of each 
compound in the unlabelled form was also added to each specimen before 
extraction. The retention times for peaks determined by measurement of radio- 
activity were about 1 min later than peaks found by UV detection due to the 
tubing leading to the fraction cone&or. Fig. 2 illustrates the excellent separa- 
tion of the four compounds with radioactivity falling to baseline between 
peaks. 

Results of recovery studies for digoxin, digoxigenin and its mono- and bis- 

digitoxosides, performed on three occasions, are shown in Table f. The digoxin 
concentration was 0.4 pmolejml (0.3 ng/ml). Relative recoveries of the 
individual compounds were within 1% of the relative percentages added. The 
absolute recoveries of radioactivity for all four compounds ranged from 
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TABLE I 

TRIPLICATE R$COVERIBS OF TRITIATED DICiOXIN AND METABOLITIZS ADDED TO URINE 

Extraction from 5 ml urlno, _--. 
pmololml Rolotivo Rolatlvo Abeoluto’ Moan Sttmderd 
oddod to radloactlvity tntio0ctlvity radioactivity rocovory deviation 
urine added to rocovorod (%) rocovorod (%) (pmololml) (pmololml) 

urine 
(%) Exporlmont No, 

_- .-___ --__-. 
1 2 3 1 2 3 

___~c__ -_-__-. -.. 
Digoxin 0,868 43 43 42 43 71 73 60 0.281 0,008 
Bbdigitoxoside 1,71 10 11 11 10 73 78 71 1.27 0.08 
Mowdigitoxosldo 670 29 29 20 29 72 78 73 G.03 0.22 
Digoxlgenln 2,66 18 17 18 18 88 73 70 1.80 0.06 

Totnl radlonctivity 
cocovored (16) 71 76 72 

_._ - ._ _ ._ ,. - ^_ ___ _ _.-. __._ ..-... -.. - . . .._ .__ -.- -- - . .- 
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Fig_ 1. UV tracing (220 nm) of eluate obtained after 5 pg each of digoxin, the mono- and 
bk&gitoxosides and digoxigenin, along with t&Sated derivatives of each compound, were 
added to urine, extracted with methylene chloride, reconstituted in methanol and applied to 
a reversed-phase HPLC column. The solvent was changed from 35% to 45% methanol when 
the mono+Sgitoxoside UV peak started to descend_ The high absorptivity recorded over the 
first 5 min is due to metbylene chloride extractable material in urine unrelated to digoh 
and met&olites_ 
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Fig. 2_ Radioactivity profile in EiPLC eluate obtained in the same study illustrated in Fig. 1 
where tritiated and *abelied digoxin, digoxigenia and its mono- and bis-digitososides were 
-added -to urine. The p&portions of the four compounds found (diioxjgenk 45%;. mono- 

digitoxoside 18%. bisdiitoxoside 9% and digoxin 28%) were within 3% of those added ti_ 
the u&e_ 
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68-7845, (mean 73%), and differed by a maximum of 5% between the three 
runs for a given compound_ The coefficients of variation for the four 
compomds ranged from 3-5%, considering the three recovery studies. There 
was no statistical difference between tie recovery for digoxin and its three 
metabolites. Thus in the case of urine of unknown composition, when only a 
figure for recovery of total radioactivity can be determined, any error invoIved 
in making the assumption that recovery for all four compounds is the same will 
be small. &feasured losses of radioa&iv&y det ermined at each stage on three 
occasions avera& 3% during the extraction procedure, 8% on glassware (con- 
sidering four transfers), 3% in the syringe, 3% in the injection port and on the 
column, and 8% in tubes used to co&& fractions. Average total loss accounted 
for was 25% compared with the average recovery of 73%. 

Clear definition of peaks for urine extracts of the four tritiated compounds 
requiredm aximum dpm of about twice the background of 50 dpm and a total 
dpm of 1000 when bctions were summed under peaks. These features 
provided sensitivit.y limits of about 40 pg for digoxin, 300 pg for digoxigenin 
qld 650 pg for the mono- and bisiligitoxosides, considering a recovery of 70%. 
The limits of sensitivity for digoxin and metabolites in the studies involving 
urine lcoliected after administration of [“H]digoxin-12a, relate to the specific 
a&iv&y of 13H] digoxin-12oc of 16 mCi/mg and therefore were at the level of 
about 40 pg or less using 5 ml urine for extraction, or 8 pg/ml. 

t3Hl Digoti-12~ and [‘H]digoxigenin-1% had the same retention times as 
their dibydro derivatives and it may be assumed that this also appiies to dihydro 
metabolites of the mono- and bis-digitoxosides of digoxin. Dihydro metabolites 
were excreted in important amounts in some patients in two reports [S, 93 but 
only in small amounts in another [IO]. 

Fig. 3 illustrates the radioactivity profile in the eluate obtained after applica- 
tion to the column of a methylene chloride extract of urine, reconstituted in 

CPM 

RETENTION TIME MIN 

Pii_ 3. Radioactivity profile obtained in reversed-phase I-IPLC column eluate after applica- 
tion of a recoustituted metkyIene chloride extract of urine collected from a volunteer 
O-45 k after AminIstratIon of 150 Si [‘Kldigosin-1%. Xost of the radioactivity (83%) 
is dIgoxin (peak F). Tke peaks C, D and E are digoxigenin and its moue- and bis-digitoxosides 
respectiveIy_ Peaks. A, B and G are of unknown composition_ 
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methanol. The urine was voided O-5 h after administration of 150 crCi of 
[3H]digoxin-12a without pentagastrin stimulation_ The major peak, F, with 
83% of the radioactivity is digoxin. Peaks C, D and E are digoxigenin and its 
mono- and bisdigitoxosides. The composition of peaks A, B and G is un- 
known. Peak A, at 2 min or 4 ml, starts to come off the column just after 
void volume: uustbnulated it was O-35% of radioactivity under the peaks, but 
averaged 5% affr stimulation of gastric acid secretion with pentagastrin. Peak 
B, just preceding digoxigenin in the eluate, averaged 3% and 18% (maximum 
31%) in the unstimulated and stimulated studies, respectively, and correlated 
with the amount of digoxigenin present. Peak G coming off the column after 
the digoxin peak, in contrast to peaks A and B, was present in greater amounts 
in the unstimulated series (mean 4%, maximum 9%) compared with the 
stimulated series (mean 1%) and correlated with the amount of digoxin present. 
The mean amounts of urine radioactivity extracted by methylene chloride were 
46 and 85% for the stimulated and unstirnulated series, respectively. 

Although the ~rimvy objective of our method is the isolation and identifica- 
tion of metabohtes of digoxin, it may also be used to quantitate digoxin, 
digoxigenin and its mono- and bis-digitoxosides, with the limitation that such 
values would include the dihydro metabolites if present. Quantitation of un- 
labelled digoxin and metabolites involves administration of labelled and 
unlabehed digoxin with known mass ratio and back calculation of mass in urine 
from the radioactivity under the HPLC peaks_ The method assumes that the 
metabolism, excretion and recovery are similar for Welled and unlabelled 
&gOXill. 

Gther methods of determinin g digoxin and metabolites such as radio- 
immunoassay and more recently HPLC with radioimmunoassay 13, 43 are 
methods for quantitation. &adioimmunoassay by itself, because of lack of 
specificity of antibody, may measure metabolites to varying degrees along with 
digoxm [II] _ When HPLC is used to isolate digoxin and metabolites before use 
of radioimmunoassay as reported [4], only digoxin, digoxigenin and its mono- 
and bisdigitoxosides can be determined. Our method has detected three new 
extractable metabolites. The HPLC-radioimmunoassay method appears to have 
a lower limit of sensitivity of about 200 pg/ml for plasma, compared with 
about 8 pg/ml for urine with our method and also a lesser degree of precision. 

In conclusion, an HPLC method has been developed using a reversed-phase 
column for isolation and quantitation of tritiated digoxin, digoxigenin and its 
mono- and bisdigitoxosides in urine; if one or more of the dihydro metabolites 
of these four compounds are present, then the combination is measured. 
Sensitivity at the 40-pg level or better was achieved for digoxin, digoxigenin 
and its mono- and bisdtigitoxosides after the administration of [3H]digoxin- 
12~~. Recoveries averaged 73%. After administration of ]3H]digoxin-l% to 
volunteers, three additional radioactivity peaks were found in methylene 
choride extracts of urine. UV detection in the system used provided 
l&sufficient sensitivity and specificity to assay these compounds 11 the amounts 
found in urine after therapeutic doses. 
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