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1. Exposure Data

Digoxin is a cardiac glycoside isolated from 
plants of the genus Digitalis. The use of prepa-
rations of cardiac glycoside (synonyms: digi-
talis, cardiac steroids) dates back to 1785, when 
William Withering published his monograph “An 
account of the foxglove and some of its medical 
uses” (Withering, 1785; Albrecht & Geiss, 2000). 
Isolated digoxin has been used since the early 
20th century (Cheng & Rybak, 2010).

The Working Group noted that only four of 
the many digitalis glycosides present in the plant 
remain important in the marketplace. These 
are digoxin, digitoxin, β-acetyldigoxin and 
methyldigoxin (Kleemann, 2012). Furthermore, 
the term “digitalis use” found in many reports 
probably refers not to the use of plant mate-
rial, which is not commercially available as a 
medicinal product, but to the use of the isolated 
compounds. Of the four medicinally available 
compounds, digoxin is the most important and 
is exclusively available in some countries, such as 
the USA (see Section 1.3). The Working Group 
estimated that digoxin represents at least 90% of 
the world market for digitalis glycosides.

While use of digitoxin worldwide is much 
less than that of digoxin, it may be significant 
in individual countries. Thus, studies reporting 
use of “digitalis” should be carefully scrutinized 
since the agent to which people were actually 
exposed could have been any one of the four 
digitalis glycosides.

The Working Group noted that most of what 
has been used under the term “digitalis” in 
North America and Europe has been digoxin; 
however, there may be parts of the world where 
crude extract of the digitalis plant is still in use. 
No data on the use of digitalis extract were avail-
able to the Working Group.

1.1 Chemical and physical data

1.1.1 Nomenclature

Chem. Abstr. Serv. Reg. No.: 20830-75-5 
(SciFinder, 2013)
Chem. Abstr. Serv. Name: Card-20(22)-enolide, 
3-[(O-2,6-dideoxy-β-D-ribo-hexopyranosyl -
-(1→4)-O-2 ,6-dideoxy-β-D-r ibo-hexo-
pyranosyl-(1→4)-2,6-dideoxy-β-D-ribo-
hexopyranosyl)oxy]-12,14-dihydroxy-, 
(3β,5β,12β)- (SciFinder, 2013)
IUPAC Systematic Name: 3-[(3S,5R,8R, 
9S,10S,12R,13S,14S,17R)-3-[(2R,4S,5S,6R)-
5 -[(2 S , 4 S , 5 S , 6 R) -5 -[(2 S , 4 S , 5 S , 6 R) -
4 , 5 - d i h y d r o x y- 6 -m e t h y l o x a n -2 -y l ]
oxy-4-hydroxy-6-methyloxan-2-yl]oxy-4-
hydroxy-6-methyloxan-2-yl]oxy-12,14-dihy-
droxy-10,13-dimethyl-1,2,3,4,5,6,7,8,9,11,12,1
5,16,17-tetradecahydrocyclopenta[a]phenan-
thren-17-yl]-2H-furan-5-one (PubChem, 
2013)
Synonyms: 12β-hydroxydigitoxin

DIGOXIN
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Proprietary names for digoxin: Cardigox; 
Cardiogoxin; Cardioxin; Cardixin; Cardoxin; 
Chloroformic digitalin; Coragoxine; 
Cordioxil; Davoxin; Digacin; Digicor; Digitek; 
Digomal; Digon; Digosin; Digoxin Nativelle; 
Dilanacin; Dixina; Dokim; Dynamos; 
Eudigox; Fargoxin; Grexin; Homolle’s 
digitalin; Lanacordin; Lanacrist; Lanicor; 
Lanikor; Lanocardin; Lanorale; Lanoxicaps; 
Lanoxin; Lanoxin PG; Lenoxicaps; Lenoxin; 
Longdigox; Mapluxin; NSC 95 100; Natigoxin; 
NeoDioxanin; Novodigal-Amp.; Purgoxin; 
Rougoxin; Stillacor; Toloxin; Vanoxin (from 
SciFinder, 2013).

1.1.2 Structural and molecular formulae and 
relative molecular mass

From USP (2007)
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Relative molecular mass: 780.94

1.1.3 Chemical and physical properties of the 
pure substance

Description: Odourless, colourless to white 
crystals, or white crystalline powder, radi-
ally arranged four- and five-sided triclinic 
plates from dilute alcohol or pyridine (British 
Pharmacopoeia, 2009; PubChem, 2013)
Melting point: Digoxin melts and decomposes 
between 230 °C and 265 °C (Foss & Benezra, 
1980; ChemicalBook, 2013)
Density: 1.36 ± 0.1 g/cm3 (temperature, 20 °C; 
pressure, 760 Torr) (SciFinder, 2013)

Spectroscopy data: Specific optical rotation, 
ultraviolet, infrared, nuclear magnetic reso-
nance, and mass spectral data were reported 
in the literature (Foss & Benezra, 1980; British 
Pharmacopoeia, 2009; HSDB, 2013)
Solubility: In water, 64.8 mg/L at 25 °C; 
soluble in dilute alcohol, pyridine, or mixture 
of chloroform and alcohol; almost insoluble 
in ether, acetone, ethyl acetate, chloroform; 
slightly soluble in diluted alcohol, and very 
slightly soluble in 40% propylene glycol; 
(PubChem, 2013)
Stability data: Digoxin is indefinitely stable 
when kept in the dark in a tightly closed 
container. No degradation is noted in tablets 
after 5  years when stored in tightly closed 
containers. A solution of digoxin hydrolyses 
in the presence of acid, yielding digoxigenin 
bis-digitoxoside, digoxigenin mono-digitox-
oside and digoxigenin. A neutral solution in 
ethanol and propylene glycol is stable for up 
to 5  years. Digoxin solutions are relatively 
stable to light, except when stored under 
intense light for long periods of time (Foss & 
Benezra, 1980)
Storage: Digoxin preparations should be 
protected from light and stored at 15–25 °C 
(HSDB, 2013)
Octanol/water partition coefficient (log P): 
1.26 (HSDB, 2013)
Dissociation constant: pKa, basic  =  −3; pKa, 
acidic = 7.15 (DrugBank, 2013)
Vapour pressure: 3.3 × 10−30 mm Hg at 25 °C 
(PubChem, 2013)
Flash point: 278.5 ± 27.8 °C (SciFinder, 2013)

1.1.4 Technical products and impurities

Since digoxin is isolated from plant materials, 
at least 21 other cardiac glycosides, including 
digitoxin, may occur as impurities (British 
Pharmacopoeia, 2009). The purity of digoxin is 
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typically at least 95% (see Section 1.5). According 
to the European Pharmacopoeia (2008), not more 
than 0.5% digitoxin in relation to digoxin may be 
present as impurity.

(a) Nomenclature for digitoxin

Chem. Abstr. Serv. Reg. No.: 71-63-6 (SciFinder, 
2013)
Chem. Abstr. Serv. Name: 3β-[(O-2,6-dide-
oxy-β-D-ribo-hexopyranosyl-(1→4)-O-2,6-
dideoxy-β-D-ribo-hexopyranosyl-(1→4)-
2,6-dideoxy-β-D-ribo-hexopyranosyl)
oxy]-14-hydroxy-4β,14β-card-20(22)-enolide.
Proprietary names for digitoxin: Crystodigin, 
Digimed, Digimerck.

(b) Structural and molecular formulae and 
relative molecular mass of digitoxin
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Relative molecular mass: 764.94

1.2 Analysis

Compendial methods to determine digoxin 
and digitoxin in pharmaceutical preparations 
are typically based on liquid chromatography 
with ultraviolet detection. For detection in 
human plasma or urine, liquid chromatography 
with mass spectrometric detection is required to 
achieve the necessary lower detection limits. The 
analytical methods are summarized in Table 1.1.

1.3 Production and use

1.3.1 Production

Digoxin is isolated from Digitalis lanata Ehrh., 
the woolly foxglove, from the Scrophulariaceae 
family. For the isolation of the therapeutically 
important secondary glycosides, the finely 
ground material is moisturized and exposed to 
glucosidase enzymes at 30–37 °C until glucose 
is completely removed. Extraction procedures, 
usually followed by precipitation of tannic 
acid and related phenolic products with lead 
salts, afford a crude mixture of cardioactive 
compounds, which is further purified by chro-
matography and/or crystallization. Originally, 
mixtures of glycosides or crude plant extracts 
were used in therapy; these have been replaced by 
chemically pure drugs today, which allow better 
control of therapy. Total syntheses of cardiac 
steroids and their corresponding glycosides have 
been accomplished but are not used commer-
cially (Albrecht & Geiss, 2000).

Digitoxin is isolated by extraction of the 
leaves and seeds of Digitalis purpurea L. (purple 
foxglove) with 50% ethanol and subsequent 
treatment with the enzyme digilanidase, which 
effects cleavage of the β-D-glucose moiety at the 
chain end of the main glycoside, purpureaglyco-
side A (Kleemann, 2012).

β-Acetyldigoxin is prepared from digoxin by 
acetylation with acetic acid. Methyldigoxin can 
be prepared by methylation of digoxin, e.g. with 
dimethyl sulfate (Kleemann, 2012).

1.3.2 Use

(a) Indications

Digoxin and digitoxin are therapeutically the 
most widely used digitalis glycosides. Table 1.2 
lists the most commonly reported clinical indica-
tions for digoxin in the USA. While digoxin was 
once regarded as the drug of choice for conges-
tive heart failure with reduced left ventricular 
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384 Table 1.1 Analytical methods for digoxin

Sample matrix Sample preparation Assay method Detection 
limit

Reference

Compendial methods
Digoxin injection, digoxin 
Tablet and digoxin oral 
solution

– LC-UV 
Column: Packing L1 
Mobile phase: water and acetonitrile 
Flow rate: 3 mL/min 
Wavelength: 218 nm

NR USP (2007)

Digoxin injection, paediatric 
digoxin injection, paediatric 
digoxin oral solution, and 
digoxin tablets

– LC-UV 
Column: C18 
Mobile phase: acetonitrile:water (10:90) and 
water:acetonitrile (10:90) 
Flow rate: 1.5 mL/min 
Wavelength : 220 nm

NR BP (2009)

Non-compendial methods
Human plasma, rat plasma 
and rat brain

Addition of DMA, addition of NaCl 
saturated 0.1 mol/L NaOH, collection of 
organic layer, centrifugation

LC-MS-MS 
Column: C18 
Mobile phases: ammonium carbonate, and 
methanol 
pH 9.0 
Flow rate: 0.7 mL/min 
SRM: 779.4 m/z, 649.4 m/z

0.1 ng/mL 
(LLOQ)

Hirabayashi et al. 
(2011)

Human plasma Deproteinization with perchloric acid in 
water, mixing and centrifugation

LC-ESI-MS 
Column: C18 
Mobile phase: mixture of methanol and formic 
acid in sodium acetate 
Flow rate: 1 mL/min 
SIM: 803.5 m/z

0.5 ng/mL 
(LLOQ)

Vlase et al. 
(2009)

Human blood and tissues Mixing with sodium acetate buffer 
pH 7, homogenization, centrifugation, 
loaded on SPE column conditioned with 
methanol, water, and sodium acetate 
buffer, washing with sodium acetate 
buffer, dried under vacuum, second wash 
with 20% isopropyl alcohol, drying, 
addition of acetone, vacuum drying, 
elution with acetone

LC-ESI-MS 
Column: C8 
Mobile phase: 0.1% formic acid in a mixture of 55% 
methanol and 45% water 
Flow rate: 0.2 mL/min 
SIM: 803.4 m/z

0.2 ng/g 
(LLOQ)

Frommherz et al. 
(2008)
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Sample matrix Sample preparation Assay method Detection 
limit

Reference

Human serum Addition of methyl tert-butyl ether, 
centrifugation, evaporation, and 
reconstitution in methanol

LC-ESI-MS 
Column: C18 
Mobile phase: 10 mM ammonium acetate/0.1% 
formic acid in water and 0.1% formic acid in 
acetonitrile 
Flow rate: 0.3 mL/min 
SRM transition: 798.6 m/z, 651.5 m/z

0.1 ng/mL 
(LLOQ)

Li et al. (2010)

Human blood Mixing with ammonium carbonate 
buffer, extraction (ethyl acetate/
hepatene/dichloromethane = 3 : 1 : 1), 
centrifugation, collection of organic 
layer, evaporation, reconstitution in 
acetonitrile:water

LC-ESI-MS 
Column: C18 
Mobile phase: 10 mM ammonium formate and 
acetonitrile 
pH 3.1 
Flow rate: 0.3 mL/min 
MRM transitions: 798.4 m/z, 651.3 m/z; 798.4 m/z, 
633.3 m/z

0.08 ng/mL 
(LLOQ) 
0.032 ng/mL 
(LOD)

Oiestad et al. 
(2009)

Human plasma Mixing with 10% ammonium hydroxide, 
addition of chloroform, centrifugation, 
evaporation, reconstitution in 1 mM 
trifluoroacetic acid and acetonitrile (7 : 3).

LC-ESI-MS 
Column: UPLC® AQUITY® 
Mobile phase: 30% 1mM ammonium 
trifluoroacetate in acetonitrile and 100% water 
Flow rate: 0.1 mL/min 
SIM transition: 780.94 m/z, 893.5 m/z

0.1 ng/mL 
(LLOQ)

Grabowski et al. 
(2009)

Human plasma Addition of concentrated NaOH 
and methyl t-butyl ether, shaking, 
centrifugation, evaporation, 
reconstitution in mobile phase

LC-ESI-MS 
Column: C8 
Mobile phase: 0.25 mM sodium acetate in water 
and 0.25 mM sodium acetate in methanol 
Flow rate: 0.25 mL/min 
SIM: 803.4 m/z (positive mode)

0.05 ng/mL 
(LLOQ) 
0.025 ng/mL 
(LOD)

Kirby et al. 
(2008)

Human plasma Addition of buffer solution pH 6.0, 
loading into oasis HLB30 mg 96-well 
plate preconditioned with methanol:water 
(40:60), elution of analyte with pure 
methanol, evaporation and reconstitution 
in methanol

LC-ESI-MS 
Column: C18 
Mobile phase: 10 mmol/L ammonium hydrogen 
carbonate/methanol (1 : 9) and 10 mmol/L 
ammonium hydrogen carbonate/methanol (9 : 1) 
Flow rate: 0.6 mL/min 
SRM transition: 798.5 m/z, 651 m/z

0.04 ng/mL 
(LLOQ)

Hashimoto et al. 
(2008)

Table 1.1   (continued)
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Sample matrix Sample preparation Assay method Detection 
limit

Reference

Human plasma and urine Addition of buffer solution pH 6, loading 
into oasis HLB30 mg 96-well plate 
preconditioned with methanol:water 
(40:60), elution of analyte with pure 
methanol, evaporation, reconstitution in 
methanol

LC-ESI-MS 
Column: C18 
Mobile phase: 5 mM ammonium acetate and 
acetonitrile 
Flow rate: 250 μL/min 
SRM transition: 798.5 m/z, 651.4 m/z (positive 
mode)

0.2 ng/mL 
(LLOQ) 
1 ng/mL 
(LLOQ)

Salvador et al. 
(2006)

Drinking-water, ground 
water,  
surface water, and waste 
water

SPE by using oasis HLB cartridge LC-MS-TOF 
Column: C8 
Mobile phase: acetonitrile, water with 0.1% formic 
acid

1–1000 ng/L 
(LOD)

Ferrer & 
Thurman (2012)

Water, soil, sediment, and 
biosolids

Extraction with solvents, and SPE LC-MS-MS 50 ng/L in 
water (LOD)

EPA (2007)

Plant extract Extracted from herbaceous plants of the 
genus Digitalis

LC-ESI-MS 
Column: C18 
Mobile phase: aqueous ammonium formate/
methanol (40/60% v/v), pure methanol 
Flow rate: 0.3 mL/min 
SRM transition: 798.5 m/z, 780.4 m/z

38–936 pg/g 
in solution 
(LOD)

Josephs et al. 
(2010)

Rat plasma Addition of ammonium chloride buffer, 
acetonitrile and methylene chloride, 
vortexing, centrifugation, evaporation of 
organic layer, reconstitution

LC-ESI-MS 
Column: C18 
Mobile phase: acetonitrile/ammonium formate 
Flow rate: 0.2 mL/min 
SRM transition: 798.60 m/z, 651.6 m/z

0.1 ng/L 
(LOQ)

Yao et al. (2003)

Human serum Incubation, centrifugation, supernatant 
loaded into a vial and frozen

IC 
Colloidal gold mAb probe-colloidal gold conjugate 
with IgG

Visual 
detection 
limit, 
2 ng/mL 
Detection 
time, 2–5 min

Omidfar et al. 
(2010)

Human blood and urine Addition of water and ammonium acetate 
buffer (2 M, pH 9.5), centrifugation, 
collection of supernatant, clean-up by SPE

LC-ESI-MS 
Column: C18 
Mobile phase: 20% acetonitrile in 80% 2 mM 
ammonium formate and 80% acetonitrile in 20% 
2 mM ammonium formate 
Flow rate: 0.2 mL/min 
SRM transition: 799.4 m/z, 651.4 m/z

0.05 ng/mL 
(LLOQ)

Guan et al. 
(1999)

Table 1.1   (continued)
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Sample matrix Sample preparation Assay method Detection 
limit

Reference

Rat intestinal perfusion 
samples

NR LC-UV 
Column: C18 
Mobile phase: 10 mM ammonium acetate, 
methanol, acetonitrile (50 : 25 : 25) 
Flow rate: 0.5 mL/min 
pH 3.0 
Wavelength: 220 nm

25 ng/mL 
(LOQ)

Varma et al. 
(2004)

Human plasma NR LC-ESI-MS 
Column: C18 
Mobile phase: acetonitrile and 2 mM ammonium 
acetate 
pH 3.0 
Flow rate: 0.2 mL/min 
SRM transition:7 99 m/z

NR Tracqui et al. 
(1997)

DMA, N,N-dimethylacetamide; IC, immunochromatography; IgG, immunoglobulin G; LC-ESI-MS, liquid chromatography electrospray ionization mass spectrometry; LC-MS-MS, 
liquid chromatography tandem mass spectrometry; LC-TOF-MS, liquid chromatography time of flight mass spectrometry; LC-UV, liquid chromatography ultraviolet spectroscopy; 
LLOQ, lower limit of quantification; LOD, limit of detection; LOQ, limit of quantification; mAb, monoclonal antibody; min, minute; MRM, multiple reaction monitoring; m/z, mass/
charge; NaCl, sodium chloride; NaOH, sodium hydroxide; NR, not reported; SIM, selected ion monitoring; SPE, solid-phase extraction; SRM, selected reaction monitoring

Table 1.1   (continued)
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ejection fraction and for atrial fibrillation, it has 
been largely supplanted by other medications 
(Sleeswijk et al., 2007). Digitoxin is useful for 
maintenance therapy because its long half-life 
(5 – 9 days) provides a sustained therapeutic effect 
even if a dose is missed. For the same reason toxic 
reactions are not easy to manage. Elimination is 
independent of renal function (Albrecht & Geiss, 
2000).

For congestive heart failure, use of digoxin 
fails to improve survival (Digitalis Investigation 
Group, 1997) when compared with placebo, 
unlike other leading therapies. It does, however, 
provide symptomatic benefits in some cases 
and is associated with reduced risk of hospital-
ization. USA guidelines suggest its use in situa-
tions where recommended therapies (diuretics, 
angiotensin-converting-enzyme inhibitors and 
β-blockers) fail to produce adequate symptom 
relief (Hunt et al., 2009). European guidelines 
continue to recommend digoxin as one of several 
therapies used in combination for the manage-
ment of congestive heart failure (Dickstein et al., 
2008).

As for congestive heart failure, use of 
digoxin for atrial fibrillation has also declined 

in preference for other medications, particu-
larly β-blockers and non-dihydropyridine 
calcium-channel blockers. Digoxin is generally 
less effective than other drugs in producing 
consistent reduction of heart rate, particularly 
during exertion (McNamara et al., 2003). Joint 
USA/European Union guidelines recommend 
against use of digoxin as a first-line agent in most 
cases of atrial fibrillation (Fuster et al., 2006).

(b) Dosage

Administration is typically oral, although 
preparations for intravenous administration 
exist. Typically, digoxin is used orally for months 
to years, while intravenous use requires careful 
medical monitoring and is given only in the 
short-term. The absorption ratio was found to be 
70%, the decay ratio is 20%, the effective dose 
level is 2 mg, and the maintenance dose is 0.5 mg 
(Albrecht & Geiss, 2000).

For the treatment of heart failure, atrial fibril-
lation, the loading-dose regimen for intravenous 
administration is a single dose of 0.4–0.6  mg, 
with additional doses of 0.1–0.3  mg every 
6–8  hours to be given with caution until there 
is clinical evidence of adequate effect, and the 

Table 1.2 Most commonly reported clinical indications for digoxin in the USA, 2011–2012

Diagnosis ICD-9 codea Drug uses  (in 
1000s)

Percentage of 
total

Atrial fibrillation 427.301 1595 42.3
Hypertensive heart disease, other 402.901 621 16.5
Congestive heart failure 428.001 501 13.3
Other primary cardiomyopathy, NOS 425.402 113 3.0
Chronic ischaemic disease, unspecified 414.901 81 2.1
Essential hypertension, NOS 401.901 65 1.7
Surgery after heart disease treatment V67.038 53 1.4
Medical follow-up after atherosclerotic heart disease V67.533 50 1.3
Paroxysmal supraventricular tachycardia 427.001 50 1.3
Chronic ischaemic disease, unspecified, with hypertension 414.501 50 1.3
All other diagnoses – 593 15.7
Total with reported diagnoses – 3771 100.0

a ICD-9 codes are a more detailed, proprietary version developed by IMS Health.
Prepared by the Working Group on the basis of data from IMS Health (2012b)
ICD-9, International Classification of Diseases Revision Nine; NOS, not otherwise specified
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total dose should not exceed 0.008–0.015 mg/kg 
bw. The oral dosage for this indication is a single 
dose of 0.5–0.75  mg, then additional doses of 
0.125–0.375  mg may be given cautiously every 
6–8  hours until clinical evidence of adequate 
effect, up to a total dose of 0.75–1.25 mg (for a 
patient weighing 70 kg). The maintenance dose is 
0.125–0.5 mg/day, intravenous or oral (Medscape 
(2013).

Most generic tablet preparations of digoxin 
average 70–80% oral bioavailability, with 
90–100% oral bioavailability for digoxin elixir 
and the encapsulated gel preparation. Parenteral 
digoxin is available for intravenous administra-
tion, and is of value in patients who are unable 
to take oral formulations. Caution to avoid over-
dosing is necessary in elderly patients or those 
with renal impairment (Li-Saw-Hee & Lip, 1998). 
In general, the therapeutic index for digoxin is 
narrow (Ehle et al., 2011).

When digoxin is indicated, suggested thera-
peutic ranges of serum concentrations of digoxin 
are lower now than in the past (Hunt et al., 2009), 
particularly given the report that mortality 
among digoxin users was associated with higher 
serum concentrations of this drug (Rathore et al., 
2003). In a study of post-mortem cases, the range 
of serum digoxin concentrations in cases of over-
dose was 2.7–6.8  nmol/L (mean, 4.7  nmol/L) 
[2.1–5.3 ng/L (mean, 3.7 ng/L)] (Eriksson et al., 
1984).

Country-dependent differences in formula-
tions may be correlated to the range of available 
tablet strengths. For example, the dosage was 
significantly higher in some hospitals in the USA 
and France than in the United Kingdom, and 
significantly higher in France than in the USA 
(Saunders et al., 1997).

(c) Trends in use

Use of digoxin in the USA has declined 
substantially for treatment of congestive heart 
failure (Banerjee & Stafford, 2010) and of atrial 
fibrillation (Stafford et al., 1998; Fang et al., 

2004). Trends in the European Union may have 
lagged behind those in the USA, but use for both 
conditions has declined (Sturm et al., 2007). 
Use of digoxin may have been reduced between 
1991 and 2004 in the USA, but not in the United 
Kingdom (Haynes et al., 2008).

The Food and Drug Administration (FDA) 
reported that digitoxin and acetyldigitoxin are 
no longer manufactured in the USA (FDA, 2013).

Globally, there are 160 licensed products 
containing digoxin, while there are only seven 
licensed products containing digitoxin in 
Germany, Austria, Hungary, and Norway (Index 
Nominum, 2013).

Despite the introduction of new therapeutic 
strategies, cardiac glycosides are still widely used, 
and digoxin belongs to the 10 most frequently 
prescribed drugs in the USA (Albrecht & Geiss, 
2000). In Estonia, the consumption of digoxin 
was very high in the times of the former Soviet 
Union and decreased in the first years of inde-
pendence. When problems with drug availability 
were overcome, the use of digoxin increased by 
35% in 1994–97 (Pähkla et al., 1999).

While a rare event, the homicidal use of 
digoxin has been described. Suicide by digoxin 
may have been more frequent in continental 
Europe, but has also occurred in the USA and 
England (Burchell, 1983).

Total worldwide sales of digoxin were 
US$  142 million in 2012, with 33% occurring 
in the USA (US$  47 million). Other nations 
reporting appreciable use of digoxin included 
Japan (US$ 14 million), Canada (US$ 11 million), 
and the United Kingdom (US$ 9 million) (IMS 
Health, 2012a).

In the USA in 2012, digoxin was reported by 
office-based physicians in 1.85 million drug uses, 
and was being taken by approximately 700 000 
patients (IMS Health, 2012b). The trend in use of 
digoxin in the USA is shown in Fig. 1.1. According 
to the IMS Health National Prescription Audit 
Plus, there were a total of 9.6 million prescriptions 
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for digoxin in 2012, down from 14.6  million 
prescriptions in 2008 (IMS Health, 2012c).

1.4 Occurrence and exposure

1.4.1 Natural occurrence

The principal natural occurrence of digoxin 
is in the leaves of Digitalis lanata Ehrh., but it 
may also occur in some other Digitalis species 
(Hollman, 1985). After leaf-tissue damage or 
plant harvest, the primary glycoside lanatoside C 
is converted to the secondary glycoside digoxin 
by the endogenous enzyme, digilanidase, present 
in the leaves, and by subsequent deacetylation. D. 
lanata leaves were found to contain digoxin at 
8.6–13.2 µg/100 mg and its precursor, lanatoside 
C, at 55.8–153.2  µg/100  mg, depending on the 
health of the plant material (Pellati et al., 2009). 
Environmental factors that influence the digoxin 
content in D. lanata are carbon-dioxide enrich-
ment and water stress (Stuhlfauth et al., 1987).

1.4.2 Occupational exposure

No data were available to the Working Group.

1.5 Regulations and guidelines

Digoxin has been assigned classification as a 
“water hazard” in Germany and as an “environ-
mental hazard” in several USA states (SciFinder 
(2013). The United States Environmental 
Protection Agency (EPA) assigned it to the list 
of “extremely hazardous substances” mandated 
by Section 302 of the Emergency Planning 
and Community Right-to-Know Act of 1986 
(EPCRA), for which the reportable quantity 
is 10  lbs [~4.5  kg] and the threshold planning 
quantity is 10/10 000 lbs [4.5/4536 kg].

Digoxin is specified in several official phar-
macopoeias (Table 1.3).

2. Cancer in Humans

Beginning in the late 1970s, several small 
studies based on case series or chart reviews 
reported a lower risk of cancer of the breast in 
women using “digitalis” (see introduction to 
Section 1) (Stenkvist et al., 1979, 1982; Goldin & 
Safa, 1984). These reports, mostly in brief corre-
spondence, have been cited as supporting the 
consideration of digitalis as a possible therapy 
for cancer of the breast (Stenkvist, 1999; Haux, 
1999); however, because so little information 
was provided and larger studies with stronger 
designs were available, these early studies were 
judged to be uninformative and were not consid-
ered further.

The studies reviewed by the Working Group 
included a measure of relative risk, such as odds 
ratios, hazard ratios, and incidence rate ratios. 
Varied designs were used in these studies. Some 
studies evaluated associations between risks of 
cancers of all types and exposures to a wide range 
of pharmaceuticals, or to a more restricted range 
of cardiovascular drugs. Others examined risk 
factors for specific cancers, typically including 
prescription drugs together with evaluation of 
other demographic and health parameters. In 
recent years, national registries of prescription 
drug use have yielded large data sets in which 
follow-up can be linked to cancer outcomes in 
cohort studies.

Many reports described only “digitalis” 
exposure, and therefore may refer to either 
digoxin (much more commonly used, especially 
in recent years) or digitoxin. Even when some 
epidemiological studies specified “digoxin,” the 
subjects who were enrolled during years when 
digitoxin was more widely used might have also 
used digitoxin (e.g. because of renal failure). The 
studies describing “digitalis” use are therefore 
included, with the exposure type digoxin, digi-
toxin, or digitalis, indicated in the tables. Most 
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of what has been used under the term “digitalis” 
in North America and Europe has been digoxin.

2.1 Cancer of the breast

2.1.1 Case–control studies

See Table 2.1
Studies of the association of risk of cancer 

with use of digoxin and related drugs have 
focused mainly on cancer of the breast. Aromaa 
et al. (1976) reported a register-based case–
control study in which use of “digitalis” (and 
many other cardiovascular drugs) in the year 
before diagnosis was compared in 109 hyper-
tensive women with cancer of the breast and 
in 109 matched hypertensive women without 
cancer of the breast. Hypertensive women with 
cancer of the breast were more likely to be using 

digitalis than were women without cancer of the 
breast (relative risk, RR, 2.67; 95% CI, 0.99–8.33; 
in the subset restricted to 65 pairs with similar 
follow-up time.). [Both cases and controls were 
hypertensive and both were therefore at a high 
risk of cardiovascular disease. This compara-
bility enhanced internal validity, but it may have 
reduced generalizability.]

Lenfant-Pejovic et al. (1990) described risk 
factors for cancer of the breast in men in France 
and Switzerland, comparing 91 cases with 255 
controls recruited from hospital cancer clinics in 
France and a cancer registry in Switzerland, and 
matched for age and area of residence. Data on 
risk factors were limited to information available 
in physician interviews by mail or telephone, and 
clinical record reviews. Of all prescribed drugs, 
only use of digitalis for at least 3 months before 

Fig. 1.1 Trends in use of digoxin as a drug in the USA, 2004–2012
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Prepared by the Working Group on the basis of data from IMS Health National Disease and Therapeutic Index, 2004–12 (IMS Health, 2012b).



IA
RC M

O
N

O
G

RA
PH

S – 108

392 Table 1.3 Regulations in pharmacopoeial monographs on digoxin

Regulation
WHO International Pharmacopoeia, 
4th edition

United States 
Pharmacopeial 
Convention 30

European Pharmacopoeia 7.0 Japanese Pharmacopoeia XVI

Content C41H64O14 
(dried substance)

95.0–103.0% 95.0–101.0% 96.0–102.0% 96.0–106.0%

Identity tests Tests ABD or BCD may be applied: 
A. IR 
B. TLC 
C. Colour reaction with dinitrobenzene/ 
ethanol 
D. Colour reaction with ferric chloride/
glacial acetic acid/sulfuric acid

A. IR 
B. HPLC 
C. TLC

IR 1. Colour reaction with ferric 
chloride hexahydrate/acetic acid/
sulfuric acid 
2. IR

Specific optical 
rotation

+13.6° to +14.2° (0.10 g/mL in pyridine) – +13.9° to 15.9° (0.50 g in 25 mL 
methanol/methylene chloride 
50 : 50)

+10.0 to + 13.0° 
(0.20 g in 10 mL pyridine)

Sulfated ash Max. 1.0 mg/g – Max. 0.1% –
Loss on drying Max. 10 mg/g Max. 1.0% Max. 1.0% Max. 1.0%
Residue on ignition – Max. 0.5% – Max. 0.5%
Gitoxin Absorbance at 352 nm, max. 0.22 (about 

40 mg/g)
– – –

Related substances/
purity

TLC test, absence of spots that are 
more intense than standard solution at 
0.25 mg/mL

TLC test, no spot that 
is more intensive than 
gitoxin standard solution 
(not more than 3% of 
any related glycoside as 
gitoxin)

HPLC: specific limits for about 
12 related substances are 
specified

HPLC: total area of peaks of 
impurities is max. 3%

Organic volatile 
impurities

– General requirements, 
except limits for methylene 
chloride and chloroform 
are 2000 µg/g

– –

Bacterial 
endotoxins

Max. 200.0 IU of endotoxin per mg – – –

HPLC, high-performance liquid chromatography; IR, infrared; IU, international units; TLC, thin-layer chromatography
Adapted from The United States Pharmacopoeial Convention (2006), European Pharmacopoeia (2008), The International Pharmacopoeia (2011), Pharmaceuticals and Medical Devices 
Agency (2011)
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diagnosis was associated with increased risk (11 
users among cases; odds ratio, OR, 4.1; 95% CI, 
1.4–12.4). [The data from France and Switzerland 
were collected in different ways and the Working 
Group questioned the quality of the data obtained 
from medical records and physician interviews.]

In another study of risk factors for cancer of 
the breast in men, Ewertz et al. (2001) compared 
156 incident cases in men in Norway, Sweden, 
and Denmark with 468 men matched for year 
of birth, and country. Many variables were eval-
uated using self-administered questionnaires, 
including use of prescribed drugs. Among all 
drugs assessed, digoxin stood out most strongly, 
with odds ratios for digoxin of 1.8 (95% CI, 
0.7–4.4) in men with <  5  years use and 2.0 
(0.9–4.4) for ≥ 5 years use. After adjustment for 
body mass index determined from self-estimated 
weight and height 10 years before diagnosis, the 
association between cancer of the breast and 
digoxin use was still 1.8 (P = 0.08). [Recalculated 
by the Working Group from observed/expected 
data to be 1.9 (95% CI, 1.05–3.48).]

Ahern et al. (2008) identified 5565 postmeno-
pausal women with incident cancer of the breast 
who used digoxin with a 10 : 1 birth year- and resi-
dence area-matched population-control group 
in Denmark in 1991–2007. Use of digoxin was 
ascertained by county-level prescription registry 
data, and by design, all subjects were required to 
have used digoxin for ≥ 2 years before diagnosis 
(and use was likely to be current). Adjustments 
included age, past use of hormone replacement 
therapy, nonsteroidal anti-inflammatory drugs 
(NSAIDs), and anticoagulants including aspirin. 
Among the cases of cancer of the breast, 324 used 
digoxin compared with 2546 controls, yielding 
an adjusted odds ratio of 1.30 (95% CI, 1.14–1.48). 
Relative to non-users, the odds ratios increased 
with duration of use from 1.25 (95% CI, 1.03–1.52) 
with 1–3 years of use to 1.30 (95% CI, 1.05–1.61) 
with 4–6 years of use to 1.39 (95% CI, 1.10–1.74) 
with > 6 years of use. The findings persisted after 
adjustment for exposure to estrogen, use of other 

drugs, confounding by indication, and frequency 
of mammography. [This large study was regarded 
as being of high quality. However, the Working 
Group noted that some important risk factors 
of cancer of the breast, notably parity, obesity, 
and alcohol drinking, were not controlled in the 
analysis.]

2.1.2 Cohort studies

See Table 2.2
Using data from persons enrolled in the 

Kaiser Permanente Medical Care Programme, 
Friedman & Ury (1980) linked prescription-drug 
use for 95 drugs and drug classes between 1969 
and 1973 to subsequent cancer outcomes (56 
types) registered within this health-care system 
until 1976. The drugs evaluated included “digi-
talis” as a group. A more detailed presentation 
of digitalis-related associations used cancer-out-
come data for 143 594 subjects updated to 1980 
(Friedman, 1984) (results provided in Table 2.2). 
The age–sex standardized morbidity ratio for 
cancer of the breast and ever-use of digitalis was 
1.2 [95% CI, 0.74–1.87]. [This study was large and 
was able to examine the association of cancer 
with many different drugs; however, the preci-
sion of specific drug–cancer associations was 
limited and there was some concern about the 
large number of comparisons.]

Haux et al. (2001) used a database of plasma 
concentrations of digitoxin for 9271 women 
and men in Trondheim, Norway, who were 
undergoing their first treatment with digitoxin 
between 1986 and 1996. The risk of developing 
cancer in people receiving their first treatment 
with digitoxin was compared with the incidence 
of cancers with at least 30 expected cases (all 
sites, breast, prostrate, colorectum, lung, kidney/
urinary, melanoma, lymphoid/leukaemia) in 
the national population. Standardized incidence 
ratios (SIR) for most cancers, including cancer of 
the breast, were higher (typically by about 25%) 
among digitoxin users. In an analysis of cancer 
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394 Table 2.1 Case–control studies on use of digoxin and cancer of the breast

Reference, 
study 
location and 
period

Subjects Exposure 
assessment

Organ site Exposed 
cases

Exposure 
category

Relative risk 
(95% CI)

Adjustments 
for potential 
confounders

Comments

Aromaa 
et al. (1976), 
Finland, 
cases 
reported in 
1973

Women with 
breast cancers and 
hypertension (n = 
109) compared with 
matched women with 
hypertension only 
(n = 109)

Prescription-
acquired 
cardiovascular 
drugs 

Breast 28 Any digitalis 
use vs no use

1.33 (0.73–2.48) Age, 
geographical 
area

Digitalis use was a 
secondary outcome, 
but the strongest 
association seen 
among prescription 
drug used; probably 
included some 
digitoxin users.

  16 Any digitalis 
use vs no use 
(case–control 
pairs with 
comparable 
treatment 
duration)

2.67 (0.99–8.33)  

Lenfant-
Pejovic 
et al. (1990), 
Switzerland, 
1970–86, 
and France, 
1975–88

Men with breast 
cancer (n = 91) 
identified in 
hospital or by 
tumour registries 
compared with men 
with colorectal, 
haematolymphatic, or 
skin cancers (n = 255)

Hospital chart 
abstracts and 
physician 
interview; digitalis 
specified

Breast, 
adeno-
carcinoma

11 Any digitalis 
use vs no use

4.1 (1.4–12.4) Controls 
matched 
by age and 
hospital

Digitalis was the 
only one of many 
therapeutic drugs for 
which an association 
was found. Probably 
included some 
digitoxin users.

Ewertz et al. 
(2001), 
Norway, 
Sweden, 
Denmark, 
1987–91

Men with breast 
cancer (n = 156) 
compared with men 
in population registry 
(n = 468)

Self-reported 
questionnaires 
including 
prescription-drug 
use and other 
demographic and 
health data

Breast 20 Never digoxin 1.0 (ref.) Matched 
for sex, 
age; overall 
analysis 
adjusted for 
BMI

Multiple comparisons 
to diverse 
demographic, 
health, and drug-
use variables, but 
association for digoxin 
appeared to be the 
strongest among 
drugs; probably 
included some 
digitoxin users. 
P = 0.08 for overall 
association between 
digoxin use and breast 
cancer

Digoxin < 5 yr 1.8 (0.7–4.4)
Digoxin ≥ 5 yr 2.0 (0.9–4.4).
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Reference, 
study 
location and 
period

Subjects Exposure 
assessment

Organ site Exposed 
cases

Exposure 
category

Relative risk 
(95% CI)

Adjustments 
for potential 
confounders

Comments

Ahern et al. 
(2008), 
North 
Jutland 
and Aarhus 
Counties, 
Denmark, 
1991–2007

Postmenopausal 
women with breast 
cancer (n = 5565) 
compared with 
matched women from 
population registry (n 
= 55 650)

County-based 
pharmacy 
registries

Breast 5241 Never-user 1.0 (ref.) Age, location; 
use of anti-
inflammatory 
drugs, 
anticoagulants 
or HRT

Tumour ER status not 
examined. Association 
not greatly changed 
by adjustments; 
Suggestion of 
increased risk with 
longer duration of use. 
May have included 
some digitoxin 
users in early years, 
although described as 
digoxin users. 
Adjusted for age, 
county of residence, 
and past receipt of 
HRT, anticoagulants, 
high- and low-dose 
aspirin, and NSAIDs.

324 Ever used 
digoxin 
(restricted to 
case–control 
pairs with 
comparable 
treatment 
duration)

1.30 (1.14–1.48)

       

128 1–3 yr 1.25 (1.03–1.52)
103 4–6 yr 1.30 (1.05–1.61)
93 7–18 yr 1.39 (1.10–1.74)

BMI, body mass index; ER, estrogen receptor; HRT, hormone replacement therapy; NSAIDs; non-steroidal anti-inflammatory drugs; ref., reference; vs, versus; yr, year

Table 2.1   (continued)
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incidence in people before their first use of digi-
toxin, odds ratios for most cancers were similarly 
increased. An analysis of the relationship between 
risk of cancer and serum concentration of digi-
toxin did not show a coherent relationship for 
cancer of the breast. [The Working Group noted 
that the national population used as comparison 
group was external to the study population and 
may differ in its underlying disease risk or in the 
quality of cancer ascertainment. Elevated risk 
of cancer in the study population before begin-
ning treatment may be attributable to under-
lying increases in the frequency of common risk 
factors for cancer and for cardiovascular disease 
requiring digitoxin, rather than the use of digi-
toxin itself. In addition, estimates of digitoxin 
dose were based on a single measurement at the 
start of treatment and there was no information 
about ongoing exposure.]

Biggar et al. (2011) reported a nationwide 
cohort study in Denmark, evaluating incidence 
of cancer of the breast in women prescribed 
digoxin. Data were obtained by linking the 
national Danish prescription-drug database 
(available since 1995) and the nationwide Danish 
cancer registry until 2008. Among 104  648 
women using digoxin, 2144 developed cancer 
of the breast. Risks associated with current and 
former use, and duration of current use among 
new users only were analysed, with incidence 
rate ratios for cancer of the breast adjusted for 
attained age at diagnosis and calendar year. 
The relative risk (RR) for current use was 1.39 
(95% CI, 1.32–1.46), with higher risk for devel-
oping estrogen receptor-positive tumours 
(RR, 1.35; 95% CI, 1.26–1.45) than estrogen 
receptor-negative tumours (RR, 1.20; 95% CI, 
1.03–1.40) among digoxin users. Incidence was 
not increased in women who had used digoxin in 
the past (SIR, 0.91; 95% CI, 0.83–1.00). Increased 
incidence was not associated with duration of 
use, but declined to baseline within 1 year after 
use of digoxin had ceased. [This was regarded 
as a high-quality study, with the capacity to 

examine risk by estrogen-receptor status being 
a particular strength. The study did not examine 
the effect of menopausal status; however, most 
women included were postmenopausal (median 
age, 79 years). Information on other covariates 
was limited. While there are many risk factors 
for cancer of the breast, the inability to control 
for alcohol drinking and obesity was likely to be 
of greatest concern.]

Biggar et al. (2013) examined features of 
cancer of the breast in a case–case comparison of 
cancers developed in 369 women who were using 
digoxin at the time of diagnosis with 34  085 
cancers in women not using digoxin. Tumours in 
users were significantly more likely (P = 0.002) to 
be estrogen receptor-positive (85%) than estrogen 
receptor-negative (79%), and to have low versus 
high histological grades, features suggesting 
better prognosis. [The prognostic factors for 
cancer of the breast in women receiving digoxin 
and in women receiving estrogen were similar 
and more favourable, e.g. estrogen receptor-posi-
tive tumours, than in women not receiving treat-
ment (IARC, 2012).]

2.2 Cancers of the uterus and ovary

Cohort study

See Table 2.3
In a cohort study in Denmark, Biggar et al. 

(2012) evaluated the risk of cancer of the uterus. 
The methods and data sources were identical 
to those in the study of cancer of the breast 
described in Section 2.1.2 (Biggar et al., 2011). 
As with cancer of the breast, the incidence of 
cancer of the uterus (n  =  461 cases in digoxin 
users) was increased among current users (RR, 
1.48; 95% CI, 1.32–1.65). In addition, this study 
also evaluated cancers of the ovary (n = 277) and 
cervix (n = 117) as “control cancers,” finding no 
increase in the incidence of either cancer (RR for 
cancer of the ovary, 1.06; 95% CI, 0.92–1.22; RR 
for cancer of the cervix, 1.00; 95% CI, 0.79–1.25) 
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Table 2.2 Cohort studies on use of digoxin and cancer of the breast

Reference, 
location, and 
period

Subjects Exposure 
assessment

Organ site Exposed 
cases

Exposure 
category

Relative risk 
(95% CI)

Adjustments for potential confounders 
Comments

Friedman 
(1984), Kaiser 
Permanente 
Medical Care 
Program (USA), 
1969–80

Members of a 
private health-
care insurance 
programme 
(n = 143 594)

Pharmacy 
database from 
Health Plan

Lung 48 Digitalis 
ever-use 
(digoxin, 
digitoxin, 
digitalis)

1.7 [1.22–2.20] Age, sex 
Main summary for all drug-cancer 
relationships reported by Friedman & 
Ury (1980). Updated to 1980: Friedman 
(1984). Multiple comparisons. 
No association found for other cancers.

Colon 35 1.5 [1.02–2.04]
Breast 20 1.2 [0.74–1.87]
Prostate 34 1.4 [1.00–2.01]

Haux 
et al. (2001), 
Trondheim, 
Norway, 
1986–96

People 
(n = 9 271) 
undergoing 
their first 
digitoxin 
treatment

Digitoxin 
in plasma 
measured 
in a central 
laboratory

All sites 641 Digitoxin use 1.27 (1.18–1.37) Age, year of birth, sex 
Incidence compared to population 
incidence when > 30 cases were 
expected 
Use based on single assessment of 
digitoxin. A high risk of cancer 
diagnosed before digitoxin 
measurement (not shown) suggested 
high cancer risk preceded use. Expected 
numbers of cancers obtained from 
national registry rates.

Female breast 57 1.25 (0.95–1.62)
Prostate 108 1.25 (1.03–1.50)
Colorectum 127 1.29 (1.06–1.51)
Lung 63 1.35 (1.04–1.74)

Kidney/urinary 59 1.14 (0.87–1.47)
Melanoma 61 1.23 (0.94–1.58)
Leukaemia/
lymphoma (C81–C 
85/C88/92)

53 1.41 (1.06–1.85)

Breast Digitoxin 
concentration 
(ng/mL):
< 16 1.00 (ref.) Dose–response on the cohort on 

digitoxin users by different levels of 
digitoxin plasma concentration at first 
measurement divided in tertiles

16–22 1.04 (0.59–1.84)
> 22 0.90 (0.48–1.67)

Biggar et al. 
(2011), 
Denmark, 
1995–2008

Women 
aged ≥ 20 yr 
(n = 2 011 381)

Nationwide 
pharmacy 
registry for 
drug exposure

Breast 46 872 Never 1.0 Attained age, calendar-year 
Association found only with current use 
of digoxin and stronger when restricted 
to women with ER-positive tumours. 
Duration results apply to all breast 
cancers, regardless of ER status.

2144 Ever 1.24 (1.18–1.30)
454 Former 0.91 (0.83–1.00)

1690 Current 1.39 (1.32–1.46)
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Reference, 
location, and 
period

Subjects Exposure 
assessment

Organ site Exposed 
cases

Exposure 
category

Relative risk 
(95% CI)

Adjustments for potential confounders 
Comments

Biggar et al. 
(2011), 
Denmark, 
1995–2008
(cont.)

Duration of 
use in new 
users only 
(mo):

306 0–12 1.65 (1.47–1.86)
147 13–24 1.31 (1.12–1.55)
92 25–36 1.13 (0.92–1.38)

265 37+ 1.31 (1.16–1.48)
ER, estrogen receptor; mo, month; ref., reference; vs, versus; yr, year

Table 2.2   (continued)
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among current users. Patterns of risk with dura-
tion of digoxin use were not consistent by cancer 
type. For cancer of the uterus, stronger asso-
ciations were observed for digoxin use of 0–12 
months (RR, 1.60; 95% CI, 1.23–2.07) and > 37 
months (RR, 1.91; 95% CI, 1.51–2.41) among 
current users, while for cancer of the ovary the 
strongest association was for digoxin use of 0–12 
months among current users (RR, 1.37; 95% CI, 
1.01–1.86) among current users. [The strengths 
and limitations of this study were the same as 
for the study of cancer of the breast based on the 
same cohort (Biggar et al., 2011).]

2.3 Cancer of the prostate

Cohort studies

See Table 2.4
Platz et al. (2011) examined the association 

between incidence of cancer of the prostate 
and use of digoxin in the USA-based Health 
Professionals Follow-up Study, following 47 884 
men from 1986 until 2006. Data on use of digoxin 
were obtained by self-administered question-
naire at baseline and at 2-year intervals during 
follow-up. Ever-users of digoxin had lower inci-
dence of cancer of the prostate compared with 
never-users, after adjustment for multiple risk 
factors, including race, body mass index, exer-
cise, and smoking (RR, 0.83; 95% CI, 0.72–0.94), 
which was not changed by adjustment for 
other cardiovascular drugs (cholesterol-lowering 
agents, aspirin). The inverse association was seen 
regardless of indication for digoxin use (heart 
failure or arrhythmia), present when digoxin 
was the only cardiac medication used (other 
than aspirin), apparent at all stages of cancer of 
the prostate, and stronger in current than former 
users. The adjusted risk ratio for cancer of the 
prostate decreased with duration of use from 
0.87 (0.73–1.04) for those with < 5 years of use 
to 0.54 (0.37–0.79) for those with ≥ 10 years of 
use (P for trend < 0.001). [This was regarded as a 

high-quality study with robust findings adjusted 
for an extensive array of covariates. Although 
exposure data were self-reported, reports by the 
health professionals were assumed to be of rela-
tively high quality. Cancer outcomes were also 
self-reported, but validated by pathology-record 
review in 95% of cases.]

The association between cancer of the pros-
tate and ever-use of drugs in the digitalis group 
was examined in the cohort study by Friedman 
& Ury (1980) and Friedman (1984), described in 
Section 2.1.2. The standardized morbidity ratio 
was 1.4 [95% CI, 1.00–2.01; 34 cases].

An increased risk of cancer of the prostate was 
also reported in the Norwegian cohort study by 
Haux et al., (2001). The relative risk was 1.25 (95% 
CI, 1.03–1.50). [As noted in Section 2.1.2, relative 
risks were elevated for most of the cancers exam-
ined, leading to doubts about the appropriateness 
of the comparison group.]

2.4 Non-Hodgkin lymphoma

Case–control study

See Table 2.5
To determine whether the development of 

non-Hodgkin lymphoma is associated with 
medication use, Bernstein & Ross (1992) reviewed 
prescription-medication use in 619 cases of 
non-Hodgkin lymphoma in Los Angeles, USA, 
between 1979 and 1982, that were matched to 
619 age, race, sex, and neighbourhood controls. 
Among 49 medications evaluated (along with 
many other health conditions and immuniza-
tions), the odds ratios for use of digitalis were 
1.55 (95% CI, 0.99–2.43) for men and women 
combined, 2.4 (95% CI, 1.31–4.38) for women 
and 0.75 (95% CI, 0.36–1.59) for men. A trend 
with duration of use was found in women, but 
not in men. [Multiple comparisons were made 
with many drug- and non-drug-related varia-
bles, and the association with digitalis, seen only 
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400 Table 2.3 Cohort study on use of digoxin and cancer of the corpus uteri, cervix, and ovary

Reference, 
location, 
and period

Subjects Exposure 
assessment

Organ sites Exposed 
cases

Exposure 
categories

Relative risk (95% 
CI)

Adjustments for potential confounders 
Comments

Biggar et al. 
(2012), Denmark, 
1995–2008

See Table 2.2 
and  Biggar 
et al. (2011)

Nationwide 
pharmacy 
registry

Corpus uteri 111 Former 1.20 (0.99–1.45) Attained age, calendar year 
Association to digoxin found only for uterine 
cancer and statistically significant only in 
current users; marginal association for former 
users. 
For uterine cancer, increase greatest with 
prolonged use; 
For all, a higher incidence was noted in the 
first year after diagnosis, which could suggest 
confounding by indication

350 Current 1.48 (1.32–1.65)
  Duration 

of use 
(mo):

 

59 0–12 1.60 (1.23–2.07)
26 13–24 1.19 (0.81–1.75)
11 25–36 0.70 (0.39–1.27)
71 37+ 1.91 (1.51–2.41)

Ovary 70 Former 0.95 (0.75–1.21)
207 Current 1.06 (0.92–1.22)

Duration 
of use 
(mo):

42 0–12 1.37 (1.01–1.86)
20 13–24 1.11 (0.71–1.72)
13 25–36 1.01 (0.58–1.74)
30 37+ 1.02 (0.71–1.46)

Cervix uteri 36 Former 1.18 (0.85–1.65)
81 Current 1.00 (0.79–1.25)

Duration 
of use 
(mo):

18 0–12 1.44 (0.91–2.30)
8 13–24 1.10 (0.55–2.20)
5 25–36 0.96 (0.40–2.31)
8 37+ 0.66 (0.33–1.32)

mo, month
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Table 2.4 Cohort study on use of digoxin and cancer of the prostate

Reference,  
location, 
and period

Subjects Exposure 
assessment

Organ sites Exposed 
cases

Exposure 
categories

Relative risk 
(95% CI)

Adjustments for potential 
confounders 
Comments

Platz et al. (2011), 
Health Professionals 
Follow-up Study, USA, 
1985–2006

Men aged 
40–75 years (n 
= 47 884)

Self-reported 
questionnaire data about 
current use of digoxin

Prostate, 
invasive 
cancer

4923 Never 1.0 Age, race, calendar year, 
BMI, height, smoking, 
diabetes, diet, exercise, 
vitamin E supplement 
Cohort analysis undertaken 
to assess effects observed in 
vitro (see Section 4). 
Cancer self-report 
supplemented with death-
certificate data; pathology-
record review: 94.5% 
complete.

243 Ever 0.83 (0.72–0.94)
175 Current 0.78 (0.67–0.90)
  Duration of 

use (yr):
 

  Never 1.0
125 < 5 0.87 (0.73–1.04)
90 5–9.9 0.87 (0.70–1.07)
28 ≥ 10 0.54 (0.37–0.79)

BMI, body mass index; yr, year
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402 Table 2.5 Case–control study on use of digitalis and non-Hodgkin lymphoma

Reference, 
location, 
and period

Subjects Exposure 
assessment

Organ sites Exposure categories Exposed 
cases

Relative risk 
(95% CI)

Adjustments for 
potential 
confounders

Bernstein & Ross 
(1992), 
Los Angeles 
County (USA), 
1979–82

Cases, 619 
Controls, 619 
(neighbourhood)

Personal interview 
and questionnaire 
including ever-use of 
“digitalis”

Non-Hodgkin 
lymphoma

No digitalis 35 1.00 Matched on age, 
sex, race, and 
neighbourhood

Digitalis (all) 52 1.55 (0.99–2.43)
Men 12 0.75 (0.36–1.59)
Women 40 2.40 (1.31–4.38)
All (men and women)  

      No digitalis   1.00  
      Digitalis 1–12 mo 23 1.35 (0.99–2.43)  
      Digitalis ≥ 13 mo 28 1.68 (0.92–3.08)  
      P for trend   0.063  
      Men      
      No digitalis   1.00  
      Digitalis 1–12 mo 7 1.00 (0.35–2.85)  
      Digitalis ≥ 13 mo   0.56 (0.19–1.66)  
      P for trend   0.34  
      Women      
      No digitalis   1.00
      Digitalis 1–12 mo 16 1.72 (0.76–3.91)  
      Digitalis ≥ 13 mo 23 3.05 (1.35–6.87)  
      P for trend   0.042  

mo, month
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in women and not in men, could have been a 
chance finding.]

2.5 Other cancer sites

See Table 2.2
Elevated relative risks of cancers of the lung 

and colorectum were observed in the cohort 
study by Friedman & Ury (1980) and Friedman 
(1984), and in the cohort study by Haux et al. 
(2001) described in Section 2.1.2. The relative risk 
of cancer of the lung was 1.7 [95% CI, 1.22–2.20] 
in the former study, and 1.35 (95% CI, 1.04–1.74) 
in the latter. For cancer of the colorectum, the 
relative risks were 1.5 [95% CI, 1.02–2.04] and 
1.29 (95% CI, 1.06–1.51) for the same studies, 
respectively. Haux et al. (2001) also reported 
an increased risk of leukaemia and lymphoma 
combined (RR. 1.41; 95% CI, 1.06–1.85). [The 
Working Group considered that the study by 
Haux et al. (2001) may have used an inappro-
priate comparison group, as noted in Section 
2.1.2, and had limited confidence in the results. 
The elevated relative risk of cancer of the lung 
could be due to an association between smoking 
and cardiovascular disease for which digitalis 
was prescribed.]

3. Cancer in Experimental Animals

No data were available to the Working Group.

4. Mechanistic and Other 
Relevant Data

4.1 Absorption, distribution, 
metabolism, and excretion

4.1.1 Humans

(a) Absorption and distribution

Digoxin exhibits first-order kinetics (Ehle 
et al., 2011). In six healthy volunteers (average 
age, 20  ±  2.5  years) given a single infusion of 
digoxin of 750  µg for 20 minutes (Finch et al., 
1984), digoxin had a half-life of 37.2 ± 12 hours, 
an area under the curve (AUC) of concentra-
tion–time of 147.7 ± 78.6 ng/mL per hour, a large 
volume of distribution (311.4 ± 94.0 L) and clear-
ance rate of 108.6 ± 59.1 mL/minute. In a study in 
four healthy men given 1 mg of tritium-labelled 
digoxin by intravenous injection (Marcus et al., 
1964), the drug disappeared very rapidly from the 
circulation; 3 minutes and 1 hour after the injec-
tion, only 15.9% and 2.8%, of the administered 
dose, respectively, was detected in the blood. The 
onset of pharmacological action, after intrave-
nous administration, is detected within 15–30 
minutes, and maximum effect within 1–4 hours 
(Ehle et al., 2011).

The distribution of digoxin follows a 
two-compartment model (Reuning et al., 1973), 
comprising plasma and rapidly equilibrating 
tissues (compartment one [small volume]), and 
the more slowly equilibrating tissues (compart-
ment two [large volume]) (Currie et al., 2011). 
Equilibrium between compartments is achieved 
after a minimum of 6 hours, distribution half-life 
is 35 minutes, onset of action (oral) approximately 
30–120 minutes, and time to peak action (oral) is 
6–8 hours (Currie et al., 2011), or 2–6 hours, as 
reported by Ehle et al. (2011). Digoxin is 20–25% 
bound to plasma proteins (Ehle et al., 2011).

After oral administration of digoxin, half-
life and time to steady state vary significantly 
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between individuals, and are also dependent 
on renal function (Ehle et al., 2011). In healthy 
subjects, the half-life is 1.5–2 days (Currie et al., 
2011; Ehle et al., 2011), and steady state is reached 
in 5–7 days (Ehle et al., 2011). In anuric patients, 
half-life is prolonged to 3.5–5 days (Currie et al., 
2011; Ehle et al., 2011), and steady state is reached 
in up to 15–20 days (Ehle et al., 2011). The volume 
of distribution is 4–7  L/kg in healthy subjects 
(Ehle et al., 2011), but is decreased in people with 
renal disease and hypothyroidism, and increased 
in people with hyperthyroidism (Currie et al., 
2011). A study of 32 men and 35 women receiving 
long-term therapy with digoxin (in doses indi-
vidualized according to body weight), showed no 
sex-based differences in serum concentration of 
digoxin (Lee & Chan 2006).

Oral bioavailability (F) of digoxin varies 
with formulation, and between individuals. 
Bioavailability from digoxin capsules, elixirs, 
or tablets are 90%, 80%, and 70%, respectively 
(Ehle et al., 2011), and almost 100% from gela-
tine capsules (Currie et al., 2011). Bioavailability 
of digoxin is physiologically controlled by the 
transmembrane transporter, P-glycoprotein, 
which has efflux pump function (Riganti 
et al., 2011). P-glycoprotein controls bioavail-
ability from its location on apical (or luminal) 
membranes of enterocytes of the small intestine, 
by active extrusion of digoxin, back into the 
lumen of gastrointestinal tract. A critical factor 
in intestinal absorption is the rate of apical efflux 
(Riganti et al., 2011).

(i) Studies supporting an effect of MDR1 
polymorphism

A study in 21 Caucasian individuals given a 
single oral dose of digoxin of 0.25 mg showed a 
correlation between polymorphism of the MDR1 
gene [the gene encoding P-glycoprotein, standard 
nomenclature, ABCB1] at exon 26 (C3435T) and 
significantly lower levels of duodenal expression 
and function of MDR1. Polymorphic individuals 
had higher plasma concentrations of digoxin 

compared with those with wildtype (C3435C) 
alleles (Hoffmeyer et al., 2000).

In eight volunteers, pre-treatment with 
rifampicin, an inducer of P-glycoprotein, altered 
absorption of digoxin. The rifampicin-induced 
mean concentration of digoxin in people carrying 
the T-allele single-nucleotide polymorphism was 
higher than that of the wildtype (CC) population 
(Hoffmeyer et al., 2000).

In healthy volunteers (with the TT and CC 
genotypes [n = 7 in each group]) given multiple 
oral doses of digoxin (0.25 mg per day) to achieve 
steady-state conditions, a statistically significant 
difference (mean, 38%) was found in maximum 
serum concentration of digoxin (Cmax) between 
the two groups [read from Figure: CC, ~1.60 µg/L; 
TT, ~2.15 µg/L]. This may reflect the importance 
of genotype in determining absorption after oral 
administration of digoxin (Hoffmeyer et al., 
2000).

In 24 healthy Caucasian men who were 
homozygous carriers of the wildtype exon 26 
C3435T (CC), or heterozygous (CT), or homozy-
gous mutant (TT) [n = 8 in each group], AUC0–4h 
(P = 0.042) and Cmax (P = 0.043) differed signif-
icantly, with higher serum concentrations of 
digoxin in men with the 3435TT genotype than 
in those with wildtype C3435T (CC). No influ-
ence on digoxin parameters was detected for 
other single-nucleotide polymorphisms (Johne 
et al., 2002).

Genotypes deduced from single-nucleotide 
polymorphism 2677G-T (exon 21) and 3435C-T, 
substantiated by haplotype analysis, also showed 
significant differences in AUC0–4h and Cmax. 
These analyses indicated that haplotype 12 
(2677G/3435T) was associated with high values 
of AUC0–4h and Cmax for orally administered 
digoxin (Johne et al., 2002).

In homozygous carriers of TT, kinetic param-
eters indicated a faster and more complete absorp-
tion of digoxin than in carriers of the wildtype. 
The digoxin plasma time course was evidenced by 
a 24% higher Cmax and by a 22% higher AUC0–4h, 
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considered to result from increased rate (indi-
cated by the steeper ascending phase of the curve 
in TT individuals) and extent of absorption (and 
not primarily of distribution) (Johne et al., 2002).

High doses of digoxin are thought to satu-
rate P-glycoprotein transport, triggering addi-
tional mechanisms. Thus, it is likely that at low 
doses, the pharmacokinetics of digoxin will be 
influenced by P-glycoprotein transport only, and 
thus would be more greatly perturbed by genetic 
differences in P-glycoprotein activity (Johne 
et al., 2002).

A study of elderly patients in the Netherlands 
(n = 195; mean age, 79.4 years) who were taking 
digoxin regularly also showed that the common 
MDR1 variants, 1236C-T, 2677G-T, and 3435C-T 
and the associated TTT haplotype were corre-
lated with higher serum concentrations of 
digoxin (Aarnoudse et al., 2008).

To understand the relative contribution of 
environmental and genetic factors to the phar-
macokinetic variability of oral and intravenous 
digoxin, Birkenfeld et al. (2009) conducted a pilot 
study in 11 pairs of monozygotic twins (whose 
genes are almost identical), and 4 pairs of dizy-
gotic twins (control). Measures of peak plasma 
concentration and Tmax of digoxin, and calcu-
lated AUC, bioavailability, and renal clearance, 
after oral or intravenous administration, demon-
strated strong correlation between monozygotic 
twins, findings explained largely by inheritance 
of P-glycoprotein function (Birkenfeld et al., 
2009).

(ii) Studies not supporting an effect of MDR1 
polymorphism

Other studies have not shown an association 
between polymorphism in the MDR1 gene and 
increased plasma concentrations of digoxin. 
A study in 114 healthy Japanese people given a 
single oral dose of digoxin of 0.25 mg (Sakaeda 
et al., 2001) showed the serum concentration to 
be lower in those with a mutant allele (C3435T) 
at exon 26 of the MDR1 gene. For the wildtype 

allele (CC), heterozygotes with a mutant T allele 
(C3435T) (CT), and homozygotes for the mutant 
allele (TT), values for AUC0–4h (±  standard 
deviation) were 4.11  ±  0.57, 3.20  ±  0.49, and 
3.27 ± 0.58 ng/hour per mL, respectively. There 
was a significant difference between CC and CT 
or TT.

In a study in 39 Caucasian patients with 
congestive heart failure given digoxin at 0.25 mg 
per day for at least 7 days to reach steady state, 
Kurzawski et al. (2007) evaluated the effects of 
MDR1 gene polymorphism on serum concentra-
tions of digoxin, and in 24 patients, the effects of 
coadministration of digoxin with P-glycoprotein 
inhibitors. Significantly higher (approximately 
1.5-fold) (P < 0.002) minimum serum concentra-
tions of digoxin at steady state (Cmin ss) were shown 
in patients given inhibitors of P-glycoprotein 
(0.868 ± 0.348 ng/mL), compared with those not 
given inhibitors (0.524 ± 0.281 ng/mL); however, 
in contrast to other studies, no association was 
found between 3435C >  T and 2677G >  A,T 
MDR1 single-nucleotide polymorphisms and 
steady-state serum concentrations of digoxin 
(Kurzawski et al., 2007).

A higher (1 mg) single oral dose of digoxin, 
without drug pre-treatment, in 50 healthy white 
men (aged 18–40 years) showed no differences in 
the AUC0–4h, Cmax, or tmax (as indices of digoxin 
absorption) among the genotype groups tested 
(Gerloff et al., 2002). In contrast to previous reports 
(Hoffmeyer et al., 2000), no differences were seen 
between homozygous carriers of the C and T allele 
in exon 26 3435 (AUC0–4h, 9.24 and 9.38 mg/hour; 
Cmax, 4.73 and 3.81 µg/L; tmax, 0.83 and 1.14 hours, 
respectively). The MDR1 single-nucleotide poly-
morphisms studied, including that in exon 26, 
did not affect the absorption of a single oral dose 
of 1 mg of digoxin, and it was suggested that the 
higher dose (1 mg) of digoxin may have caused 
saturation of the transport capacity of intestinal 
P-glycoprotein. The pharmacokinetics of digoxin 
showed substantial variation within each geno-
typic group, indicating that factors additional to 
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P-glycoprotein may influence the absorption of 
digoxin (Gerloff et al., 2002).

It is likely that passive diffusion (Gerloff 
et al., 2002) or other transporters (Johne et al., 
2002), in addition to P-glycoprotein, contribute 
to variations in the pharmacokinetics of digoxin. 
Digoxin is a substrate for OATP8 (a member of 
the organic anion-transporting polypeptide 
group), for which genetic variants have been 
identified (Johne et al., 2002), the effects of 
which, have not yet been elucidated. In addi-
tion, genetic variation in regulatory proteins, 
for example, the pregnane X receptor, involved 
in regulation of P-glycoprotein, may also affect 
digoxin disposition (Birkenfeld et al., 2009). The 
absorption of digoxin may also be influenced by 
environmental factors (such as diet) by induction 
or inhibition of P-glycoprotein activity (Johne 
et al., 2002; Gerloff et al., 2002), or by genetic 
variants governing its distribution and elimina-
tion (Gerloff et al., 2002).

(b) Metabolism

Gault et al. (1984) demonstrated a major 
metabolic sequence of digoxin hydrolysis, oxida-
tion, and conjugation, leading to polar end-me-
tabolites. In this study, 10 patients with end-stage 
renal failure (who were dependent on dialysis), 
and 5 patients with comparatively normal renal 
function were given digoxin (as an oral dose of 
150 μCi of [3H]digoxin-12α) and the metabolites 
were analysed by high-performance liquid chro-
matography (HPLC). Of these patients, 13 were 
receiving maintenance therapy with digoxin and 
were at steady state. The extent and time course of 
metabolism of digoxin varied between subjects, 
but variation was not significant between the two 
groups with different renal function. For all 15 
patients, at 6  hours after drug administration, 
26% (range, 7–76%) of the radiolabel was in the 
form of polar metabolites (quantitatively the 
most abundant metabolites), and 60% (range, 
11–88%) was unchanged digoxin. Metabolites 
usually found albeit in small amounts were 

3β-digoxigenin and its mono- and bis-digitoxo-
sides, and 3-keto and 3α(epi)-digoxigenin.

This metabolic route comprised initial 
hydrolysis to 3β-digoxigenin with release of 
sugars in the stomach or liver, followed rapidly by 
oxidation to 3-keto-digoxigenin, epimerization 
to 3α(epi)-digoxigenin and finally glucuronide 
conjugation to polar species, 3-epi-glucuronide 
and 3-epi-sulfate. Results also indicated that 
conjugation of the mono-digitoxoside may occur, 
with steroid-ring hydroxylation, producing two 
isomers. In individuals demonstrating extensive 
metabolism, the lactone ring may be opened 
(possibly by a lactonase), forming a highly polar 
metabolite, or reduced, forming dihydro-metab-
olites (Gault et al., 1984).

In studies using suspensions of freshly 
isolated human hepatocytes in vitro, metabolism 
of [3H]digoxin-12α has been shown to be very 
low (Lacarelle et al., 1991); after a 2-hour incuba-
tion, extracellular radiolabel represented largely 
unchanged digoxin (up to 93%), with a minor (5% 
of the total extracellular radiolabel) unidentified 
polar metabolite. Similar results were obtained 
over a 24-hour exposure time in cultured human 
hepatocytes, and also in human liver microsomal 
fractions, indicating that cleavage of digoxin 
sugars is not dependent on the cytochrome P450 
(CYP) system that requires reduced nicotina-
mide adenine dinucleotide phosphate (NADPH) 
(Lacarelle et al., 1991; also see Fig. 4.1).

Digoxigenin mono-digitoxoside was exten-
sively metabolized by human cultured hepato-
cytes to a single, more polar metabolite, which 
was subsequently completely hydrolysed by 
β-D-glucuronidase, and thus identified as the 
glucuronide of digoxigenin mono-digitoxoside. 
The extent of glucuronidation analysed in human 
liver microsomal fractions prepared from 13 
different subjects was shown to vary among indi-
viduals by a factor of 3 (Lacarelle et al., 1991).

Digoxigenin was also extensively biotrans-
formed by cultured human hepatocytes. HPLC 
peaks were shown for one or more glucuronides, 
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3-epi-digoxigenin, unchanged digoxigenin, 
and possibly for unidentified metabolites. The 
intracellular concentration of 3-epi-digoxigenin 
decreased, due to conversion to polar compounds, 
which effluxed from the cells as formed. In 
human liver microsomes, no metabolites were 
observed in the absence of cofactor (NADPH or 
uridine 5′-diphospho-glucuronic acid, UDPGA); 
however, with NADPH present, “pre-digoxi-
genin” was detected. Formation of “pre-digoxi-
genin” therefore appeared to be CYP-dependent, 
with a large variability observed among individ-
uals (Lacarelle et al., 1991; also see Fig. 4.1).

In contrast, formation of 3-epi-digoxigenin 
did not depend on microsomal enzymes; it was 
only observed after incubation of digoxigenin 
with hepatocytes, and not with microsomes. 
In the presence of both NADPH and UDPGA, 
only small quantities of polar compounds were 
observed. These findings confirmed that 3-epi-di-
goxigenin is formed before synthesis of polar 
compounds. Thus, the main metabolic route for 
digoxigenin in vitro is the formation of 3-epi-di-
goxigenin, which is conjugated to a glucuronide 
(Lacarelle et al., 1991; also see Fig. 4.1).

(c) Elimination

Recovery of digoxin in the urine was reported 
as 70–85% (Currie et al., 2011) and 50–70% (Ehle 
et al., 2011). Drug recovery in the faeces was, on 
average, 14.8% of the administered dose, of which 
14% comprised metabolic products (Marcus 
et al., 1964).

In a study of the mechanisms of intestinal 
and biliary transport of digoxin, eight healthy 
men (aged 21–37 years), were given segmental 
intestinal perfusion of a P-glycoprotein inhibitor 
(quinidine) or inducer (rifampin), with intrave-
nous administration of digoxin (1 mg). Results 
showed that intestinal P-glycoprotein mediates 
the elimination of intravenously administered 
digoxin from the systemic circulation into the 
gut lumen, as well as the control of absorp-
tion of orally administered digoxin from the 

gastrointestinal tract. These data also demon-
strated a non-renal mechanism of elimination of 
digoxin, entailing direct secretion into the small 
intestine from the systemic circulation, which 
had greater importance than elimination via bile 
(Drescher et al., 2003).

The organic anion transporter in human 
kidney (OATP4C1) may have an initial role in 
the transport of digoxin to the kidney. These 
transporters have been isolated, and shown by 
immunohistochemical analysis to be localized at 
the basolateral membrane of the proximal tubule 
cell in the kidney. Both human OATP4C1 and rat 
OATP4C1 transport digoxin in a sodium-inde-
pendent manner (Mikkaichi et al., 2004).

The role of OATPs in the disposition of digoxin 
has not been clearly defined. Data from various 
in-vitro systems have indicated that digoxin is 
not a substrate for human OATP1A2, OATP1B1, 
OATP1B3, or OATP2B1, although OATP4C1 
may facilitate active uptake of digoxin into 
human kidney and liver. Digoxin is a substrate 
for a sodium-dependent transporter, shown to 
be endogenously expressed in a human kidney 
cell line (HEK29), and may, by its location in 
proximal tubular cells, partially facilitate renal 
clearance of digoxin (Taub et al., 2011).

(d) Interactions

The bioavailability of digoxin is affected by 
concurrent administration of many drugs which 
compete for binding to P-glycoprotein. Thus, 
digoxin auto-regulates its absorption. Many 
lipophilic P-glycoprotein-inducing drugs also 
promote CYP3A activity, and so a complex, 
and poorly understood, network of interactions 
between drugs or endogenous metabolites may 
affect transport and metabolic inactivation of 
digoxin (Riganti et al., 2011).
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Fig. 4.1 Structure of digoxin and proposed metabolic pathways
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4.1.2 Experimental systems

(a) Absorption

The pharmacokinetics of digoxin was studied 
in male Sprague-Dawley rats given an intrave-
nous bolus dose at 1 mg/kg bw. Plasma and urine 
samples were analysed by thin-layer chromatography 
to separate digoxin and its metabolites. Digoxin 
concentrations were described as a two-com-
partment model. Parent drug was rapidly elimi-
nated from the plasma, with half-life of 2.5 hours, 
a volume of distribution of 3.6 L/kg, and a total 
body clearance of 5.77  mL/minute. Bile-duct 
ligation produced comparable pharmacokinetic 
parameters (with the exception of the total body 
clearance, 5.18 mL/minute). In rats with bilateral 
ureter ligation, the plasma half-life of digoxin 
was increased to 4  hours (Harrison & Gibaldi, 
1976).

The function of P-glycoprotein in vivo has 
been investigated pharmacokinetically, using 
mdr1a (−/−) mice [Abcb1a (−/−)] (Schinkel et al., 
1995; Mayer et al., 1996; Kawahara et al., 1999). 
These mice show no major pathology, but their 
intestinal epithelium and brain endothelial cells 
have no detectable P-glycoprotein (Schinkel et al. 
1995). Schinkel et al. (1995) demonstrated that 
concentrations of [3H]digoxin in plasma and 
most tissues were twofold, and in brain were 
35-fold, in mdr1a (−/−) mice given [3H]digoxin 
intravenously compared with mdr1a (+/+) mice. 
Similarly, Kawahara et al. (1999) reported that 
digoxin accumulation in the brain was 68-fold 
higher. Mayer et al. (1996) further demonstrated 
that the brain concentrations of [3H]digoxin 
continued to increase over 3  days after injec-
tion in mdr1a (−/−) mice, resulting in a 200-fold 
higher concentration than in mdr1a (+/+) mice. 
However, Kawahara et al. (1999) reported that 
disruption of the mdr1a gene did not to change 
plasma-protein binding or the blood-to-plasma 
partition coefficient.

Inhibition studies in vitro have shown 
that anionic transporters, in addition to 

P-glycoproteins, are involved in the absorption 
of digoxin (Yao & Chiou, 2006).

An additional non-MDR1 component may 
contribute to active secretion of digoxin back 
into the lumen, to limit its intestinal absorption. 
In support of this, MDR1-transfected Madin-
Darby canine kidney (MDCKII) cell monolayers 
showed reduced secretion of digoxin by the 
MDR1 inhibitor cyclosporin A, but not by the 
MDR1 inhibitor MK-571 (Lowes et al., 2003).

(b) Metabolism

A proposed metabolic pathway for digoxin is 
shown in Fig. 4.1 (Lacarelle et al., 1991).

In humans, more than 73% of an intravenous 
dose is excreted unchanged via the kidneys. In 
contrast, the rat metabolizes approximately 60% 
of an intraperitoneal dose, and approximately 
30% is excreted via biliary and urinary routes 
(Harrison & Gibaldi, 1976).

Metabolism of digoxin follows a similar 
metabolic pathway in humans and rats, i.e. step-
wise cleavage of the sugar residues to form the 
digoxigenin bis- and mono-digitoxoside and the 
aglycone digoxigenin before conjugation and 
elimination, but the rate is faster in rats (Harrison 
& Gibaldi, 1976).

The three sequential steps of oxidative metab-
olism of digoxin (to digoxigenin bis-digitoxoside, 
digoxigenin mono-digitoxoside, and digoxigenin) 
were studied in rat liver microsomes (Salphati & 
Benet, 1999). Inhibition of the CYP3A subfamily 
with ketoconazole or triacetyloleandomycin, 
or with antibodies specific to rat CYP3A2, 
affected oxidative metabolism; the formation of 
digoxigenin bis-digitoxoside and digoxigenin 
mono-digitoxoside decreased by up to 90%, 
and the rate of oxidation of digoxin and digoxi-
genin bis-digitoxoside was decreased by up to 
85%, respectively. These oxidation reactions 
were unaffected by chemical or immunological 
inhibition of CYP2E1, CYP2C or CYP1A2. The 
subsequent metabolic step, i.e. oxidation of digox-
igenin mono-digitoxoside, was not inhibited 
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by triacetyloleandomycin or by antibodies to 
CYP3A2, CYP2C11, CYP2E1, CYP2B1/2B2 or 
CYP1A2, but was however reduced (by > 80%) 
by inhibitors of human CYP3A. In summary, 
these results indicated that CYP3A, most likely 
CYP3A2, is the primary enzyme responsible for 
metabolism of digoxin and digoxigenin bis-digi-
toxoside in rat liver microsomes, but the enzyme 
that metabolizes digoxigenin mono-digitoxoside 
remains to be identified (Salphati & Benet, 1999).

(c) Elimination

Digoxin is eliminated primarily via the 
kidney through glomerular filtration and tubular 
secretion. P-glycoprotein has a role in the elimi-
nation of digoxin. Studies in vitro have demon-
strated that mouse mdr1a and human MDR1 
P-glycoprotein actively transport digoxin across 
a polarized kidney epithelial cell layer (Schinkel 
et al., 1995). Furthermore, experiments in vivo 
showed that mdr1a (−/−) mice eliminated [3H]
digoxin-12α more slowly (Schinkel et al., 1995). 
The total body clearance was lower in mdr1a (−/−) 
mice than in the wildtype (+/+) mice; however, 
disruption of the mdr1a gene did not change the 
contributions of renal and bile clearances to total 
clearance (Kawahara et al., 1999).

Digoxin is partly excreted via the biliary 
system. In male Sprague-Dawley rats, total body 
clearance values for digoxin were 10% lower in 
rats with bile-duct ligation, and were reduced 
by a further 30% by bilateral ureter ligation. 
The approximately 60% of total body clearance 
unaffected by ligations of bile duct or ureter were 
considered due to biotransformation of digoxin. 
A main excretory route for digoxigenin bis-dig-
itoxoside was shown to be biliary as indicated 
by high levels of this metabolite in plasma and 
urine of rats with ligated bile ducts (Harrison & 
Gibaldi, 1976).

Intestinal P-glycoprotein in mice has been 
shown to contribute to excretion of [3H]digoxin 
via the gastrointestinal epithelium. Mayer 
et al. (1996) demonstrated a shift in balance of 

excretion in mdr1a (−/−) mice given [3H]digoxin 
(0.2  mg/kg bw) as a single intravenous or oral 
bolus, i.e. lower faecal elimination of [3H]digoxin. 
This was due to reduced drug excretion via intes-
tinal epithelium, since biliary excretion was not 
decreased in mdr1a (−/−) mice, and suggested 
that other transporters could be involved in the 
biliary excretion of digoxin. Indeed, the capacity 
for renal excretion remained substantial, and 
cumulative urinary excretion of digoxin in 
mdr1a (−/−) mice was greater than in wildtype 
(+/+) mice. Thus, intestinal P-glycoprotein acts 
by directly excreting digoxin into the intestinal 
lumen, and also limiting the rate of its re-up-
take from the intestine by biliary excretion, thus 
directing faecal excretion (Mayer et al., 1996). 
[P-glycoprotein seems to have important roles in 
elimination of digoxin from the systemic circula-
tion, and also in decreasing intestinal re-uptake 
of digoxin after biliary excretion.]

4.2 Genetic and related effects

No data were available to the Working Group.

4.3 Other mechanistic data relevant 
to carcinogenicity

4.3.1 Effects on cell physiology

The physiological action of digoxin involves 
binding to and inhibition of the α-subunit of the 
Na+/K+ ATPase pump on the myocyte plasma 
membrane. This causes an increase in intracel-
lular concentrations of sodium and calcium ions. 
Digoxin shares some structural homology with 
steroid hormones, suggesting functional similar-
ities (Schussheim & Schussheim, 1998; Newman 
et al., 2008). There is evidence that digitoxin at 
concentrations of 0.5–2.0 × 10−6 M competes with 
estrogen for the estrogen cytosolic receptor in the 
rat uterus; however, no evidence for competition 
by digoxin was obtained (Rifka et al., 1976; Rifka 
et al. 1978).
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Other intriguing evidence for digoxin 
includes a case report of gynaecomastia (Aiman 
et al., 2009), an increased relative risk of uraemic 
cancer in digoxin users (RR, 1.48; 45% CI: 
1.32–1.65; n  =  350) (Biggar, 2012), and lower 
relative risks of cancer of the prostate (RR, 0.76; 
95% CI, 0.61–0.95) among regular users versus 
non-users (Platz et al., 2011).

4.3.2 Effects on cell function

Digoxin reduces synthesis of the TP53 
protein in human cancer cell lines; this appears 
to be triggered by activation of Src/mitogen-acti-
vated protein kinase signalling as a consequence 
of inhibition of the Na+/K+ ATPase pump (Wang 
et al., 2009). Digoxin also inhibits the action of 
cellular DNA topoisomerases in MCF-7 cells 
(Bielawski et al., 2006), and inhibits synthesis of 
hypoxia-inducible factor 1α (HIF-1α) in human 
Hep3B-c1 hepatoblastoma cells (Zhang et al., 
2008). Digoxin may inhibit synthesis of steroids 
(Kau et al., 2005).

4.4 Susceptibility

4.4.1 Effects of age on elimination

Since young children require higher doses 
of digoxin per kilogram of body weight than 
adults to achieve pharmacological effects, 
there has been interest in whether expression 
of P-glycoprotein is age-dependent. Pinto et al. 
(2005) have studied mdr1a and mdr1b and the 
clearance rates of digoxin (dose, 7 μg/kg bw) in 
FVB mice of different ages (at birth, and age 7, 14, 
21, 28 or 45 days). At birth and day 7, gene expres-
sion of mdr1a and mdr1b was very low, but mdr1b 
levels were significantly higher at day 21 than at 
days 14 or 28. Digoxin clearance rates correlated 
significantly with expression of P-glycoprotein, 
showing highest clearance values at day 21. It was 
concluded that increases in digoxin clearance 
rates after weaning may be attributed, at least 

in part, to similar increases in P-glycoprotein 
expression (Pinto et al., 2005).

Evans et al., (1990) showed that age affects the 
clearance of digoxin in rats. In male Fischer 344 
rats (age, 4, 14, or 25 months) given [3H]digoxin 
and unlabelled digoxin at a dose of 1 mg/kg bw 
as an intravenous bolus dose, total body clear-
ance was 14.2, 12.1, and 7.5 mL/minute per kg, 
respectively, indicating a significant decrease in 
clearance (P < 0.05). No difference was seen in 
the terminal elimination half-life (2.0, 2.3, and 
2.5 hours respectively) or steady-state volume of 
distribution (1.51, 1.49, and 1.27  L/kg, respec-
tively) in rats aged 4, 14, and 25 months. Serum 
protein binding did not change with age; the 
average percentage of unbound digoxin for all 
rats was 61.3 ± 5.3% (mean ± standard deviation; 
n = 15) (Evans et al., 1990).

4.4.2 Effects of renal failure on elimination

Tsujimoto et al. (2008) showed that, in contrast 
to normal serum, 10% uraemic serum inhibited 
the hepatic uptake of digoxin by human isolated 
hepatocytes (by 23%) and by rat hepatocytes (by 
50%). It was further shown that the uraemic toxins 
3-carboxy-4-methyl-5-propyl-2-furanpropanoic 
acid (CMPF), p-cresol, (both at 400 mM, which 
is within the plasma concentration range for 
patients with renal failure) and hippuric acid (at 
3000  μM) significantly inhibited the uptake of 
digoxin. CMPF and p-cresol inhibited the uptake 
of digoxin into rat hepatocytes by 27% and 23%, 
respectively, and into human hepatocytes by 
23% and 28%, respectively. These toxins were, 
however, not wholly responsible for inhibition of 
uptake. Indeed, 10% uraemic serum from patients 
contained these toxins at concentrations (CMPF, 
37.6 mM; hippuric acid, 26.8 mM; and p-cresol, 
19.5 mM) that may not have been sufficient to 
inhibit the uptake of digoxin. Additionally, the 
mechanism of inhibition of these toxins was 
competitive, while the inhibition shown by 10% 
uraemic serum was non-competitive. Thus, the 
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inhibitory effects of 10% uraemic serum cannot 
be fully explained by the three major uraemic 
toxins studied (Tsujimoto et al., 2008).

4.5 Mechanistic considerations

The increase in the incidence of cancers of 
the breast and uterus after long-term treatment 
with digoxin (Biggar, 2012), and the observed 
estrogen-like side-effects of digoxin and digi-
toxin (Rifka et al., 1976, 1978; Schussheim & 
Schussheim, 1998), suggested that digoxin and 
digitoxin act via estrogen-signalling pathways 
to increase cell proliferation in the mammary 
gland, potentially contributing to tumour devel-
opment. However, mechanistic evidence was 
limited to a demonstration that digitoxin inhib-
ited the binding of estradiol to specific, saturable 
binding sites in the rat uterine cytosol. Mammary 
epithelial cells contain several estrogen-binding 
proteins, including estrogen receptors (ERα and 
ERβ) and estrogen-related receptors (ERRα and 
ERRβ), and the signalling pathways linking 
receptor activation to cellular proliferation are 
complex (Gibson & Saunders, 2012). The molec-
ular targets associated with the carcinogenic 
properties of digoxin and digitoxin have not yet 
been defined.

5. Summary of Data Reported

5.1 Exposure data

Digoxin is a glycoside isolated from Digitalis 
lanata and is used in the treatment of chronic 
heart failure and irregular heart rhythm. While 
use may have declined over the past 30 years, 
digoxin is still frequently prescribed. Global sales 
of digoxin were US$  142 million in 2012, with 
33% occurring in the USA. Other countries with 
appreciable use included Japan, Canada, and the 
United Kingdom.

Digitoxin, another glycoside isolated from 
D. purpurea, is used for the same indications as 
digoxin in certain countries; it is also found as an 
impurity in preparations of digoxin.

In most countries, use of “digitalis” would in 
practice almost always correspond to digoxin, 
unless digitoxin were specified.

Specifications for digitalis glycosides are 
provided in several international and national 
pharmacopoeia. In some countries, digoxin 
has been classified as a “hazard to water,” an 
“environmental hazard,” or as an “extremely 
hazardous substance.”

5.2 Human carcinogenicity data

Studies in humans have assessed the risk of 
cancer in patients who may have used digoxin, 
digitoxin, or digitalis drugs as a group. The prin-
cipal cancer of interest is cancer of the breast. 
Although risk of some other cancers has been 
found to be increased, the literature on other 
cancers was insufficient to establish patterns of 
increased risk.

5.2.1 Cancer of the breast

Information about the association of cancer 
of the breast with use of digoxin and digitoxin 
is available from four case–control studies 
(including two studies in men) conducted in four 
Nordic countries, France, and Switzerland, and a 
nationwide cohort study of women in Denmark, 
and other cohort studies in the USA and Norway.

Statistically significant increases in the occur-
rence of cancer of the breast in users of digoxin 
were seen in three case–control studies; in one 
study in women, the odds ratio was 1.3, while 
odds ratios were two- and fourfold in the two 
studies in men. The largest study, which included 
all women using digitalis in Denmark, reported 
an increased risk for current users (hazard ratio, 
1.39). The positive associations with exposure 
to digoxin in this study were due to increased 
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risk in current users only: there was no associ-
ation in former users and the number of new 
tumours declined after discontinuing drug use. 
Dose–response effects were difficult to examine 
because of the narrow dose range, and trends 
in risk with duration of exposure were gener-
ally not observed. In a case–case comparison 
among a subset of the same population, tumours 
occurring in digitalis users were reported to have 
more favourable prognostic features (estrogen 
receptor-positive) than in non-users. Data on 
the association of cancer of the breast with use 
of digitoxin were available from one cohort study 
in women in Denmark, which reported a positive 
association (relative risk, 1.39). These studies had 
limited ability to account for other risk factors 
for cancer of the breast, with obesity and alcohol 
drinking being of greatest concern.

5.2.2 Other cancer sites

Increases in the incidence of cancer of the 
uterus in current users of digoxin were found in 
one cohort study in Denmark. The same study 
found no increase in risk of cancers of the cervix 
and ovary. The risk of cancer of the prostate, 
another cancer that is influenced by hormones, 
was reduced in one high-quality cohort study 
from the USA, but increased in two others 
(one study with methodological weaknesses 
from Norway, and the other a very large data-
base-screening programme from a health plan 
in northern California, USA). The increased 
risk of cancer of the uterus, and decreased risk 
of cancer of the prostate, is also consistent with 
a hormone-related mechanism, adding to the 
plausibility of the epidemiological findings.

Excess risks of cancers of the lung and 
colorectum were also observed in the cohort 
studies in Norway and northern California. 
The cohort study in Norway reported a posi-
tive association with leukaemia and lymphoma 
combined.

In a case–control study from southern 
California, USA, a positive association was 
observed with non-Hodgkin lymphoma in 
women, but not in men.

5.2.3 Synthesis

Statistically significant associations of cancer 
of the breast with use of digoxin were observed 
consistently in women and men, across different 
geographical regions, and with different study 
designs. Cancer of the breast is rare in men and 
strengthens the validity of association observed 
for cancer of the breast in women. The record-
linkage studies that provided key evidence were 
not able to adjust for many of the recognized risk 
factors for cancer of the breast, notably obesity 
and alcohol drinking, although there was no 
reason to believe these would be associated 
with use of digoxin. Although clear effects with 
duration and dose were not observed, a decline 
in the detection of new tumours after cessation 
of exposure was seen in the largest study from 
Denmark, consistent with a possible promoting 
effect of digoxin. The association was specific to 
estrogen receptor-positive tumours of the breast 
in the same study.

5.3 Animal carcinogenicity data

No data were available to the Working Group.

5.4 Mechanistic and other relevant 
data

Oral bioavailability of digoxin is generally 
high, but varies due to interindividual genetic 
differences in expression of the efflux pump, 
P-glycoprotein.

The metabolism of digoxin in rats and humans 
involves stepwise hydrolytic cleavage of the digi-
toxoses to form digoxigenin bis- and mono-dig-
itoxosides and the aglycone digoxigenin before 
conjugation and renal elimination.
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No data were available on genetic effects of 
digoxin or its metabolites.

Digoxin has structural homology with 
steroid hormones, suggesting functional simi-
larities. The structurally related glycoside digi-
toxin competes with estrogen for the rat uterine 
estrogen cytosolic receptor; however, no evidence 
for competition by digoxin was found.

Digoxin reduces synthesis of the TP53 protein 
in human cancer cells, inhibits cellular DNA 
topoisomerases, inhibits the synthesis of hypoxia- 
inducible factor 1α, and may inhibit synthesis of 
steroids.

The possible association between use of 
digoxin and an increased incidence of endo-
crine-related human cancers (primarily breast) 
suggests a mechanism that is estrogen recep-
tor-mediated. However, evidence that digoxin 
and digitoxin act through estrogen-signalling 
pathways was limited to a demonstration that 
digitoxin inhibited the binding of estradiol to 
specific, saturable binding sites in rat uterine 
cytosol. The molecular targets associated with 
the carcinogenic properties of digoxin and digi-
toxin have not yet been identified.

6. Evaluation

6.1 Cancer in humans

There is limited evidence in humans for the 
carcinogenicity of digoxin. A positive association 
has been observed between use of digoxin and 
cancer of the breast.

6.2 Cancer in experimental animals

There is inadequate evidence in experimental 
animals for the carcinogenicity of digoxin.

6.3 Overall evaluation

Digoxin is possibly carcinogenic to humans 
(Group 2B).

The Working Group recognized a possible 
association between digoxin and an increased 
incidence of endocrine-related human cancers. 
However, the evidence that digoxin and digi-
toxin act through an estrogen-receptor mediated 
mechanism was limited.

Favouring a Group 2A classification, the 
epidemiological data associating increased risk 
of cancer of the breast with use of digoxin were 
compelling. Consistent with an endocrine-medi-
ated mechanism, the increase in risk was largely 
for estrogen receptor-positive tumours; further, 
risk of uterus cancer was increased and cancer 
of the prostate was decreased. The evidence in 
humans favoured a promoter effect that is seen 
only in current users.

Favouring a Group 2B classification, not all 
potential confounders were eliminated in the 
epidemiological studies, in particular, obesity. 
In addition, there were no available data from 
studies in experimental animals, and no known 
molecular mechanism by which digoxin might 
be a carcinogen. The weak evidence supporting 
an endocrine-mediated mechanism was noted as 
a problem.
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