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Abstract-Administering digoxin-specific antibody fragments (DSFab, 1.9 mg kg- I ,  i.v.) to  rabbits 1 h after 
digoxin (15 pg kg-I or 12.5 pCi kg-', i.v.) produced a redistribution of digoxin associated with a 5-fold 
elevation in total plasma concentration and 36-86% reductions in elimination half-life, apparent volume of 
distribution at  steady-state and total body clearance (CLT). Renal clearance (CLR) was also reduced (54%), 
but urinary digoxin excretion was increased by one-third (35% vs 25%). This apparent anomaly is due to the 
large rise in total plasma digoxin concentration with a consequent increase in the area under the plasma 
concentration curve (AUC). The AUC, which is the denominator term in calculating CLR (and CLT), was 
increased to a greater extent than urinary digoxin excretion (numerator term in calculating CLR) so that an 
overall reduction in CLR occurred. The initial presence of digoxin appeared to alter the distribution of 
DSFab, since their plasma concentrations were markedly higher when the antibody was given after the 
hapten. The digoxin also reduced (from 3 to 1 Yo) the amount of detectable DSFab in the urine. 

The use of digoxin-specific Fab fragments (DSFab), derived 
from corresponding sheep immunoglobulin G, is well estab- 
lished in the treatment of severe cardiac glycoside intoxica- 
tion (Antman et a1 1990). It appears that intravenously 
injected DSFab, penetrate to the exctracellular space, where 
they bind the free drug, rendering it inactive. In addition, 
since the drug has a higher affinity for DSFab than for the 
ATPase receptor, when tissue-bound cardiac glycoside dis- 
sociates it becomes preferentially bound to the excess of 
antibody present, resulting in a decrease in pharmacological 
effect (Capps et al 1985). However, although rapid DSFab- 
induced digoxin redistribution is a crucial feature of toxicity 
reversal, the subsequent removal of the drug from the body is 
of great importance, particularly as the influence of the 
antibody fragments on elimination is unclear. For instance, 
we found in studies on plasma kinetics in rabbits (Timsina & 
Hewick 1991), that DSFab markedly reduced the total body 
clearance of digoxin, apparently contrasting with earlier 
reports indicating that urinary hapten excretion is increased 
in rats (Johnston et al 1987) or unchanged in dogs (Butler et 
al 1977). To  investigate this anomaly, urinary excretion as 
well as plasma concentration data are needed to  characterize 
the disposition of DSFab and digoxin. 

In the present study we used a rabbit model, in which both 
plasma and urinary elimination of DSFab and the hapten 
digoxin are monitored. Furthermore, in addition to studying 
the effect of DSFab on digoxin disposition, the influence of 
the presence of the hapten on the disposition of DSFab will 
be investigated. 

Materials and Methods 

Materials 
Digoxin-specific Fab fragments (lyophilized powder, Digi- 
bind) derived from anti-digoxin immunoglobulin G raised in 

*Present address and correspondence: M. P. Timsina, Depart- 
ment of Mechanical Engineering, King's College London, Strand, 
London WC2R 2LS, UK. 

sheep, were received as a gift from the Wellcome Foundation 
Ltd, Beckenham, UK. 

Unlabelled digoxin (Lanoxin) was obtained from Well- 
come Foundation Ltd, Beckenham, UK, while 12~-[~H]di-  
goxin, (sp. act. 10.0 Ci mmol-I) was obtained from D u  Pont, 
NEN, Southampton, UK. The purity of the labelled digoxin 
was checked by thin-layer chromatography using commer- 
cial silica gel sheets (Eastman Chromatogram Sheet, Kodak 
100 pm gel thickness) with chloroform:methanol(9: 1) as the 
solvent system. The plate was scanned for radioactivity using 
a radiochromatogram thin-layer scanner (Panax system E 
01 1 l/p7900A) and a single sharp symmetrical peak obtained 
corresponding to unlabelled digoxin. The quenched tritium 
standards were obtained from Amersham International, 
Amersham, UK. The liquid scintillation fluid (NE260) was 
supplied by New England Nuclear, Edinburgh, UK. Stan- 
dard enzyme-linked immunosorbent assay (ELISA) reagents 
for quantitating sheep polyclonal DSFab, exploiting the 
sheep-specificity, were obtained as described previously 
(Timsina & Hewick 1990). All other reagents were obtained 
from British Drug Houses, Dorset, UK, and were of 
analytical grade, unless otherwise stated. 

Methods 

Preparations of ['Hjdigoxin for injection. An appropriate 
volume (1000 pCi mL-I, 78 pg mL-I ethanol) was evapor- 
ated to dryness under nitrogen. Digoxin (250 pg mL-l) was 
added and the solution diluted with 0.9% NaCl (saline) such 
that the total amount of digoxin in the injection solution was 
15 pg mL- '  (12.5 pCi mL-I). The [3H]digoxin solution was 
stored at  -20°C until required. 

Procedures in conscious rabbits. Five female New Zealand- 
White rabbits (3.2-5.1 kg) were used throughout. During 
dosing with DSFab and digoxin they were housed in 
metabolic cages for 7 days with free access to food and water. 

Each rabbit was dosed (i.v., left ear marginal vein) with 
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DSFab (1.9 mg kg-I), or [3H]digoxin (12.5 pCi kg-I, 15 p g  
kg-I), or [3H]digoxin (12.5 pCi kg-I, 15 pg kg-I) followed 1 h 
later by DSFab (1.9 mg kg-I). This dose of DSFab was 
estimated to  be twice-molar to the total amount of digoxin in 
the body just before DSFab administration (Timsina & 
Hewick 1991). There was a four-week interval between each 
treatment, with the order of treatment being randomized. 

Blood was collected from the right ear marginal vein at  5, 
10, 15, 30 and 60 min and then every hour until 9 h (when 
DSFab was given alone) or a t  4,8, 12 hand then at  24,28,32, 
48, 52, 56, 72, 76, 80, 96, 100 and 104 h (when digoxin or 
digoxin followed by DSFab was given). Plasma samples were 
obtained by centrifuging blood (3000 g ,  room temperature 
(21"C), 15 min) and aliquots (0.2 mL) were stored at  -20°C 
until the time of assay. Urine voided during the intervals 0-6, 

120-144, 144-168 and 168-192 h after the intitial drug 
injection was collected, centrifuged and stored as for plasma 
samples. 

6-12, 12-24, 24-30, 30-36, 3 6 4 8 ,  48-72, 72-96, 92-120, 

Determination of total [3H]digoxin. For total digoxin, 
plasma or urine samples (0.05 mL) were mixed with 5 mL 
liquid scintillant and counted using a Packard Tricarb 300 
liquid scintillation counter. All determinations were carried 
out in triplicate and expressed as equivalents of digoxin. 

Determination of DSFab concentrations. Plasma DSFab 
concentrations were determined by an ELISA based on anti- 
sheep reagents as described previously (Timsina & Hewick 
1990). Urine was assayed in an analogous manner. Plasma 
samples were diluted 1 in 20 (samples from 5 min to 2 h blood 
collection period) or 1 in 10 (from 3 to  1 1  h blood collection 
period). Urine samples were diluted 1 in 20 (samples from 0 
to 12 h collection intervals) or 1 in 10 (samples from 24 to 36 h 
collection intervals) or 1 in 5 (sample from 48 h collection 
interval). All determinations were carried out in triplicate. 

Determination ofextracellular,~uid volume. The thiocyanate 
space, used as an index of an extracellular fluid volume, was 
determined as described previously (Timsina & Hewick 
1990). 

Pharrnacokinetic and statistical analysis. In control experi- 
ments, the DSFab plasma concentration vs time data were 
analysed as  follows. The elimination rate constant (kel) and 
elimination half-life (tia) were obtained by a model-indepen- 
dent method from the terminal part (3-9 h) of the log 
concentration time plot using linear least-squares regression 
analysis. The total area under the concentration vs time 
curve (AUC) was obtained from 0 to 9 h using the linear 
trapezoidal rule and from 9 h to infinity using k,, to determine 
the extrapolated area. The total digoxin plasma concentra- 
tion vs time data either for the control experiment or after 
DSFab administration were analysed as follows. The k,, and 
tip were obtained by a model-independent method from the 
terminal part (24-104 h) of the log concentration vs time plot 
using linear least-squares regression analysis. The AUC was 
obtained from 0 to 104 h using the linear trapezoidal rule and 
from 104 h to infinity by extrapolation using keI. Using the 
Parameters obtained, the apparent volume of distribution at  
Steady-state (Vd,,) was calculated by dividing the product of 

dose and area under the moment curve (AUMC) by AUC 
squared (Gibaldi & Perrier 1982). The AUMC (the area 
under the curve of the product of time and plasma concentra- 
tion over the time-span zero to  infinity) was calculated in the 
same way as AUC (see above). Total body clearance CLT was 
calculated by dividing the dose by AUC. Renal clearance 
(CL,) was calculated by dividing total amount excreted t o  
infinity by plasma AUCO-% and was adjusted for body 
weight. 

The F-test (P<O.O5) was used to determine which com- 
partmental model best fitted the plasma concentration vs 
time profile. For control DSFab plasma concentration vs 
time data, a biexponential solution was found to be appro- 
priate and this was also the case for control digoxin in these 
experiments. 

To obtain DSFab, ti,, a n  exponential stripping pro- 
gramme (Brown & Manno 1978) was used. 

To  test for significant differences ( P <  0.05) Student's 
paired t-test was used. 

Results 

The well-established effect of DSFab in elevating plasma 
digoxin concentrations is shown in Fig. 1. Following a n  
initial 5-fold elevation, a significant increase was maintained 
for at least 32 h. DSFab administration produced significant 
reductions in plasma kinetic parameters of digoxin (Table 1). 

DSFab induced faster urinary digoxin excretion initially 
(Fig. 2) and increased the total amount excreted by this route 
by about one-third (35% vs 25%). By 144 h, essentially no 
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FIG. 1 .  Plasma digoxin concentrations with (0) and without (0)  
DSFab administration in rabbits. The i.v. doses of ['Hldigoxin and 
DSFab were 15 pg k g - '  (12.5 pCi kg-')  and 1.9 mg kg-' ,  
respectively. Meansts .e .m.  are given (n=5) .  * P  <0.05. 
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Table 1. The effect of digoxin-specific Fab fragments (DSFab) on 
digoxin pharmacokinetics in rabbits. 

'% reduction 
Parameter Control Digoxin/DSFab by DSFab 
tip (h) 43.5 k 4 . 3  27.8 + 1.0* 36 
Vd,, (L kg- '1 3.4 f 1 .O 0.48 0.04* 86 
CLT (mL kg-' h- ')  55.3k 10.4 18.4+ 1.6* 67 
CLR (mL kg-l h-I) 13.0+ 1.9 6.0%0.3* 54 

The i.v. doses of [3H]di oxin and DSFab were 15 pg kg- (I9 pmol 
kg-I) and 1.9 mg kg- F (38 pmol kg-I), respectively. Means* 
s.e.m. are given (n = 5). * P <  0.05 compared with control value. 

further [3H]digoxin-derived radioactivity was being excreted. 
DSFab reduced digoxin renal clearance significantly (Table 
1). 

The pharmacokinetic parameters of DSFab (in the 
absence of digoxin) derived from the data shown in Fig. 3 
were ti,, 0.21 f0.01 h; t+p, 2.3f0.2 h; Vd,,, 189.1 f 13.4 (mL 
kg-');CLT86.5f 10.9(mL kg-I h-')andCLR,2.8f0.8(mL 
kg- h- I) .  The initial presence of digoxin appeared to modify 
the distribution of DSFab, since their plasma concentrations 
were markedly higher (Fig. 3) when the antibody fragments 
were given after the hapten. 

The presence of hapten also affected urinary excretion of 
DSFab, reducing it by two-thirds (Fig. 4). It was also noted 
that even without the effect of digoxin, only about 3% of the 
DSFab dose was excreted in the urine in a form that can be 

0 4 0  80 120 160 200 
Time after digoxin injection (h) 

FIG. 2. The urinary elimination of digoxin with (0) and without (0 )  
DSFab administration in rabbits. The i.v. doses of [3H]digoxin and 
DSFab were 15 pg kg-I (12.5 pCi kg-I) and 1.9 mg kggl, 
respectively. Each point represents mean s.e.m. (n = 5). Data at 
each collection interval after 6 h in digoxin/DSFab experiments are 
significantly different (P< 0.05) from those in controls. 
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FIG. 3. Plasma DSFab concentrations in rabbits with (0) and 
without (0 )  digoxin being administered 1 h previously. The i.v. doses 
of [3H]digoxin and DSFab were 15 pg kgg' (12.5 pCi kg-l) and 
1.9 mg kggl, respectively. Means+s.e.m. are given (n=5).  

detected by the ELISA. DSFab were not detected in the 
plasma and urine when tested at 24 and 48 h, respectively. 

The extracellular fluid volume, (determined by thiocya- 
nate space), was found to be 209.8 k4 .3  mL kg-I (n = 5). 

I 
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FIG. 4. The urinary elimination of DSFab in rabbits with (0 )  and 
without (0) 1 h prior administration of digoxin. The i.v. doses of 
[-'H]digoxin and DSFab were 15 pg kg (12.5 pCi kg- I )  and 1.9 rng 
kg-I, respectively. Each point is the mean+s.e.m. (n=5), Data at 
each time point in digoxin/DSFab experiments are significantly 
different ( P i 0 . 0 5 )  from those in controls. 
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Discussion 

The DSFab-induced increase in plasma digoxin is still 
apparent a t  32 h even though we could not detect DSFab in 
plasma by 24 h. This ‘residual’ plasma digoxin elevation in 
the absence of antibody fragments was also noted in previous 
work in rabbits (Timsina & Hewick 1991) although it 
persisted for as long as  100 h. In the present study, however, 
the prolonged difference between control and experimental 
digoxin concentrations was less marked and was not signifi- 
cant by 48 h. Plasma pharmacokinetic parameters of digoxin 
in control, and DSFab/digoxin experiments in the present 
study are comparable with those previously reported (Tim- 
sina & Hewick 1991). The fact that the renal clearance of 
digoxin in control experiments was only 25% of the total 
body clearance indicates that there is considerable clearance 
by other routes, probably via the bile and with some direct 
secretion into the intestine (Schafer & Fichtl 1984). The 
importance of elimination by non-renal routes in the rabbit 
has been demonstrated by Ochs et al(1978) who showed that 
after administration of [3H]digoxin, recovery of radioactivity 
was 15% in urine and 75% in the faeces over a 96 h period. 

After the administration of DSFab, digoxin is avidly 
bound by the antibody distributed in the extracellular space, 
resulting in a dramatic reduction in Vd,,. This is reflected by 
the marked rise in plasma drug concentration with a 
consequent increase in plasma AUC. It is the large value of 
this, which is the denominator term in calculating both CLT 
and CLR, that is responsible for the DSFab-induced decrease 
in these two parameters. The reduction in clearance values 
after administration of drug-specific Fab fragments, as well 
as being previously reported for digoxin (Timsina & Hewick 
1991) has been observed for phencyclidine (Owens & 
Mayersohn 1986). The large effect of increased protein 
binding on digoxin clearance is as  expected (Guentert & Oie 
1980), since digoxin has low hepatic and renal extraction 
ratios (organ clearance divided by organ blood flow). Using 
reported values for rabbit hepatic and renal blood flows 
(Kozma et al 1974; Guentert & Oie 1980), and assuming that 
non-renal clearance determined in the present study approxi- 
mates to the hepatic clearance, gives extraction ratios for 
both organs of about 0.01. 

Despite halving renal digoxin clearance, DSFab signifi- 
cantly increased the rate of urinary digoxin elimination and 
the amount of drug excreted by this route. However, in the 
calculation of renal clearance, the increase in urinary 
excretion (numerator) was less marked than the increase in 
the plasma AUC (denominator), so that an overall reduction 
in the clearance term resulted. 

The DSFab-increased urinary excretion of digoxin that we 
have reported also agrees with the findings of Johnston et al 
(1987) for rats. In the dog, DSFab appear to produce either a 
m a l l  increase (Butler et a1 1973) or no effect (Butler et al 
1977) on urinary digoxin excretion. Presumably whether or 
not elimination of digoxin is enhanced by DSFab adminis- 
tration in the particular animal species studied depends on 
the relative DSFab/digoxin elimination rates and the relative 
importance of renal and non-renal routes of digoxin excre- 
tion. 

With the present experimental design in which each rabbit 

is used as its own control, there is a possiblity that the second 
injection of DSFab could induce the production of anti- 
DSFab antibodies. Smith et a1 (1979) found that when 
rabbits were given 1 mg kg-I DSFab i.v., two out of eight 
animals showed a slight immunogenic response after three 
weeks. If a second DSFab dose was given at  this time, two to 
four rabbits responded during the subsequent two weeks. In 
our experiments in which DSFab, digoxin/DSFab and 
digoxin treatments were given in a random order, we had no 
evidence of an immunogenic effect of DSFab. Examination 
of data in individual rabbits with respect to the relative 
disposition of DSFab or  digoxin, indicated that the order in 
which the various treatments were given had no effect on the 
pattern of changes observed. The presence of any anti-Fab 
antibodies (by neutralizing the action of DSFab on its hapten 
digoxin) would tend to reduce the influence of DSFab on 
digoxin pharmacokinetics, but would not alter the general 
picture. Although we had no evidence of the existence of 
anti-DSFab antibodies, their presence could cloud interpre- 
tation of any possible influence the hapten may have on the 
disposition of the antibody fragments, because endoge- 
nously formed antibodies could themselves affect DSFab 
disposition. 

With this proviso in mind, it does seem that the prior 
presence of digoxin alters the distribution of DSFab, in that 
elevated plasma DSFab concentrations were detected. This 
implies that the drug reduces the apparent volume of 
distribution. Reference to the data on thiocyanate disposi- 
tion suggests that, in the absence of digoxin, DSFab 
distributes into the extracellular fluid. The mechanism by 
which digoxin could alter this situation is not known; further 
plasma DSFab concentration data would be required to 
confirm and assess the apparent influence of digoxin on 
antibody disposition. 

The presence of the hapten digoxin also appears to have an 
effect on the urinary excretion of DSFab. In the absence of 
drug, we found that less than 3% of the injected dose of 
DSFab was detected in urine, but with the hapten present the 
urinary excretion was reduced by two-thirds. The mechan- 
ism of this reduction is not known. The small percentage of 
the DSFab dose detected in the urine supports other reports 
(Spiegelberg & Weigle 1965; Janeway et a1 1968; Arend & 
Silverblatt 1975; Keyler et al 1991) that both homologous 
and heterologous Fab fragments are rapidly and extensively 
reabsorbed and catabolized by proximal tubule cells after 
glomerular filtration in small animals (mouse, rat, guinea- 
pig, rabbit and dog) and in man. However, the extent of Fab  
metabolism does appear to  vary amongst species. For  
instance, in baboons, over the first 24 h after administration, 
30-45% of administered sheep DSFab was recovered in 
active form in urine (Smith et al 1979), while for man 
Schaumann et al(l986) reported that the amount of DSFab 
excreted in urine was only 0.2% of the administered dose. In 
the present study the low urinary DSFab recoveries cannot 
be ascribed to  problems with urinary collection and bacterial 
contamination as encountered by Butler et al (1977) and 
Sinclair et a1 (1989). 

It is clear that the renal handling of drug-specific antibody 
fragments along with the associated hapten needs to be 
examined further. 
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