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Introduction

During the last 20 years the drug dndustry and the practice of
medicine have expanded at an incredible rate. This has been due to
the combined influences of a number of factors, including rapid
advances in pharmacology aqd patholegy, and accompanying advances in
such diverse areas as pharmacodynahics, . pharmacokinetics, and the
development of sophisticated drug delivery systems. The last of these
has been the focus of frenzied activi?y during the last ten years, and
is likely to continue for some tiuél~*!pre recent advances in immuno-
pharmacology and the use of mqn??l?ngl _antibodies . have provided
further impetus to the quest for ne;“drugs in many therapeutic areas.

As the number, selectivity, and -potency of therapeutic agents
have increased, so has the need to understand more precisely how these
agents are handled by the body and what influence this has on their
therapeutic efficacy. The recent rapid. expansion of the drug indus-
try, and the need to understand and hopefully regulate various aspects
of drug absorption, distribution, metabolism, and excretion (ADME)
have provided the perfect spawning ground for the disciplines of
pharmacokinetics and yiopharmaceut;c3¢ - }

"
At all levels of drug use, from iqdp§tria1 or academic develop-

R PR |

ment laboratories, to the daily practice of medicine, and to regula-
tory practices world-wide, it is redognlzed that in order to develop,
understand, and use, a drug with optimnm benefit to the patient the

multifactorial, qualitative. and quantitatlve aspects of its ADME
LS
characteristics must be clearly understood
R xb
During the ten years from 1970 to 1979 one of us (PGW) had the
PV »-'.“ *":

opportunity to prepare a series of review articles for the Chemical
b ! e 90 a5 ;

4
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shociet:y, lahter the Royal Society of Chemistry, on the subject of drug
k‘!.neti.c;.l'/5 Each of\‘ these review articles covered a two year,
period and provided a broad, but necessarily not exhaustive, coverage
of phamkco_kinetic and biopharmaceutic literature for many therapeutic
drug c‘lasle-. ' ;
This exercise was rewarding for the writer,’ and hopefully aiso
for the reader, in providing a continuous update  in this‘ rapidly
&evélopins and changing area of - resegrch. On completion of the
reviews it appeared logical to éonp‘il_e them into one text so as to

provide a comprehensive ‘review bf';he Q@Sjé‘ct during one decade.

Space does not permit this to be done for all drug"élnaés. e
‘Therefore, in order to provide llaximum céveragé an& aho to 1limie

- thig book to a reasonable size, ! three major * drug clau‘bs were

lei‘ﬂlec'éed, cardiovascular agents, drugs acting on the central nervous
system (c.n.s.), and antimicrobial agenta. “These thtee classes are

clearly unrelated to each otﬁer. but nonetheloaa tepresent: three

major therapeutic areas that have undergone dramatic chnnges during

' recent years.

Y

Owing to the time tﬁat has elapsed since completion of the last
review, covering the period 1978-79, coverage in this book has been

‘exanded by three additional years to include a total period of 13

years, from 1970 through 1982.
The book is thus divided into three major sections, each being
i ;
devoted to a single drug cla;a. Specific drug groups within each

class are indicated by separate subheadings. As in the original re-

views, each drug, or group of drugs when they are considered together,

will be discussed in the order of,aboo’r‘ption. distribution, metabo-
1ism, and excretion, provided information 1is p\}aillble. Within each
of these sections information 18 presented in the approximate order in
which it appeared .in the literature. v

Because of the huge volume of ittctature that has been generated

on ‘the pharmacokinetics of cardiovascular, central nervous system,



lnliqduclion : : s ; ; e
and antimicrobial agents, no attempt has been made to provide an ex- .
haustive coverage of the literature. Snch information ¢an be obtained -
from compucer.ized searches. Rather,_we have attempted, by aelective
~reviewing, to describe the ttends tlut ‘have occurred in phanuco-'
kinetic and biopharmaceutic studies’ for three major drug classes
4 durlng a latge segment of the relatively shorc history of thia

importanc and ever-changing subject.

References

1. P.G. Welling, 'Foreign Compound Metabolism in Mammals'® ed. D.E..
- Hathway, The Chemical Society, London, 1972, Vol. 2, p. 412.

2. P.G. Welling, 'Foreign Compound Metabolism in Mammals', ed. D.E.
Hathway, The Chemical Society, London, 1975, Vol. 3, p. 107.

3. P.G. Welling, 'Foreign Compound Metabolism in WII'. ed. D.E.
Hathway, The Chemical Society, London, 1977, Vol. &, p. 1.

4. P.G. Welling, 'Foreign Compound lietebollnl in Mammals', ed. D.E.
Hathway, The Chemical Society, London, 1979, Vol. 5, p. 1.

5. ' P.G. Welling, 'Foreign Compound Metabolism in Masmals', ed. D.E.
Hathway, The Chemical Society.'l.cndon. 1980, Vol. 6, p. 1.



; .. ; udu&«wn& ;

.. aglﬁo“! @mxmc ‘o4
_.(3-1903 Asa!md’) oifT yniu}i
g ﬁ&voqsw.) na*«w" canikilew 0.9 e
'.qao,l 02 {sokwedd odT .uvdnﬂ

’H bpuoqw srgissod’ gnif-’sk‘ 0.9 e

§ .E Io? ?(QA M vq}:az !mims.u oAT Yaud:«sn‘
. ‘h =5

]

30 a‘xm n} qu \Mbmmwm angm’K EatlisW 0.9

8 .dov -, 0del n&nod winland lz3imedd AT ,yewissh



1. Cardiovascular Drugs

e

Cardiaé Glycosides and Other Cardiotomic Agents _-

Digoxin i 2

The perennial problem of digpxin;toxicity associated with its
narrow tﬁerapeufﬂc index and variable §.o. bioavailability, and also
the advent of the radioimmunoassay?jhave given rise to a lafge number
of studies concerning - digoxin ab&é;bcion{l'7 relationships between
bioavailability and in vitro dis#blqcion profiies,8'1“ tablet dis- .
intggration,15 and the influence og.yar:icle size on digox#n bioavail-
ability.16:17 e .

Some studies have indicatea“onfy small differences,® 2% yhile
others have indicated larger differénéeé’l'za in digo*in'availabil-
ity from oral dosage forms. Digoxin absorpcidn is generallyz“'27
but not alwayszs superior from a solution or elixir compared to tab-
lets, and absorption from both soiid:and solution dosage forms is not
markedly affected by accompanying_fboﬂ.29 ‘

Differences in digoxin availability from solid dosage. forms can
be quite large. A study on four commercial products available in the
United States yielded a seven-fold difference in serum digoxin levels
between two of the products with .other brands Agiving intermediate

30

values. The product yielding lowest serum levels did not comply

with United States Pharmacopeia - ‘specifications for potency.“'32
It has been suggested that blood leQelg alone may give erroneous bio-
availability data for digoxin and shou}d be supplemented by cumulative
urinary excretion studies.??

Several studies have reported}superior absorption of digoxin from

!

solutions contained in capsules compared with tablet formulations or
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34-36 1. one of these studies the intriguing

conventional solutions.
observation was made that urinary excfetion of digoxin following a 3 h
i.v. infusion was 21% greater chan that following a 1 h infusion oJf

i This inexplicable phenomenon has impli-

the same quantity of drug.
cationb for the use of digoxin injections as primary standards in
bioavailability testing. 2 .
The superior availébility of digoxin from an encapsulated solu-
tion compared with tablets and solutions has been demonstrated also
when doses are gi&én following a substantially high-fat meal.?’ Mean
serum digoxin 1evels obtained in 12 individuals are shown in Figure
1.1. . Following a single 0.4 mg dose, capsules produced peak serum
digoxin levels of 2.7 ng ml-! at 50 min’ compared with 1.6 ng ml-! at
68 min from tablets, énd 1.6 ng ‘ml'l at 73 min from a solution.
Faster absorption of digoxin\was obtained from a digoxin-hydroquinone
complex, compafed with conventional tablets in man,38 whereas digoxin

absorption was inhibited in subjects who were receiving sulphasala-

zine,39 and also in patients with progressive systemic sclerosis.”?

CAPSULE

SERUM DIGOXIN, ng/m!

\ HOURS

Figure 1.1 Mean serum digoxin concentrations in twelve
normal subjects 0 to 6 h after administratioan of 0.4
mg of eacﬂ of three digoxin formulations (capsule,.
& solution, or tablet) following a high-fat meal. Bars”
: indicate 1 SEM. (Reproduced gy permission from Clin.
Pharmacol. Ther., 1977, 21, 278)

41,42 .rjations, the absorption of orally

part from product
adminfptered digoxin may be influenced also by other drugs,“a antacids

or diarrheal agents.““‘“‘ agd by drugs affecting biliary excre-
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vt:ion‘ of gastric motility 47-%9 slthough the latter effect may oecur
only with slowly dissolving formulatione.”

Other studies using solubl.lized H-digoxin show that digoxin
absorption is not _greatly affected by gastric ulcers. 51 When the
drug is dosed as a solution, 0-60‘/. is absorbed from the stomach and
the proximal small intestine.

In examining the’ influencc of a kaolin-pectin suspension oh. !
digoxin absorption, Alb,e.rt et: al.!“a calculated digoxin relative
bieavailability assuming »coua“tane ; ;:e'nrenal drug clearance ag  in .

equation 1.1:

Ft _ AUC®,t _ AUC®.t s t o
R TP R (ClR - ClR) 1.1)
nonrenal clearance varying in propbrtion to renal clearance, as in
equation 1.2:

t N -]
Ft _ AUC® (c1R)

Zot 1.2
FS  AUC®,S C1§ (2
and constant plasma clearance, as in equationm 1.3:

Ft _ AUC®,t

L) 1.

Fs ~ AUC®.8 {19

In the equations, Ft/FS8 is the bioavailability ratio of ‘the;
test (kaolin-pectin) and standard treatments, AUC® is the area under,
the plasma concentration-time curve through infinity, and Clp is the
renal clearance. Application of equations 1.1, 1.2, and 1.3 yielde(f .
respectively bioavailability ratios of 0.82, 0.86, and 0:84 when °
kaolin-pectin wad administered 2 h before digoxin, and 0.95, 1.0, and:
0.90 when kaolin-pectin was given 2 h after digoxin, indicating only .
slight drug interactions. However, when the kaolin-pectin and digoxin
were given together, the mean digoxin bioavailability was reduced to
0.4. Although a slower absorption rate of digoxin may have a marked -
effect on. plasma levels of drug shortly after a single dose, this,r
effect is attenuated with repeated dosing due to the long biological’ i

e

to;s~of digoxin, .
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Large intersubject variations in serum digoxin concentration
profiles, due to erratic absorption or distribuﬁion, have been ob-
served in patients suffering from congestive heart failure.®3*5%
The erratic bioavailability could aléo be due to a varying degree of
digoxin degradation in the stomach as a function of gastric pH.
Gault et al.3% reported that 90 min after administration of 3H-digoxin
with maximum acid secretion stimulated by pentagastrin, nearly all of
the radioacfivity remaining in the stomach was presgpt as hydrolysis
products, mainly digoxigenin. Gastric acid stimulation also resulted
in a marked increase invurinary metabolites in the same subjects.56
However, a recent study in which ten healthy volunteers received 0.75
' mg digoxin tablets confirmed that food ingestion had no effect on the
absorption of the unchanged glycoside.3’
Double peaks that have been reported in digoxinA plasma levels
after p.o. doses®® may be due to absorption of dihydrodigoxin formed
“ by bacteria in the lower intestine.%® Similar observations of double
peaks in circulating lanatoside C after p.o. doses have been attrib-
uted to bacterial metabolism of the relatively poorly absorbed lanato-
side C to the more readily absorbed digoxin.®976! This acid-
catalysed conversiﬁn is reduced in the presence of antaci§s.62 Low
,recovery of 3H-digoxin' and its metabolites in the lymph of patients
undergoing thoracic duct drainage indicates “the lymphatic channels
provide a ninor pathway for digoxin abéorption.63
The distribucion space of digoxin in man, from the relationship
Vg = Dose/p-k;c appropriate to the two-compartment model, is ca.
5.3 1 kg-! whereas for lanatoside C is 4.4 1 kg-1.%% The distribution
space for digoxin decreases in patients with renal failure, and this
may be attributed either to a decrease in the volume of e tracellular
fluid or to a decrease in the extent of drug-tissue binding.ss
Accumulation of digoxin and ouabain in the mouse liver is reduced
by probenecid, leading to considerable redistribution of drug in the

; body.‘6 The mechanistic basis of this probenecid-digoxin interaction

v
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is ‘not known. Approximately 30% of circulating digoxin is bound to
human serum albumin over the .concentration range 0.02' - 14.8 ng
my-2 .87 “TTh‘e‘ number of binding sites is almost infinite, but the
binding constant is extremely small with a value of 6.8 x 10-* mol-1,
Extensions of earlier studies have shown that a good correlation
exists between the positive inotropic effect of digoxin and the amount
of drug bouﬁd loosely to cardiac microsomal cell fractions. Tightly
bound drug did not correlate well with positive inotrophy.®®

Séve'ral ‘studies have correlated blood digitalis 1levels with

892k 72,73 offects. However, toxic reac-

therapeutic and toxic
tions from low serum digitalis levels, nontoxic reactions from high
serum 1evels7“ and myocardial resistance to high serum levels have
been reported.”

Schoenwald’® has described a relationship between ventricular
heart-rate slowing and circulating digoxin 1évels. and has used this
relationship 'to demonstrate prolonged digoxi'n absorption over 120 h
after p.o. “do'sve,s. 'i'hi.s prolonged and fluctuating absorption suggests
that entérohep‘atie cycling of digoxin in man may be extensive. Cir-
culating levels of digoxin after rapid i.v. injection into human vol-
unteers have been described using a three-compartment model.””  How-
ever, comparison of three- and two-compartment model analyses shows
that the disposition rate constants for the second compartment are
similar for both models and that the equivalent rate constants for the
third compartment of the three-compartment model are extremely high
relative to other rate constants. Thus, the thiz;d compartment _is
relatively "shallow" and would not be detected after any other form of
digoxin dosage. The "gamma'" phase elimination tg, s reported in this
study is numerically similar to 'beta" phase to,s generally obtained
from two-compartment analysis.’®”80
A physiological pharmacokinetic model, designed to describe the

time curves of plasma and tissue concentrations of digoxin in-the dog,

was adapted with partial success for use in humans by considering
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species. differences in organ volume and flow rat_es.81 The model ade-
quately predicted digoxin levels in patient§ withbmoderate uraemia but
provided a relatively poor fit in anuric individuals. Preferential
uptake of digoxin by ﬁarticular tissues is. demonstrated by reports of
a mean myocardial tissue:serum d;gcxin level ratio pf 67 in patients

82 and mean c.s.f:serum digoxin level ratio of

undergoing heart surgery
0.3 in infants and in adults recéiving‘digoxin thgrapy.93

Aronson et al.%*:83 investigated the use of digoxin inhibi-
tion of 8°Rrb uptake by human erythrocytes taimoﬂitor pharmacodynamic
effects of this drug. Good correlations were obtained between dis-
tribution characteristics of digoxin and the therapeutic response of
patients with atriﬁl fibrillation to changes \in erythrocyte 86 Rrb
uptake. ~The tendency for oralzfigoxin to induce cardiac dysrhythmia
has been shown in dogs to. be unrelated to the occurrence of transient
peak circulating levels of drug.®®

Circulating levels of digoxin 1n man . are increased by t%eJ
presence of quinidine,®’ but are decreased by per;ici.llamine.85 In-
creased glycoside levels in the presence of. quinidine appear to be
associated with displacement of digoxin“from pissue‘ binding sites.
The decreased glycoside levels due to penicillamine appear also to be
due to a redistribution phengmenon as neither the digoxin absorption
nor the elimination rate are affected by penicillamine.‘

Penetration of digoxin into the c.n.s. is poor, and the ratio of
c.s.f.:serum levels in patients is 0.14.%° Even within the brain the
distfibution of digoxin is variable, as levels- in the choroid plexus
far exceed ;hoée in cerebral grey and white matter. The choroid
plexus binds digoxin to an exteﬁt similar to the'myoca:‘di.um.90

The inotropic effect of digoxin, as ﬁeasured by changes in ‘the
QS2 index (4QS2I) is closely related to calculated digoxin levels in
the slowly distributing (deep) tissue compartment of the kinetic
three-compartment model, although it is uncertain whether this is a

linear or nonlinear relationsbip.91



Cardiovascular Drugs‘ " : ; 11

The discfibucion of digoxin into the skeletal muscle, which is
affected by cardiac glycosides similarly Vto the hem":,92 has been
examined.“'?" In healthy subjects: receiving 0.13-0.5 mg a-!
digoxin, a significant correlation existed between -the . digoxin
concentrations in serum: and skeletal inuaclé (Figure  1.2). as well as
between skeletal muscle digoxin concentration and - cardiac effect,

measured by changes in QSz'I.93

The estimated half-life of digoxin in
skeletal muscle, ca. 2 d, was comparable to that reported for serum
digoxin. A similar study conducted in -patients during digitalization
or during withdrawal of digoxin treatment showed similar, albeit
statistically insignificant, .correlations between changes in systolic
time intervals and steady-state serum oOr skeletal muscle digoxin
concentrations.?" Bonelli et a1.’® investigated the distribution of
digoxin into cerebrospinal fluid (c.s.f.) after 9 d of treatment with
p-methyldigoxin or B-acetyldigoxin. Equipotent doses of the two

compounds gave rise to- similar plasma:c.s.f. digoxin concentration

ratios of approximately 3.5:1.

D
o
T
L]

sy
o
T

DIGOXIN CONCENTRATION IN
SKELETAL MUSCLE, nmoi/kg DRY WEIGHT
~
o

o
o

' i .

05 10 15
DIGOXIN CONCENTRATION IN SERUM, nmot /1

Figure 1.2 Correlation between digoxin conceniyation
in serum and skeletal muscle at the higher dose level
(r = 0.87; p < 0.05; n= 7). For/ comparison data from
four subjects at the lower dose level are shown (o).
Reproduced by permission from -~ Eur. J. Clin.
Pharmacol., 1981, 19, 89.

. Critical analysis of previous work regarding the distribution of
digoxin in ‘hyperthyroid patients showed. that, contrary to original
suggestions, digoxin distribution was qimilar in normal subjects and
hyperthyroid patients, while both renal and nonreral clearance

increased substantially in hyperthyroi.dism.96
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‘It is well established that therapeutic doses of digoxin are
higher in infants than in adults. Although the underlying reason for
higher ‘dose requirement in infants is uncertain, it appears to have a
pharmacological rather ‘than' a- pharmacékinetic basis. Different
studies have shown that therapeutic  serum digoxin levels are also
higher in infants than in adults,®’ while absorption,®® protein
binding.” and elimination characteristics®? are similar in the ‘two
populations. However,  in neonates at full-term high circulstingA
digoxin levels may be éssociated with low renal elimination of

X9 Therapeutic doses, and also serﬁm levels of digitoxin,

glycoside.
are similarly higher in infants than in adults.!?2

Changes in dose-response relationships for digoxin after
corrective heart surgery may be related to changing haemodynamic

status in neonates, infants, and children.!93

Renal clearances qf‘
digoxin were lower and elimination to.s wvalues were longer in
neonates compared with infants, and renal clearance in both neonates
and infants was approximately two-fold greater than ' creatinine

oy
clearances. !

Distribution of digoxin was similar in neonates and
infants, with steady-state central and total distribution volumes
averaging 1.3 and 9.9 1 kg‘l- These values are greater than those

reported in adults.!0%

The greater apparent distribution volumes
reported here may explain the requirement of larger digoxin doses by
children compared with adults. More work is needed to resolve the
opposing- influences of reduced clearancg and greater distribution
volumes of digoxin on circulating digoxin levels and .the greater
tolerance to digoxin by infants compared with adults.

Digoxin clearance increases rapidly during the first three months
of life, apparently due to development of both renal filtration and

tubular secretion processes.106

Although neonates and very young
infants have a high digoxin tolerance, impaired clearance of drug in
these populations suggests that some recommended doses, particulary in

neonates, may be too high.1°7
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In seven premature neonates at a péstnacal age of 1 to 9 d, the
corrected renal digoxin clearance correlated well with creatinine
clearance, with respective mean values of 10.4 and 12.2 ml min-! 1.73
m-2,1%%  These values were lower than those of full-term neonates. On
the other hand, .t:he to.5, renal clearance, and tissue distribution
of digoxin were similar in newborn and adult sheep..m9 While total
drug clearance and steady-state distribution volume were higher .in
newborns than in adults, intersubject variation was substantial.

Although animal models. are used fr.;equently to investigate digoxin
kinetics, Weidler et al.'!? ha\v'e shown. that considerable species
differences caﬂ occur. The. overall diatributiqn volume of digoxin is
larger in cats .than in man and dogs, whereas; the elimination :a.t:e
congtant B is' significantly larger‘ in dogs than in man and cats.

‘Evidence -has been presented .thac renal excretion. of digoxin is
gignificantly' decreased during furosemide induced diuresis.!!!  The’
average digoxin.serum to,s din six healthy individuals increased from
37 -h to 86 h, and urinary excretion of .digoxin was transiently
decreased over 10 h. The mechanism of this interaction is_not known,
but it may be associated with inhibition of digoxin t:ubuiat secretion

or reduced renal filtration due to volume depletion. However, some

d112,113 dll'o

other studies have reported wunchange and increase
renal clearance of digoxin.in the presence of furosemide.
Renal elimination of digoxin increases, and plasma levels of drug

115

decrease, in hyperthyroidism while elimination of digbxin is de-

116 . 1In seven elderly individuals (mean 81

creased with increasing age.
yr), the plasma tg,s of digoxin was 69 h compared with 37 h in
nortﬁal controls. The apparent drug distribution volume was similar in
the two groups when corrected :'for b‘ovdy weight.

Both :‘renal and _ndnrenalf;digoxin cleafances wefe impaired by
quinidine, which ‘significantly r~educe‘d_ total pla,sl_na. jor serum clearance
of digoiin in h‘ealthy”subjec:"@ by - ca. 507...“"').'1_19 ' The findings

were confirmed in studies of patients rééeiving chronie digoxin thera-

s



