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S U M M A R Y 

Drug stereochemistry has, until relatively recently, been an area of 
neglected dimensionality with the development of the majority of 
synthetic chiral drugs as racemates. This situation has changed in 
recent years as a result of advances in the chemical technologies 
associated with the synthesis, analysis and preparative scale resolution 
of the enantiomers of chiral molecules. As a result of the application 
of these technologies the potential significance of the differential 
pharmacodynamic and pharmacokinetic properties of the enantiomers 
present in a racemate have become appreciated. 

Many of the processes involved in drug disposition, i.e. absorption, 
distribution, metabolism and excretion, involve a direct interaction 
with chiral biological macromolecules, e.g. transporters, membrane 
lipids and enzymes, and following administration of a racemate the 
individual enantiomers frequently exhibit different pharmacokinetic 
profiles and rarely exist in a 1:1 ratio in biological fluids. The 
magnitude of the differences between a pair of enantiomers observed 
in their pharmacokinetic parameters tends to be relatively modest in 
comparison to their pharmacodynamic properties. However, the 
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observed stereoselectivity may be either amplified or attenuated 
depending on the organisational level, e.g. whole body, organ or 
macromolecular, the particular parameter represents. Differences in 
parameters involving a direct interaction between a drug enantiomer 
and a biological macromolecule, e.g. intrinsic metabolite formation 
clearance and fraction unbound, tend to be largest, and comparison of 
parameters reflecting the whole body level of organisation, e.g. half-
life, clearance, volume of distribution, may well mask significant 
stereoselectivity at the macromolecular level. 

In spite of the recent interest in drug chirality relatively limited 
pharmacokinetic data are available for the enantiomers of a number 
of commonly used racemic drugs. Factors influencing the stereo-
selectivity of drug disposition include: formulation and route of 
administration; in vivo stereochemical stability, both chemical and 
enzymatic; drug interactions, both enantiomeric and with a second 
drug; disease state; age; gender; race; and pharmacogenetics. As a 
result of such factors estimation of pharmacokinetic parameters, 
development of complex pharmacokinetic models and plasma-
concentration-effect relationships based on 'total' drug concentrations 
following administration of a racemate are of limited value and 
potentially useless. 

KEY WORDS 
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INTRODUCTION 

Drug stereochemistry has, until relatively recently, been an area of 
neglected dimensionality with the development of the majority of 
synthetic chiral drugs as racemic mixtures, which by the 1980s 
accounted for approximately 25% of all marketed pharmaceuticals I I I . 
This situation has changed in recent years as a result of advances in 
the chemical technologies associated with the synthesis, analysis and 
preparative scale resolution of the enantiomers of chiral molecules 
(see for example 12-11). As a result of the application of these 
technologies the potential significance of the differential pharmaco-
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dynamic and pharmacokinetic properties of the enantiomers present in 
a racemate have become appreciated, particularly with respect to 
safety issues /8/, by the regulatory authorities 191, and in some 
instances exploited, by the pharmaceutical industry. 

Stereoisomers are compounds which differ in the three dimen-
sional spatial arrangement of their constituent atoms and may be 
divided into two groups, enantiomers and diastereoisomers. Enantio-
mers are stereoisomers which are non-superimposable mirror images 
of one another and are therefore pairs of compounds related as an 
object to its mirror image in the same way that the left and right hands 
are related. Such molecules are said to be chiral from the Greek chiros 
meaning handed. In terms of the compounds of interest in pharma-
cology the most frequent, but not the only, cause of chirality results 
from the presence of a tetraco-ordinate carbon atom in a molecule to 
which four different atoms or groups are attached (Fig. 1). The 
presence of one such stereogenic centre in a molecule gives rise to a 
pair of enantiomers, the presence of η such different centres yields 2n 

stereoisomers and half that number of pairs of enantiomers. Those 
stereoisomers which are not enantiomeric, i.e. not mirror image 
related, are said to be diastereomeric. These two types of stereoisomer 
differ in that other than the direction of rotation of the plane of plane 
polarized light enantiomers are identical in their physicochemical 
properties, whereas pairs of diastereoisomers differ in their physical 
properties. As a result of their identical properties the separation, or 
resolution, of a pair of enantiomers was until recently fairly difficult, 
whereas diastereoisomers may, in principle at least, be separated 
relatively easily. 

A A 

Fig. 1: Three dimensional representation of a pair of enantiomers. 
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BIOLOGICAL DISCRIMINATION OF STEREOISOMERS 

At a molecular level biological environments are highly chiral 
being composed of 'handed' biopolymers, such as proteins, glyco-
lipids and polynucleotides, formed from the chiral building blocks of 
nature, i.e. L-amino acids and D-carbohydrates. The macromolecular 
structures of these biopolymers may also exhibit chirality as a result of 
helicity, helical structures having either a left or right handed turn, in 
the same way that a spiral staircase, or screw thread, may have a left or 
right handed turn. For example, the DNA double-helix and the protein 
α-helix both have a right handed twist. 

As nature has expressed a preference in terms of its stereo-
chemistry it is hardly surprising that drug targets, be they enzymes, 
receptors or ion channels, exhibit stereoselectivity with respect to drug 
action, particularly as many of the natural substrates and ligands for 
such systems, e.g. neurotransmitters, hormones, endogenous opioids, 
etc., are single stereoisomers. In addition, many of the processes 
involved in drug disposition, i.e. absorption, distribution, metabolism 
and excretion, involve a direct interaction with chiral biological 
macromolecules, e.g. transporters, membrane lipids, plasma proteins 
and enzymes, and thus, following administration of a racemate the 
individual enantiomers present frequently exhibit different pharmaco-
kinetic profiles and rarely exist in the 1:1 racemic ratio in biological 
fluids. 

That enantiomers could exhibit different biological activities was 
established at the turn of the last century. In 1886 Piutti reported that 
the tastes of (+)- and (-)-asparagines were sweet and bland, respec-
tively, and this observation is regarded by some as the first report of 
stereoselectivity with respect to a receptor /10/. Between 1904 and 
1909 the British pharmacologist Cushny demonstrated that (-)-hyo-
scyamine had twice the activity of atropine (racemic hyoscyamine); 
that (-)-adrenaline had twice the potency of the racemate as a vaso-
constrictor, and that the (-)-enantiomer was 12- to 15-fold more potent 
than the (+)-isomer with respect to their action on sympathetic vessels 
/11/. With respect to metabolism, Pasteur had shown in 1858 that the 
mould Penicillum glaucum could utilize the (+)- but not the (-)-
enantiomer of tartaric acid as a carbon source, and Fischer, in 1894, 
demonstrated that maltose and emulsin exhibited differential hydro-
lysis on the diastereomeric a- and ß-methyl-D-glucosides, but had no 
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activity with respect to their corresponding L-enantiomers /12/. 
Between 1886 and 1909 a number of reports appeared indicating the 
preferential "digestion and destruction" of one of a pair of enantio-
mers, using a variety of crude enzyme preparations and mainly 
racemic amino acids and synthetic peptides as substrates / l l / . In 
addition to the above in vitro studies the concept that the stereo-
selectivity of drug action could be related to stereoselectivity in 
metabolism started to emerge. For example, Cushny reported that (-)-
and (+)-hyosine appeared to be equivalent in some actions except that 
the (+)-enantiomer maintains its action longer, probably due to being 
excreted more slowly. Similarly Gottlieb reported the slightly greater 
potency of (-)-cocaine in "depressing nerve fibres" and that the (+)-
enantiomer was more rapidly "destroyed", an excess of (-)-cocaine 
being excreted in urine. Such was the development of these ideas that 
Cushny in 1926, in what was probably the first book concerned with 
stereochemistry and pharmacology, Biological Relations of Optically 
Isomeric Substances, commented that "difference in action of optical 
isomers is due to less of one than the other reaching the site of action 
owing to different amounts being intercepted on the way" / 11/. 

In order to rationalise the observed differences in pharmaco-
dynamic activity between enantiomers Easson and Stedman in 1933 
/13/ proposed their so-called "three point-fit" model for the drug 
receptor interaction (Fig. 2). According to this model the more potent 
enantiomer is involved with a minimum of three intermolecular 
interactions with complementary sites on the receptor, whereas the 
less potent enantiomer may interact at two sites only. Ogston /14/ 
proposed a similar three point attachment model to rationalize the 
observed stereoselectivity in the enzymatic transformation of sym-
metrical prochiral substrates in 1948. The Ogston /14/ and Easson and 
Stedman /13/ models are essentially 'static' models based on the 
assumption that the 'selectand' (the drug or substrate) may approach 
the 'selector' macromolecule (the biological target, receptor, enzyme) 
from one direction, i.e. the substrate has essentially restricted access to 
the 'active' site. More recently these concepts have been extended to a 
more dynamic model, the so-called 'rocking tetrahedron' model, by 
Sokolov and Zefirov /15/. In this model, which is primarily associated 
with the metabolism of prochiral substrates to yield chiral products, 
the substrate binds to the biological target via a two site interaction 
and the conformational flexibility of the enantiotopic groups in 
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Fig. 2: Easson-Stedman model of chiral discrimination on interaction of a pair of 
enantiomers with a biological macromolecule /13/. The enantiomer on the 
left takes part in three complementary interactions with the biological 
target whereas that on the right interacts at two sites only. Alternative 
orientations of the enantiomer on the right to the target surface are possible 
but only two interactions may take place at one time. 

relation to the enzyme catalytic site is the determinant of the stereo-
selectivity of the observed transformation (Fig. 3). The lower the 
conformational flexibility of the bound substrate, due for example to 
the presence of bulky enantiotopic groups, the greater the degree of 
stereoselectivity observed in product formation. In contrast, increased 
flexibility of the enantiotopic groups results in a reduction of stereo-
selectivity with respect to the product /15/. 

The concepts associated with this model may be illustrated by a 
consideration of the metabolic oxidation of the prochiral substrates 
cumene /16/ and methoxychlor /17/ (Fig. 4). Examination of the meta-
bolism of these compounds, using appropriately isotopically labelled 
chiral substrates, indicated that the observed product stereoselectivity 
was essentially due to the chirality of the enzyme active site. In the 
case of cumene the ω-oxidation of the prochiral methyl groups to yield 
the enantiomers of 2-phenylpropanol was concluded to be due to a 
small degree of incomplete equilibrium between alternative orienta-
tions of the substrate in the enzyme-substrate complex /16/. In 
contrast, the stereoselective demethylation of the prochiral methoxy 
groups in methoxychlor arises as a result of reduced conformational 
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Fig. 3: The ' rocking tetrahedron' model of Sokolov and Zefirov /15/. The 
prochiral substrate interacts with the biological target at two sites (Β B' 
and C C"), the enantiotopic groups A and A* occupy overlapping 
volumes and have a degree of conformational flexibility (indicated by the 
open arrows in the figure). The stereoselectivity of the transformation 
depends upon the orientation of the enantiotopic groups, A and A*, to the 
catalytic site and their conformational flexibility in the enzyme-substrate 
complex, reaction from sites X or Y being of potentially low and high 
stereoselectivity respectively. 

H , 
£ H 3 
^ C H , 

f i 

(a) 

OCH3 

OCH3 

CCI3 

(b) 

Fig. 4: Structures of the prochiral substrates cumene (a) and methoxychlor (b) 
/16,17/. 
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flexibility, due to slow interchange of the bulky methoxyphenyl 
groups, and a large degree of incomplete equilibrium in the enzyme-
substrate complex /17Λ 

The three point attachment model of Easson and Stedman /13/ has 
also been challenged by recent studies by Mesecar and Koshland /18/ 
during investigations on the enzyme isocitrate dehydrogenase. Exami-
nation of X-ray structures of the complexes formed between the 
enzyme and D- and L-isocitrate, in the presence and absence of 
magnesium ions, revealed three common binding sites for both 
isocitrate enantiomers, and a fourth site was required to account for 
the observed selectivity. 

From the above it is apparent that chiral recognition remains an 
area of considerable scientific interest /19/. Current ideas concerning 
chiral recognition involve complex formation between the biological 
macromolecule, the selector, and the substrate or selectand, such that 
there is a diastereoisomeric relationship between the selector and 
the two possible selectands /19/. However, formation of a diastereo-
isomeric complex alone is not sufficient for chiral recognition. An 
additional requirement of interactions between eight centres, i.e. four 
bonding interactions, is required in the absence of other constraints, 
such as a restriction in the direction of approach of the selectand to the 
selector, where six interactive sites, a three point attachment, may be 
sufficient /20,21/, i.e. the Easson-Stedman /13/ and Ogston /14/ 
models may be regarded as specific cases of the four location model. 

PHARMACODYNAMIC CONSIDERATIONS 

A number of possible scenarios may arise with respect to the 
pharmacodynamic properties of a pair of enantiomers, and a brief 
summary is presented in Table 1. There are relatively few examples of 
drugs in which the pharmacodynamic activity is restricted to a single 
enantiomer with the other being totally devoid of activity. In the 
majority of cases a pair of enantiomers will differ either quantitatively 
or qualitatively in terms of their activity. Similarly there are few 
examples where the beneficial activity resides in a single enantiomer 
and the adverse effects, or toxicity, are associated with the other. 

The differential pharmacodynamic activity of drug stereoisomers 
has given rise to additional terminology, thus the stereoisomer with 
the greater affinity or activity is termed the eutomer and that with the 
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TABLE 1 

Stereoisomerism and pharmacodynamic complexit ies 

Activity resides in a single enantiomer: 
The antihypertensive (5)-a-methyldopa /67/; the ACE inhibitor imidapril, the 
S.S.S-stereoisomer being greater than 106-fold more potent than its enantiomer 
/68/. 

Both enantiomers have similar pharmacodynamic profiles: 
The antihistamine promethazine; the antiarrhythmic flecainide. 

Both enantiomers are marketed with different therapeutic indications: 
Dextropropoxyphene, an analgesic and the antitussive levopropoxyphene; 
dextromethorphan, antitussive and levomethorphan, opioid analgesic. 

Enantiomers have opposite effects at the same biological target: 
The (+)-(3S,4Ä)- and (-)-(3/?,45)-enantiomers of picenadol exhibit agonist and 
antagonist activity at the μ-opioid receptor, respectively, the racemate being a 
partial agonist /69/; (R)- and (S)-sopromidine have agonist and antagonist 
properties at H2-receptors, the racemate being a partial agonist /70/. 

One enantiomer antagonizes the adverse effects of the other: 
(Ä)-Indacrinone, a loop diuretic, causes elevation of uric acid, whereas the 
S-enantiomer is uricosuric Π1,72/. 

Required activity resides in one or both enantiomers, the adverse effects being 
predominantly associated with one of them: 

(S)-Ketamine is between 2- and 4-fold more potent than the Λ-enantiomer as an 
anaesthetic/analgesic agent, the post anaesthesia emergence reactions 
(hallucinations, vivid dreams, agitation) are predominantly associated with (R)-
ketamine; the S-enantiomer has been marketed in Germany /73/. The 
antitubercular drug ethambutol exists in three stereoisomeric forms, a pair of 
enantiomers and a meso form, the activity of the (+)-S,S-enantiomer being 500-
and 12- fold greater than that of the (-)- and meso forms, respectively; use of the 
racemic mixture resulted in ocular neuropathy, the three stereoisomeric forms 
being essentially equipotent; use of (+)-(S,5")-ethambutol resulted in an improved 
risk/benefit ratio /74/. 

A racemic mixture provides a superior therapeutic effect than either enantiomer 
individually: 

The sympathomimetic agent dobutamine increases the force of myocardial 
contraction with no increase in heart rate or blood pressure, the peripheral 
vasodilator ((+)-enantiomer) and vasoconstrictor ((-)-enantiomer) effects cancel 
out /75/. 

87 
Authenticated | xajibim@mail.ru

Download Date | 6/16/12 12:11 AM



Vol. 22, No. 2-3, 2007 Chirality and Pharmacokinetics 

lower affinity or activity the distomer 1221. The ratio of the two 
activities, a measure of the stereoselectivity of the system under 
examination, is termed the eudismic ratio, the magnitude of which 
varies; values of 100- to 1000-fold are not uncommon, with the 
compound under investigation, and between receptor systems for 
compounds which interact with more than one receptor. The eutomer/ 
distomer designations of stereoisomers refer to a single biological 
activity of the drug, and for drugs which act at multiple sites the 
eutomer for one activity may be the distomer for the other, or the 
isomers may be equipotent. 

PHARMACOKINETIC CONSIDERATIONS 

Stereoselectivity in drug disposition, as pointed out above, has 
been appreciated for a number of years and is of particular signi-
ficance for those processes which depend on a direct interaction 
between enantiomers and a chiral macromolecule, i.e. an enzyme 
during metabolism or a transporter system during absorption, distribu-
tion and excretion. 

Absorption 

Enantioselectivity has little impact on passive processes that are 
dependent on the physicochemical properties of a molecule (i.e. pKa, 
lipid solubility, molecular size), such as diffusion across biological 
membranes, the major mechanism associated with absorption, 
distribution and renal excretion. In contrast differentiation may occur 
between diastereoisomers as a result of their differential solubility. For 
example, the aqueous solubility of D-ampicillin is greater than that of 
the L-diastereoisomer /23/. However, stereoselectivity in drug absorp-
tion has been observed for compounds which are substrates for carrier 
systems, e.g. the L-enantiomers of Dopa /24/ and methotrexate /25,26/ 
and the L-epimer of the cephalosporin, cephalexin, are preferentially 
absorbed in comparison to their D-stereoisomers Ι2ΊΙ. In the case of 
the latter compound the L-epimer is also more susceptible to enzyme 
mediated hydrolysis such that only D-cephalexin can be detected in 
plasma Ι2ΊΙ. 

P-glycoprotein mediated efflux of (S)-talinolol has been suggested 
to account for the lower plasma concentrations of the S- compared to 
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the /?-enantiomer /28/. An alternative explanation, based on slight 
stereoselective cytochrome P450 (CYP) 3A4 mediated metabolism, 
has been proposed for the difference in talinolol enantiomer disposi-
tion following oral administration /29/. 

Distribution 

Drug binding to plasma proteins exhibits stereoselectivity (Table 2) 
and thus the composition of the free fraction influences tissue 
distribution. Enantioselectivity in binding may also vary with the 
protein, for example the enantioselectivity of propranolol binding is 
S>R for αϊ-acid glycoprotein (AGP) and R>S for human serum 
albumin (HSA). In whole plasma the binding to AGP predominates 
and the free fraction of (Ä)-propranolol exceeds that of the S-
enantiomer /30/. In addition drug protein binding may also give rise to 
enantiomeric interactions and influence drug disposition. Following 
administration of the individual enantiomers of disopyramide there are 
no differences in the pharmacokinetic parameters, whereas following 
administration of the racemate the S-enantiomer has a lower total and 
renal clearance, volume of distribution and shorter half-life compared 
to (/?)-disopyramide /31/. These differences arise due to enantio-
selective, concentration dependent interactions in plasma protein 
binding. 

Drug-lipid interactions have also been reported to influence the 
distribution of both acidic and basic drugs. For example, recent 
evidence has indicated that some basic compounds, e.g. verapamil and 
disopyramide, preferentially accumulate in tissues with a high content 
of phosphatidylserine, an acidic phospholipid, which may be stereo-
selective /32/. Drug distribution may also be associated with 
metabolism. The /f-enantiomers of a number of 2-arylpropionic acid 
non-steroidal anti-inflammatory drugs (NSAIDs) undergo chiral inver-
sion to yield their cyclooxygenase inhibiting S-enantiomers /33,34/. 
The initial step in the reaction sequence involves the formation of an 
acyl-coenzyme-A (acyl-CoA) intermediate which is stereoselective for 
the (/i)-2-arylpropionic acids, which then undergo epimerization of the 
profen moiety to yield a mixture of both the R- and S-epimers of the 
acyl-CoA derivatives. Hydrolysis of these epimers results in the 
liberation of the free acids (Fig. 5). Acyl transfer of the profen moiety 
from the acyl-CoA to glycerol may also occur in vivo and in vitro, e.g. 
Ibuprofen /35/ and fenoprofen /36/, and results in the formation of 
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hybrid triacylglycerols and the stereoselective accumulation of the 
profen moiety in tissue. Johnson et al. /37/ have reported, in abstract 
form, the quantification of serum 'hybrid' triacylglycerols following 
administration of racemic Ibuprofen to man; the mean areas under the 
serum concentration time curves (AUCs) of the triglycerols ranged 
from 3.5-9.0% of the total Ibuprofen AUCs, with an enantioselectivity 
of 1.7-fold in favour of the Ä-enantiomer derivatives. 

Stereoselective tissue distribution may also occur as a result of 
interactions with tissue uptake transporter systems and storage mecha-
nisms. For example: the blood-brain barrier clearance of (/?)-baclofen 
is four-fold greater than that of the S-enantiomer /38/; the stereo-
selective efflux of (-)- compared to (+)-£- 10-hydroxynortriptyline 
from cerebrospinal fluid of depressed patients /39/; the S-enantiomers 
of the ß-adrenoceptor antagonists, propranolol and atenolol, undergo 
selective storage and secretion by adrenergic nerve terminals in car-
diac tissue /40/; active and passive uptake of L- and D-methyldopa into 
rabbit aqueous humour, respectively /41 /. 

Metabol ism 

Drug metabolism frequently exhibits marked stereoselectivity 
which may be associated with substrate binding and the stereo-
chemistry of the enzyme active site. Alternatively, stereoselectivity 
may be associated with catalysis due to differential orientation, or 
reactivity, of potential target groups with respect to the catalytic site. 
Metabolic stereoselectivity can be associated with: the substrate, 
involving the preferential transformation of one of a pair of enantio-
mers; the product, resulting in the preferential formation of a 
particular stereoisomer of the metabolite; or both the substrate and the 
product, involving the selective metabolism of one enantiomer of the 
substrate to yield preferentially one of a number of possible diastereo-
meric products /42,43/. Examples of stereoselectivity in metabolism 
and the stereochemical outcome of the transformations are presented 
in Table 3. 

Excretion 

Renal excretion is the net result of both passive and active 
processes including glomerular filtration, active secretion and passive 
and active reabsorption. Apparent stereoselectivity in renal clearance, 
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TABLE 3 

Stereoselectivity in metabolic transformations 

Prochiral to chiral transformations: 
Sulphoxidation of Cimetidine to preferentially yield the (+)-enantiomer of 
Cimetidine sulphoxide; enantiomeric composition in urine (+):(-): 71-75:29-25 
/80,81Λ Aromatic oxidation of phenytoin to yield (5)-4-hydroxyphenytoin in 
>90% enantiomeric excess /82Λ 

Chiral to chiral transformations: 
Cytochrome P450 (CYP) 2C9 mediated oxidation of (S>warfarin to yield 
(5)-7-hydroxywarfarin /83/. 

Chiral to diastereoisomer transformations: 
Stereoselective glucuronidation of oxazepam /60/. 

Chiral to achiral transformations: 
Sulphoxidation of omeprazole, mediated by CYP 3A4, to yield the corresponding 
sulphone derivative; intrinsic metabolite formation clearance from (S)-
omeprazole ten-fold greater than that from the Λ-enantiomer /84/. 

Chiral inversion: 
Inversion of chirality of the inactive Λ-enantiomers of the 2-arylpropionic acid 
NSAIDs to their active, cyclooxygenase inhibiting 5-enantiomers, e.g. Ibuprofen, 
fenoprofen /33,34/, and (5)-2-aryloxypropionic acid herbicides to their R-
enantiomers, e.g. haloxyfop /85/. 

particularly with respect to glomerular filtration, may arise as a result 
of selectivity in plasma protein binding. Active tubular secretion 
is thought to be responsible for the differential clearance of the 
enantiomers of a number of basic drugs but the differences between 
enantiomers tend to be relative small, ca 1- to 3-fold, for example 
enantioselectivity: prenylamine, R, 1.3 ml/min; S, 4.0 ml/min /44/; 
chloroquine, (+) unbound clearance 824 ml/min; (-) unbound clear-
ance 519 ml/min /45/; disopyramide, R, unbound clearance 6.26 
ml/min/kg; S, 8.75 ml/min/kg /46/; diastereoselectivity: quinine and 
quinidine 24.7 and 99 ml/min, respectively /47/. 
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Enantiomeric interactions may also occur with those agents which 
undergo active secretion, e.g. administration of increasing amounts of 
(Ä)-ofloxacin to the cynomolgus monkey results in a reduction in both 
the total and renal clearance of the S-enantiomer /48/ which is thought 
to be due to competitive inhibition of the organic cation transport 
system. Interactions with other drugs may also exhibit enantio-
selectivity; for example, probenecid stereoselectively reduces the renal 
clearance of (-)- but not (+)-sultopride on administration of the 
racemic drug to rats /49/. 

Pharmacokinetic parameters 

In comparison to the magnitude of the differences between 
enantiomers in terms of their pharmacodynamic parameters, those 
associated with their pharmacokinetic parameters tend to be relative 
modest, frequently one- to three-fold (see for example the data 
presented in Table 2). However, pharmacokinetic parameters may be 
divided into three levels of organization representing: (1) the whole 
body, e.g. half-life, systemic clearance and volume of distribution; (2) 
organ, e.g. hepatic and renal clearance; and (3) macromolecular, e.g. 
fraction unbound to plasma proteins and intrinsic metabolite formation 
clearance /50/. Those parameters representing the whole body are 
determined by multiple organ parameters, which in turn are deter-
mined by the macromolecular parameters. As a result, the stereo-
selectivity observed in pharmacokinetic parameters may be either 
amplified or attenuated with each level of organization. It is therefore 
possible that a comparison between enantiomers in parameters which 
represent the whole body level of organization may well mask 
significant stereoselectivity at the organ and/or macromolecular level 
1501. For example, the ratio of the half-lives, half-life being a hybrid 
parameter dependent on both systemic clearance and volume of 
distribution, of the enantiomers of propranolol (R/S) is approximately 
~1 and -0.9 following intravenous and oral administration, respec-
tively. The corresponding ratios for the values of clearance and 
volume of distribution are 1.17 and 1.18, which essentially cancel out. 
However, examination of the ratio for fraction unbound yields a value 
of 1.15, and that for metabolite formation clearance for the major 
metabolite, 4-hydroxypropranolol, is 2.51 /40,50/. Similarly the ratio 
(R/S) for the half-life of the enantiomers of warfarin is 1.93, which is 
essentially determined by the difference between the enantiomers in 
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volume of distribution (R/S, 1.83) as the ratio of the clearance values 
(R/S) is 0.95. Examination of the corresponding ratios (R/S) in the 
fraction recovered as the 7- and 8-hydroxy metabolites yields values of 
-0.16 and -152, respectively /50/. 

As a result of stereoselectivity in drug disposition, the plasma 
profiles of the enantiomers of a drug administered as a racemate 
frequently differ, and an examination of plasma concentration-effect 
relationships, or the determination of pharmacokinetic parameters 
based on 'total' drug present in biological samples is essentially 
meaningless or 'sophisticated' nonsense /51,52/. 

This situation is exemplified by an examination of the pharmaco-
kinetic properties of the enantiomers of modafinil following oral 
administration of the racemate. Modafinil is an anti-narcoleptic drug 
used for the treatment of excessive sleepiness, fatigue and lack of 
concentration associated with obstructive sleep apnea/hyponea syn-
drome /54-56/. The drug undergoes stereoselective metabolism such 
that the clearance of the (+)-S-enantiomer (1.4-1.8 ml.min"1.kg"1) 
is approximately three-fold greater than that of (-)-(7?)-modafinil 
(0.43-0.65 ml.min"1.kg"1). This difference in enantiomeric clearance, 
together with the similar volumes of distribution (ca 0.50 l.kg"1), 
results in a terminal half-life for (Ä)-modafinil (t>/2, 10.0-16.0 h) similar 
to the value obtained based on the determination of 'total' drug plasma 
concentrations (ty2, 10.0-17.0 h) /57,58/, such that at 10 h post oral 
administration of the racemate the measured 'total' drug plasma 
concentration is essentially due to the i?-enantiomer /59/. As a result of 
these pharmacokinetic differences the drug has been re-evaluated as a 
single enantiomer product /54,55,59/, undergoing the chiral switch 
process (see below), and the sponsoring company, Cephalon, has 
recently (April 2007) received an approvable letter from the US FDA 
for its new drug application for armodafinil, the single /?-enantiomer. 

In addition to the complexities outlined above relatively little 
information is available with respect to the influence of route of 
administration, formulation and biological factors on the disposition 
and action of the enantiomers of the large number of agents currently 
available as racemates. Examples of what may occur are summarised 
in Table 4. 
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RACEMIZATION IN VIVO 

In addition to the 2-arylpropionic acid NSAIDs /33,34/, cited 
above, other compounds are known to be stereochemically unstable 
and undergo racemization in vivo, e.g. oxazepam /60/ and more im-
portantly the teratogen thalidomide /61/. The stereochemical stability 
of the latter compound is of particular significance as it is frequently 
cited as an example of a compound where the use of a single enantio-
mer would have prevented the tragedy of the 1960s. A study carried 
out in the late 1970s using mice as a test species indicated that the 
teratogenic activity resided solely in the S-enantiomer. However, the 
situation with thalidomide is more complex, as previous studies, in a 
more sensitive test species, New Zealand White rabbits, indicated that 
both enantiomers were teratenogenic 1621. In addition, the drug is 
known to be stereochemically unstable in biological media in vitro 
/63/ and following administration of (/?)- and (^-thalidomide to man 
ca 25% and 43% of the total AUC respectively are due to the 
alternative enantiomer I6\l. Thus stereochemical pharmacokinetic 
studies, in combination with animal studies, indicate that the situation 
with thalidomide is by no means as clear as some of the literature 
would imply and that the drug is not a good example to cite in favour 
of single stereoisomer compounds. 

As a result of the considerations outlined above, together with 
potential adverse reaction and drug safety issues /8/, drug stereo-
chemistry has become the subject of considerable debate and an issue 
for both the pharmaceutical industry and regulatory agencies. 

DRUG REGULATION AND STEREOSELECTIVE PHARMACOKINETICS 

The major regulatory authorities have examined the issues associ-
ated with drug stereochemistry and a number have issued guidelines 
and/or published policy statements. To date none of the agencies has 
an absolute requirement for the development of single isomer pro-
ducts, the choice of material being left to the compound sponsor. 
However, the pre-clinical safety evaluation of a chiral New Chemical 
Entity (NCE) should include pharmacodynamic, pharmacokinetic and 
appropriate toxicological investigations on both enantiomers and the 
racemate. It is obviously necessary to examine the stereochemical 
stability of the drug in vivo to establish whether chemical and/or 
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biochemical mediated inversion of configuration occurs, e.g. the 2-
arylpropionic acid NSAIDs, oxazepam, thalidomide. Such data, the 
extent and rate of inversion/racemization, will have considerable 
impact on the decision to proceed with the development of a single 
enant iomer or racemic mixture. When inversion of chirality does 
occur the stereoisomer formed is treated as a metabolite and, if bio-
logically active, will contribute to the interpretation of the pharmaco-
dynamic and toxicological data. 

With the development of single enantiomer products f rom previ-
ously marketed racemates, the chiral switch process, the regulatory 
bodies permit appropriate bridging studies such that data for the single 
enant iomer may be linked to the original racemate documentation. The 
extent of the bridging studies required will depend on the properties of 
the compound under investigation but with respect to pharmacokinetic 
studies a comparison of the pharmacokinetic profile of the single 
enant iomer fol lowing administration as such and as a component of 
the racemate is required. For example, the bioavailability of the S-
enant iomer of the selective serotonin reuptake inhibitor Citalopram, 
and the active demethylated metabolite, were shown to be bio-
equivalent fol lowing administration of the racemate and the single 
enantiomer, escitalopram. 

STEREOSELECTIVITY AND FORENSIC SCIENCE 

Determinat ion of the enantiomeric composit ion of a drug and/or 
metaboli te in a biofluid provides evidence of the nature of the material 
taken, i.e. single enantiomer or racemate, and thus increases the 
information content of the sample. Analysis of the stereochemical 
composi t ion of amphetamine in the urine of drug abusers taking part 
in a maintenance therapy programme enabled identification of those 
subjects using illicit material, assumed to be racemic, together with 
the prescribed dexamphetamine /64/. Similarly the urinary excretion 
of (7?)-methylamphetamine has the potential to distinguish between 
drug abuse and those using a nasal inhaler, as Vicks inhalers in the 
USA contain the single i?-enantiomer of the drug /65/. 

The illicit recreational use of 3,4-methylenedioxymethampheta-
mine ( M D M A ; Ecstasy) is currently a topic of considerable concern 
due to toxicity, and a number of deaths have been reported. The 
stereoselective disposition of M D M A has been reported following oral 
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administration of a low dose (40 mg) of the racemate to healthy 
volunteers 1661. The oral clearance of the more active S-enantiomer 
was significantly greater than that of (tf)-MDMA (CLorai: R-, 55 ± 32 
1/h; S-, 131 ± 76 1/h) resulting in a shorter half-life (R-, 5.8 ± 2.2 h; 5-, 
3.6 ± 0.9 h), and the urinary recovery of the unchanged drug was 
greater for the i?-enantiomer (urinary recovery of the unchanged drug 
over 24 h: R-, 21.4 ± 11.6%; S-, 9.3 ± 4.9%). As the pharmacokinetic 
properties, and hence plasma profiles, of the individual enantiomers 
differed, the enantiomeric composition of the drug in plasma was 
evaluated as a means of estimation of the time elapsed between 
ingestion of the racemate and sampling. Mathematical modelling of 
the data yielded predicted times in good agreement with actual 
sampling times but some overlap between the predictions at adjacent 
times was observed /66/; however, the developed model was suf-
ficiently accurate to predict within a 6 hour range. Such an approach 
has the potential to provide useful information within certain 
limitations 1661. 

CONCLUDING REMARKS 

As a result of stereoselectivity in drug disposition, pharmacokinetic 
parameters and concentration-effect relationships based on the measure-
ment of 'total' drug plasma concentrations following administration of 
a racemate provide limited and potentially misleading data. It is now 
over 20 years since the publication of the article by the late Professor 
Ariens which referred to the generation of such data as "sophisticated 
nonsense" /51/. A number of years ago it was considered unacceptable 
to calculate pharmacokinetic parameters based on the determination of 
total radioactivity following administration of a radiolabelled drug. 
Similarly, as a result of advances in stereospecific analytical methodo-
logy, it is now, for new compounds at least, considered equally 
unacceptable to determine pharmacokinetic parameters based on the 
'total' drug concentrations following administration of a racemate. 
However, even in the first decade of the 21st century, for a number of 
widely used racemic drugs the only readily available pharmacokinetic 
information continues to be based on flawed data, generated using 
outdated methodologies, where greater than 50% of the potentially 
available information was routinely discarded. That we continue to 
rely on such information is a sad indictment of the 'state-of-the-art'. 
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