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Abstract: Stereoselectivity has been known to play a role in drug action for 100 years or more. Nevertheless, chiral drugs
have been developed and used as racemates, neglecting the fact that they comprise mixtures of two or more compounds
which may have quite different pharmacological properties. A very limited access to pure enantiomers in the past has
been responsible for this unsatisfactory state of affairs. During the last 20 years, significant achievements have made it
possible to perform stereoselective synthesis and analysis. Today, novel chiral drugs are as a rule developed as single
enantiomers. Yet, studies of old racaemic drugs are still designed, performed and published without mention of the fact
that two or more compounds are involved. In recent years, a number of old racaemic drugs have been re-evaluated and
re-introduced into the clinical area as the pure, active enantiomer (the eutomer). While in principle correct, the clinical
benefit of this shift from a well established racaemate to a pure enantiomer often seems to be limited and sometimes
exaggerated. Racaemic drugs with a deleterious enantiomer that does not contribute to the therapeutic effect (the distom-
er), may have been sorted out in the safety evaluation process. However, in the future any pharmacological study of
racaemic drugs must include the pure enantiomers. This will generate new, valuable information on stereoselectivity in

drug action and interaction.

The interaction between a drug and its receptor is a three-
dimensional event. If the drug molecule is chiral, thus form-
ing optically active isomers, this interaction is usually ster-
eoselective. The first definitive example of a difference in
pharmacological action between optical isomers, or enanti-
omers, of a chiral molecule was offered by Arthur Cushny
almost hundred years ago. He showed that the natural, levo-
rotatory alkaloid hyoscyamine was twice as potent as its
racaemic form, atropine, in antagonizing cholinergic stim-
uli. Moreover, Cushny was able to show that endogenous
adrenaline, which is also levorotatory, is twice as potent as
synthetic adrenaline which is racaemic. The dextrorotatory
isomer of adrenaline was much less potent. These and other
fundamental observations were discussed in a monograph
(Cushny 1926). A few years later, Easson & Stedman (1933)
postulated a three-point interaction between a drug and its
receptor to explain stereoselectivity in drug action.

Despite this early understanding of the problem, chiral
drugs were developed and used as racemates throughout the
twentieth century, often on the assumption that only one
enantiomer (the eutomer) is pharmacologically active in rel-
evant doses and that the counterpart (the distomer) is inac-
tive as well as harmless. A major reason for this policy was
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that available synthetic methods yielded racemates and that
full scale production of pure enantiomers was, for technical
and economic reasons, not judged to be feasible. It is true
that with time an increasing number of enantiomer pairs
were resolved on a laboratory scale and the individual phar-
macological properties of the components explored. For ad-
renergic drugs, in particular, significant knowledge on the
relationship between molecular geometry and drug activity
accumulated (Patil ez al. 1975). It became evident that en-
antiomers may differ not only in potency, but that they may
possess quite different pharmacodynamic and pharmaco-
kinetic properties. For the main part, however, pharmaco-
logical and clinical evaluation has been carried out with
racemates, neglecting the fact that the results obtained are
compound effects of two different chemical entities which
may have different biological properties. A rough esti-
mation shows that on an average, less than one of hundred
publications on racaemic drugs contain information on the
separate enantiomers (table 1). Very aptly, Ariéns (1984)
described this unsatisfactory state of affairs as sophisticated
nonsense in pharmacokinetics and clinical pharmacology.
During the past two decades, a significant development in
stereoselective methods of synthesis and analysis has taken
place, followed by a renewed interest in three-dimensional
pharmacology. Thus a series of seven articles on the subject
was published in Trends in Pharmacological Sciences, start-
ing with the origin of chirality in nature (Mason 1986) and
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ending with stereoisomerism and drug action (Lehmann
1986). Stereoselectivity of drug action has been highlighted
also in this journal (Ariéns 1989; Smith 1989), and a com-
prehensive appraisal of enantioselective drug action and dis-
position covering some 70 drugs used as racemates was pre-
sented at about the same time (Jamali et al. 1989). An up-
dated and extensive description of the field has been given
by Eichelbaum & Gross (1996).

The present state of the art is that new chiral drugs as a
rule are developed as pure enantiomers, and that old raca-
emic drugs are being re-evaluated in an effort to find out if
there is anything to gain by a switch from a racemate to
enantiomer. This development is encouraged also from a
regulatory perspective (De Camp 1989). In the rapidly ex-
panding field of three-dimensional pharmacology, two ex-
treme attitudes emerge: ignorance and overstatements. Ig-
norance, because studies on racaemic drugs are still de-
signed, carried out, and published without mention of the
chiral state of the drug under study and without dicussion
of the consequences thereof. Overstatements, because the
real benefit of a pure enantiomer compared to the racemate
of a well-established drug is sometimes exaggerated due to
biassed study design and interpretation of data. To that
comes that even today leading textbooks of pharmacology
usually fail to highlight the problems associated with raca-
emic mixtures. Only when a complex interaction between
the enantiomers of a racemate is known, specific details are
given, and then often in small print. This review will direct
attention to the consequences of a conservative view of chir-
ality in pharmacology. Moreover, the pros and cons for the
development of pure enantiomers of established racemates
in clinical use will be discussed. The nomenclature for
stereoisomers in the literature is not uniform. In this paper
optical activity is noted as (—) and (+) for the levo- and

Table 1.

Enantiomers in the literature. Articles on a number of racaemic
drugs, representative for different therapeutic areas, found in a
medical data base. Number of hits without and with the search term
“enantiomers” added to the drug name. Source: PubMed (June
2003).

Number of hits

Drug name In total Enantiomers Percentage
Amphetamine 17,243 120 0.7
Citalopram* 1,638 39 2.4
Dobutamine 5,157 10 0.2
Halothane 16,500 12 0.1
Ipratropium 1,618 1 0.1
Ketamine* 7,937 70 0.9
Mepivacaine 1,685 14 0.8
Ofloxacin* 4,516 27 0.6
Omeprazole* 5,864 27 0.5
Promethazine 2,473 8 0.3
Propranolol 36,422 221 0.6
Salbutamol* 6,898 62 0.9
Verapamil 19,576 147 0.8
Warfarin 9,505 174 1.8

*Retrospectively developed as single enantiomers.
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dextro-rotatory enantiomers, respectively. When the abso-
lute configuration is known, the designation (R) and (S)
according to Cahn et al. (1956) is used.

Eudismic ratios and enantiomeric purity

From the first observations of differences in pharmacologi-
cal action between enantiomers, the potency ratio between
the more active and the less active enantiomer, the eudismic
ratio, and its meaning has attracted much interest. Thus
Pfeiffer (1956) postulated that the lower the effective dose
of a racaemic drug, the greater the difference in the phar-
macological effect of the optical isomers. Furthermore, a
difference in the eudismic ratio between different tissues was
suggested to be used as a criterion for differentiation of
receptors (Patil 1969). As a matter of fact, the (—)-enanti-
omer of the adrenoceptor antagonist, amosulalol was 48
times more potent than the (+)-enantiomer in blocking B;-
adrenoceptors in the rat heart while it was 14 times less
potent in blocking o;-adrenoceptors in rabbit aorta (Honda
et al. 1986). Thus the eudismic ratio for amosulalol was not
only different for the two receptor types, it was actually
reversed. From this follows that the term eudismic ratio can
be used only in relation to a particular biological action
(Ariéns 1984). However, it is not always recognized that a
true eudismic ratio is critically dependent on the enantiom-
eric purity of the compounds used. Suppose that the dis-
tomer of an enantiomer pair is contaminated with 1% of
the eutomer. Then a eudismic ratio of about 100 will be
obtained, even if the true activity of the distomer is below
the limit of detection. If the true eudismic ratio is low, the
influence of the contaminant is less critical. When the de-
gree of resolution of an enantiomer pair is known, the true
eudismic ratio can be calculated from the experimental re-
sult (Barlow et al. 1972).

Since the enantiomeric purity of the compounds under
study is seldom specified adequately in the literature, pub-
lished data on eudismic ratios must be regarded as tentative
until confirmed by independent laboratories (Waldeck
1993). For example, the first report on the stereoisomers of
the long-acting 3,-selective adrenoceptor agonist, formoter-
ol (which contains two asymmetric carbons), indicated that
the (R;R)-enantiomer was about four times more potent in
relaxing airway smooth muscle than was the (S;S)-enanti-
omer (Murase et al. 1978). With highly purified enanti-
omers of formoterol, a potency difference approximately
thousand times in favour of the (R;R)-enantiomer was ob-
served, and yet it could not be excluded that the activity of
the (S;S)-enantiomer was due to residual traces of the eu-
tomer (Trofast et al. 1991). This latter study also showed
that the diastereomers, (R;S)- and (S:R)-formoterol (not
present in the pharmaceutical formulation) are mutually
equipotent although less potent than (R;R)-formoterol. Ob-
viously, eudismic ratios for closely related compounds may
be quite different. Some compounds have a labile chiral
centre and may undergo interconversion (Testa ef al. 1993).
Enantiomers of such compounds may be difficult to obtain
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and maintain in pure form. Consequently, analysis of their
stereoselectivity in action will be complicated as will be dis-
cussed below.

Old chiral drugs in current pharmacological research

Established chiral drugs in clinical use, developed as race-
mates, are currently subject to research, either to elucidate
further their mechanism of action or their usefulness as
tools in experimental pharmacology. It is disappointing to
find that few of the recent investigations appear to include a
study of the enantiomers separately. In this way, important
information may be lost. For example, the interaction be-
tween the glucocorticoid budesonide and the B,-adrenocep-
tor agonist formoterol was studied in cultures of human
bronchial smooth muscle cells using highly advanced mol-
ecular techniques such as Western blotting, DNA mobility
shift assay, and a luciferase reporter gene assay (Roth et
al. 2002). In support of the beneficial effect of this drug
combination in asthma (Pauwels er al. 1997) it was found
that the combination of these two antiasthma drugs in low
concentrations resulted in a synchronised activation of tran-
scription factors and an enhanced antiproliferative effect
(Roth et al. 2002). In this otherwise very elegant study no
reference to the racaemic nature of formoterol (two enanti-
omers) and budesonide (two epimers) was made. In fact,
what the authors observed was the interaction between
four, not two, different molecules. Control experiments with
the individual stereoisomers would have been a very wel-
come contribution to the ongoing debate on possible
counterproductive and proinflammatory effects of (S)-en-
antiomers of bronchodilating [,-adrenoceptor agonists
(Handley e al. 1998a; Waldeck 1999), a subject in which
also formoterol has been implicated (Schmidt es al. 2000;
Handley ez al. 2002).

Salmeterol, another long-acting B,-adrenoceptor agonist,
is perhaps the last member of this class of drugs which from
the beginning was developed as a racemate. For this com-
pound there is very extensive documentation, but only
scanty information on the effects of the individual enanti-
omers is given (Johnson 1995). Also with this drug we see
an uncritical use of racemates in advanced molecular bi-
ology. In an attempt to prove the exosite binding hypoth-
esis, explaining the long duration of action of salmeterol,
site-directed mutation of the B-adrenoceptor in combi-
nation with radioligand binding assays was used (Green et
al. 1996). While the changes in the B-adrenoceptor amino
acid sequences were properly described, there was no con-
sideration of the fact that the drug being studied was a race-
mate. Moreover, the reader is left in the dark whether the
ligand, '*I-labelled cyanopindolol, the reference com-
pounds isoprenaline, adrenaline and noradrenaline and the
antagonist propranolol, all chiral drugs included in the
study, were racaemic or single enantiomers.

The list of publications overlooking stereoselectivity in
drug action could be made long, but one more example may
suffice. Multidrug resistance protein (MRP) 3 transports
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i.a. conjugated xenobiotics from cells into the blood. Very
recently, it was reported that in liver tissue taken from pa-
tients treated with the proton pump inhibitor, omeprazole,
there was a five times higher MRP3 protein expression com-
pared with the rest of the population (Hitzl et al. 2003).
Furthermore, the authors showed that there was a signifi-
cant induction of MRP3 mRNA and protein in HepG2 cells
incubated with omeprazole for 48 hr. There was no refer-
ence to the fact that omeprazole is a racemate and that its
metabolism is stereoselective (Abeld et al. 2000; Andersson
et al. 2001). Since the isomer with the more favourable
pharmacokinetic properties, (S)-omeprazole, is now in clin-
ical use (Lindberg et al 2003), it would be pertinent to
know if the induction of MRP3 mRNA and protein by
omeprazole is also stereoselective.

Almost two decades have elapsed since Ariéns (1986)
stated: Neglect of stereochemistry results in the collection of
senseless data and the drawing of misleading conclusions —,
and he added: If studies on racaemic mixtures are presented,
at the very least it should be announced that the therapeutic
agent etc. discussed is composed of two or more isomers to
be regarded as different compounds each of which has its own
specific properties. It is obvious that authors, peer referees
and editorial boards of scientific journals alike have not
fully adopted this simple message in practice. There may
be reasons to carry out certain documentative studies with
racemates, but any study of explorative character should
include the pure stereoisomers whenever possible. The per-
sistent reluctance to comply with basic principles of phar-
macology regarding racemates is difficult to understand.
One possible factor may be that pure enantiomers of chiral
drugs, marketed as racemates, are only occasionally freely
available. Among companies producing well established
racemates, there may be a hesitation to find out what is
hidden behind the compound effect of the drug in question,
particularly if the product is regarded as safe and efficient.
However, to supply independent pharmacologists with pure
enantiomers for scientific purposes would be a very wel-
come initiative from the manufacturers of racaemic drugs.
Few academic laboratories have the resources necessary to
conduct such studies without external support.

Classical delusions

Thalidomide and the problem with interconversion.

Thalidomide was introduced as a relatively safe sedative
agent in the late fifties, but soon thereafter it was withdrawn
because it caused serious foetal malformations. Since thal-
idomide is a racaemic mixture of two enantiomers, the ques-
tion arose whether the catastrophy could have been avoided
by using a single enantiomer of the drug, devoid of terato-
genic effect. The first study addressing this problem, using
oral administration to rabbits and mice, showed that both
enantiomers were equally teratogenic and had the same
sedative effect (Fabro et al. 1967). A subsequent study, with
chromatographically purified enantiomers, showed that (S)-
(-)-thalidomide, but not (R)-(+)-thalidomide, caused dose-
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dependent teratogenicity in both rats and mice when given
intraperitoneally (Blaschke er al. 1979). This study has
given rise to the belief that the tragedy with thalidomide
might have been avoided if only the pure (R)-enantiomer
had been used (Smith 1989). More recent research has con-
firmed that in man, the sedative effect is related to the blood
concentration of (R)-thalidomide (Eriksson er al 2000).
However, the enantiomers of thalidomide undergo rapid in-
terconversion in biological media as shown in vitro as well
as in vivo (Knoche & Blaschke 1994; Eriksson et al. 1995).
This makes determination of enantioselectivity in action al-
most impossible. Rapid interconversion, more pronounced
after oral than after intraperitoneal administration, may ex-
plain the different outcomes of the two teratogenicity
studies referred to above. Therefore, the teratogenic effect
of thalidomide could not have been avoided by using pure
(R)-thalidomide.

While totally excluded as a sedative, thalidomide has at-
tracted interest for its anti-inflammatory properties, first
demonstrated in the treatment of erythema nodosum lepro-
sum (Sheskin 1965). It goes without saying that the drug
is absolutely contraindicated in women in fertile age. The
antiinflammatory properties of thalidomide appear to be
associated with its ability to inhibit the release of tumour
necrosis factor o as demonstrated in stimulated human
monocytes (Sampaio et al. 1991). Later work has indicated
that this effect is linked to (S)-thalidomide (Wnendt et al.
1996). Since rapid interconversion of thalidomide enanti-
omers makes an estimation of the degree of stereoselectivity
unreliable, these authors supported their conclusion with
data obtained on the enantiomers of stable, methylated de-
rivatives of thalidomide. With a pure enantiomer of a stable
analogue of thalidomide it might be possible to separate
the antiinflammatory effect from the sedative effect, now
regarded as a disturbing side effect.

The “classical” [§;-adrenoceptor agonist dobutamine.

Dobutamine is a catecholamine derivative, developed as a
cardiotonic agent in the form of a racemate. It was early
regarded as a Pi-selective adrenoceptor agonist due to its
ability to selectively increase the force of the heart in vivo
(Tuttle & Mills 1975). However, the B-selectivity of dobuta-
mine was soon questioned. Detailed analysis on tissues in
vitro showed that this compound was active also on f,- and
a-adrenoceptors, and it was concluded that f-adrenoceptor
classification with dobutamine is a theoretically unsound
practice (Kenakin 1981). This warning, based on data ob-
tained with racaemic dobutamine, was strongly underlined
when it was found, in vitro as well as in vivo, that the (+)-
enantiomer is a relatively unselective [-adrenoceptor
agonist with an antagonistic effect at o;-adrenoceptors. The
(-)-enantiomer of dobutamine, on the other hand, was
about ten times less active as a f-adrenoceptor agonist but
had a strong partial agonistic effect at o,-adrenoceptors.
This agonistic effect prevailed over the competitive antago-
nism exerted by the (+)-enantiomer in the racemate (Ruf-
folo et al. 1981; Ruffolo & Yaden 1983; Vidal-Beretervide
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1991). To this comes that the (+)-enantiomer of 3-O-
methyldobutamine, a significant metabolite of dobutamine,
behaves as a potent o-adrenoceptor antagonist (Ruffolo et
al. 1985). Thus the purported B;-selectivity of dobutamine
stems from a complex interaction between two enantiomers:
stimulation of o4- and PB;-adrenoceptors in the heart in-
creases the force in a synergistic way while o;-adrenoceptor
mediated constriction in peripheral vessels is nullified by
relaxation via B,-adrenoceptors (Kenakin 1981; Ruffolo &
Messick 1985).

In spite of this well-documented knowledge, racaemic do-
butamine has remained the standard tool for classifying [3-
adrenoceptors. A closer look at some of the investigations
on dobutamine published during the last year will illustrate
the unsatisfactory state of the art. In a study on B-adrenerg-
ic effects on insulin signaling in adipocytes from fs-adreno-
ceptor “knock-out mice”, dobutamine was used as “the
classical PBj-adrenoceptor agonist” (Jost et al. 2002). Fur-
thermore, dobutamine was employed to investigate the
mechanism of adrenergic inhibition of catecholamine secre-
tion from trout cromaffin cells in vitro (Montpepit & Perry
2002) and to test “the hypothesis that nitric oxide has a
positive inotropic effect on mammalian cardiac muscle con-
tractility and that this effect sums with the positive inotrop-
ic effect of B;-adrenergic agonists when both are present”
(Reading & Barclay 2002). None of these authors appear to
have considered the chiral nature of dobutamine. Indeed,
the effects observed might result from a mixed action of two
enantiomers on a- and B-adrenoceptors. It is the responsi-
bility of referees and editors to prevent misconceptions like
the B-selectivity of dobutamine from being perpetuated.

Labetalol, a drug that blocks both a- and f-adrenoceptors.

Labetalol was originally introduced as a drug that blocks
both a- and B-adrenoceptors with the understanding that
both properties reside in the same molecule (Brittain &
Levy 1976; Weiner 1980). This was a remarkable new find-
ing since antagonists selective for a-adrenoceptors known
at that time did not block B-adrenoceptors and vice versa
(Weiner 1980). However, labetalol has two chiral centres
and consists of an equal mixture of four stereoisomers.
When all four isomers were examined, it appeared that the
non-selective inhibitory effect at f-adrenoceptors resides in
the (R;R)-isomer while the (S;R)-isomer is largely respon-
sible for antagonism at o,-adrenoceptors (Brittain et al.
1982). The two remaining isomers were weaker as inhibi-
tors. It was concluded that the adrenoceptor blocking pro-
file of labetalol is not attributable to the properties of any
individual stereoisomer; instead each of the stereoisomers
contributes to the overall effect of labetalol.

The pure (R;R)-enantiomer of labetalol, given the generic
name dilevalol, was later found to possess partial agonist
activity at P,-adrenoceptors (Wallin & Frishman 1989).
While dilevalol had the advantage of not producing pos-
tural hypotension, it never reached the market owing to
hepatoxicity not seen to the same extent with labetalol
(Tucker 2000). So it came that labetalol continued to be
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marketed as a racaemic mixture of four stereoisomers. As
a matter of fact, it comprises a fixed ratio mixture of four
drugs with one fourth each. It is unknown whether this
given ratio is optimal for a well balanced hypotensive effect.

Development of single enantiomers from established
racemates

The progress made in chiral synthesis and analysis has lead
to a re-evaluation of many old racaemic drugs. From a theor-
etical point of view it would be favourable to develop single
enantiomers of all chiral drugs in clinical use thus avoiding
superfluous drug load, potential adverse effects and complex
pharmacokinetics (Ariéns 1984). This is, however, a simplis-
tic view because many factors must be taken into consider-
ation. Firstly, chiral compounds may be subject to spon-
taneous or biological interconversion as exemplified by thal-
idomide (Eriksson et al. 1995). Secondly, both enantiomers
may contribute to the therapeutic effect in a concerted way as
is the case for dobutamine discussed above (Ruffolo & Mes-
sick 1985). In those cases there is no reason for the develop-
ment of single enantiomers. Finally, the use of the pure, active
enantiomer must offer a clinically significant advantage to
the established racemate to justify the cost of development
and a higher price. Such advantages may be a higher efficacy,
elimination of adverse effects, or improved pharmacokinetic
properties. With these considerations in mind, the enanti-
omers of a number of old racaemic drugs have been subject
to a closer examination. A few of them have been developed
and launched as pure enantiomers (Tucker 2000). On the
whole, a conspicuous improvement in efficacy or safety is sel-
dom seen when the pure eutomer is compared to its racemate.
Probably, racaemic drugs with a detrimental distomer may
have been sorted out in the drug evaluation process before
they reached the market. Two examples from different thera-
peutic areas will be given below to illustrate possible improve-
ments in pharmacodynamic and pharmacokinetic properties
achieved with a pure enantiomer.

Levalbuterol

Bronchodilating B-adrenoceptor agonists have been de-
veloped and used as racemates throughout the 20th century.
Whenever tested it has been found, with few exceptions,
that the (R)-enantiomer of B,-agonists is the carrier of the
pharmacological activity and that the (S)-enantiomer is vir-
tually inactive in therapeutic concentrations (Waldeck
2002). In recent years, based on some observations in
guinea-pigs challenged with histamine (Sanjar & Morley
1988; Mazzoni et al. 1994), the suspicion has been raised
that the (S)-enantiomer of B-agonists may not be inactive
but rather induce airway hyperreactivity, eventually con-
tributing to increased morbidity and mortality in patients
with asthma (Handley ez al. 1998a). This suspicion, backed
up by the finding that (S)-salbutamol is metabolized and
eliminated more slowly than (R)-salbutamol (Walle et al.
1993; Boulton & Fawecett 1996), has led to the development
of levalbuterol (Handley ez al. 1998b), the pure (R)-enanti-
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omer of salbutamol which is now on the market. It has been
claimed that levalbuterol when inhaled is about four, rather
than the expected two, times more potent as a broncho-
dilator compared to the racemate, and that it has an im-
proved safety margin (Nelson ez al. 1998). This statement
could not be confirmed when a full dose-response relation-
ship for inhaled (R)-salbutamol and the racemate was ob-
tained in asthmatic patients (Lotvall er al. 2001). In this
study (R)-salbutamol was twice as potent as the racemate,
for bronchodilation and systemic effects as well, while the
(S)-enantiomer was inactive. When all available data are
taken together, there is to date little to support a clinically
significant advantage of levalbuterol over the well-estab-
lished racemate (Waldeck 1999; Ahrens & Weinberger
2001).

(S )-Ketamine

Ketamine, a phencyclidine derivative in racaemic form, has
been used for the induction and maintenance of anaesthesia
for more than 30 years. There are numerous publications
on the enantiomers of this compound, and it was early rec-
ognized that (S)-(+)-ketamine is the more potent of the two
as an anaesthetic agent and that it may have less pro-
nounced side effects, such as emergence delirium, compared
to (R)-(-)-ketamine (White et al. 1982). Moreover, (S)-keta-
mine was four times more potent than (R)-ketamine as an
analgesic agent in human volunteers, a difference which
correlated positively with the relative affinity of the enanti-
omers for phencyclidine binding sites associated with the
N-methyl-D-aspartate (NMDA) receptor operated ion
channel (Klepstad er al. 1990). In support of blockade of
NMDA receptors as a mechanism for the anaesthetic effect
of ketamine, it was also found that (S-)-ketamine was twice
as potent as (R)-ketamine in blocking voltage- and use-de-
pendent NMDA receptor currents in cultured rat
hippocampal neurones (Zeilhofer et al. 1992). However,
pure (S)-ketamine did not fully meet the expectations of an
improved side-effect profile since it also caused some of the
well-known psychotomimetic effects seen with the racemate
(Engelhardt 1997; Persson et al. 2002). This is not due to
an interconversion since no (R)-ketamine was detected in
plasma after administration of (S)-ketamine (Ihmsen et al.
2001).

Furthermore, (S)-ketamine appears to be eliminated
more rapidly as a single enantiomer than as a component
of the racemate since (R)-ketamine inhibits the elimination
of (S)-ketamine (IThmsen et al. 2001). Thus the recovery time
after (S)-ketamine may be shorter than after the racemate,
a favourable property of an anaesthetic agent. Ketamine
has also a bronchospasmolytic component which may be
helpful in patients with hyperreactive airways (White et al.
1982). In order to find a mechanistic explanation for the
bronchospasmolytic property of ketamine, experiments on
isolated airway smooth muscle preparations have been per-
formed. However, these attempts produced conflicting re-
sults favouring either the (S)-enantiomer (Hirota et al
1996) or the (R)-enantiomer (Pabelick ez al. 1997) and a
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direct relaxing effect was observed only in concentrations
approaching 1 mmol/l. On the whole, most data on the en-
antiomers of ketamine argue in favour of using pure (S)-
ketamine rather than the racemate.

New chiral drugs in development

With the growing awareness of the significance of chirality
in pharmacology and with the achievements made in chiral
synthesis and analysis, new drugs are as a rule developed as
single isomers. Sometimes problems with racaemic mixtures
are best avoided by developing achiral compounds. This
was apparently the case with AR-C68397AA, a dual B,-
adrenoceptor and dopamine D,-receptor agonist (Bonnert
et al. 1998). Among the emerging new chiral drugs two cate-
gories may be discerned, new chemical entities belonging to
an established class of drugs and those comprising a quite
novel class based on new discoveries in pathophysiology.
Since the improvement gained by producing a single enanti-
omer from an established racemate in most cases is limited,
the development of a congener with significantly improved
pharmacodynamic or pharmacokinetic properties may
sometimes be a better option.

New drugs of an old class.

TA-2005 is a highly selective, potent and long-acting f3,-
adrenoceptor agonist with a fast onset of action (Kikkawa
et al. 1991; Voss et al. 1992). Chemically, TA-2005 is the
pure (R;R)-enantiomer of a carbostyril derivative of formo-
terol. In early clinical trials on patients with asthma, inhal-
ation of as little as 3 pg TA-2005 produced an efficient
bronchodilation lasting for more than 24 hr, thus allowing
once daily dosing (Voss 1994). Clinical studies now appear
to be in progress and it will be interesting to find out
whether, in addition to a longer duration of action, TA-
2005 may have also an improved safety margin compared
to formoterol. Ropivacaine, a long-acting local anaesthetic
agent, is another example of a new chemical entity of an
old class of drugs. From the beginning it was developed as
the pure (S)-enantiomer on the premise that the (R)-enanti-
omer has a higher cardiotoxicity than the (S)-enantiomer as
is the case for the structural analogue, bupivacaine (McClel-
lan & Faulds 2000).

New drugs of a novel class.

Inhibitors of angiotensin-converting enzyme were de-
veloped as novel anti-hypertensive agents following the dis-
covery of bradykinin-potentiating factors in the 1960’s. The
first of them to reach the market was captopril (Cushman
et al. 1977), soon followed by a number of congeners such
as enalapril and ramipril, all with two or more chiral centres
and developed as single enantiomers (Jackson 2001). An-
other novel class of drugs is the leukotriene receptor anta-
gonists. They emerged from the discovery that the elusive
compound, the slow-reacting substance of anaphylaxis
(SRS-A), consists of a mixture of leukotrienes (Samuelsson
1997). This discovery initiated a number of projects leading
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to selective leukotriene receptor antagonists (Bernstein
1997). Among the first of them appear to be zafirlukast
(Krell et al. 1990) and montelukast (Jones er al. 1995).
While zafirlukast is achiral, montelukast has one centre of
asymmetry and has been developed as a single enantiomer.

Concluding remarks

In the past, the vast majority of investigations in pharma-
cology describe racaemic drugs as if they were defined single
molecules. This dubious practice, extending even to stan-
dard textbooks, reveals a remarkable ignorance since
knowledge about stereoselectivity in drug action has been
available for more than hundred years. The reason for this
apparent inconsistency may be found in the poor availabil-
ity of pure enantiomers of drugs used as racemates. With
the recent development in stereoselective synthesis and
analysis, this excuse is no longer acceptable. Whenever the
pharmacology of a racaemic drug is being explored, the
pure enantiomers should be included in the study. This
would generate new valuable information since there is a
marked paucity of data in this area. New chiral drugs
should be developed as single enantiomers. Old racaemic
drugs must be reevaluated and supplied as pure active en-
antiomers if proven to offer clinical benefits.
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