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Abstract—The 2-arylpropionic acids are curfently an important group of non-steroidal anti-inflammatory
agents. They contain a chiral centre, and in vitro studies on inhibition of prostaglandin synthesis show
that their activity resides almost exclusively in the S(+)-isomers. However, this stereoselectivity of
action is not manifest in vive, due to the thus-far-unique unidirectional metabolic inversion of the chiral
centre from the inactive R(-—)-isomers to the S(+)-antipodes. Available evidence strongly suggests that
this reaction proceeds via the formation of the acyl CoA thioesters of the 2-arylpropionates, but the
participation of enzyme(s) in the inversion process remains uncertain. Although the chiral inversion is
seemingly a general feature of the fate of 2-arylpropionates, there do occur important combinations of
acid and species where the reaction is not extant. The stereochemistry of the chiral centre of these acids
also influences other aspects of their disposition, including the oxidative metabolism of the aryl/arylaikyl
moiety, glucuronidation of the -COOH group and plasma protein binding, and the importance of certain
of these becomes more evident when renal function is impaired. The biological consequences of the
metabolic chiral inversion and enantioselective disposition of the 2-arylpropionates have been summa-
rized in terms of their implications for the development and use of safer and more effective drugs of
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this class.

Inflammatory diseases of various types commonly
occur in the population and non-steroidal drugs able
to interfere with the inflammatory process are thus
widely used. Currently, the 2-arylpropionic acids or
“profens” are an important group of non-steroidal
anti-inflammatory drugs (NSAIDs), being both
widely prescribed and generally perceived as of con-
siderable benefit in diseases such as arthritis and
rheumatism. Regrettably, there has also been con-
siderable emphasis upon the problem of adverse
reactions to NSAIDs, and a number of these drugs
have been subjected to close scrutiny [1]. Phenyl-
butazone has been withdrawn in many countries, and
even the toxicity of aspirin has been re-evaluated.
Of more recently introduced agents, zomepirac has
been withdrawn due to allergenicity, while various
profens have given rise to major problems, e.g.
benoxaprofen, suprofen and indoprofen.

There is widespread recognition of the value of
metabolic and pharmacokinetic information in aiding
the discernment of mechanisms of drug action, the
establishment of concentration—-effect relationships
and informing safety evaluation. Although con-
ventional metabolic and pharmacokinetic studies of
profens are in general unhelpful in understanding
adverse reactions [2], it has recently become appar-
ent that a consideration of the stereochemical aspects
of their fate can provide notable insights [2-4].

The profens contain a chiral centre, and exhibit
optical activity, and thus exist as pairs of (relatively)
readily separable stereoisomers (Fig. 1). In general,

enantiomers have very similar physiochemical prop-
erties, and it is hard to distinguish them in an achiral
environment [5]. However, when they are allowed
to interact with other chiral centres, it is frequently
the case that such interactions exhibit a high degree
of handedness [5, 6]. The body, of course, provides
an intensely chiral environment in which the great
majority of important processes exhibit stereo-
specificity [6]. Many critical features of the phar-
macology and toxicology of organic compounds arise
from their interaction with highly chiral endogenous
molecules present in receptors, enzymes ete. [7]. It
thus is not surprising that the biological actions of
chiral pharmacologically active molecules reside
partly or exclusively in one of the enantiomers [7].
The more active is often referred to as the eutomer
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Fig. 1. Stereochemical representations (as flying wedge
diagrams) of the R(—)- and S(+)-enantiomers of the 2-
arylpropionic acids.
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Table 1. Stereoselectivity of action of profen NSAIDs at putative sites of action

Eudismic ($/R)

Drug ratio System examined Reference
Ibuprofen 160 PG synthesis inhibition (bovine) 8
Flurbiprofen 878 SRS-A antagonism (guinea pig) 9
Indoprofen ca.100 PG synthesis inhibition 10
Naproxen PG synthesis inhibition

133 {sheep) 11

70 (bovine) 12
Pirprofen 6.4 PG synthesis inhibition (sheep) 11
Carprofen >16 PG synthesis inhibition {sheep) 13

>23 Platelet aggregation 13
Fenoprofen 35 PG synthesis inhibition

(human platelet) 14, 15

and the less active as the distomer, and the eudismic
ratio (i.e. activity ratio) is used to show the mag-
nitude of selectivity of action, which in some cases
is so great as to make the compound’s effects
stereospecific.

The anti-inflammatory actions of the profens, like
other NSAIDs, apparently originate in their ability
to block one or more of the enzymes responsible for
the activation of arachidonic acid to prostaglandins,
leukotrienes and other mediators involved in the
inflammatory process. When the profen enantiomers
are tested for relevant inhibitory actions in vitro, it
is seen that the activities of the profens reside almost
exclusively in their S(+) isomers (Table 1).

It is only very rarely that the stereoselectivity of
action of pairs of enantiomers is identical in vivo and

Table 2. Differential stereoselectivity of action of profen
NSAIDs in vitro and in vive

Eudismic {§/R) ratio

Drug in vitro* in vivo Referencet
Ibuprofen 160 1.3 8
Flurbiprofen 878 8 9
Indoprofen ca. 100 25 10
Naproxen 133 16
70 21

Carprofen >16 13

>23 15
Fenoprofen 35 ca. 1 4,15

* Data from Table 1.
t References to in vivo data.

in vitro. In the whole animal, it is well known that
stereoisomers may differ in terms of their absorption,
distribution, metabolism and excretion, particularly
when these depend upon the interaction of the drug
with chiral macromolecules [6]. These differences
will cause corresponding differences in the con-
centrations of the two enantiomers at their sites of
action, so that the eudismic ratio in vive will differ
from that seen in vitro.

Even in the light of the above, the profens are
unprecedented in that the high degree of stereo-
selectivity of action seen in vitro is very markedly
reduced, and in some cases entirely lost, when the
activities of the enantiomers are compared in whole
animal models of inflammatory disease. Available
data are presented in Table 2.

The resolution of the contradictory findings shown
in Table 2 is obtained by a study of the stereo-
chemistry of metabolism of the Z-arylpropionic acids.
These agents are now well known to undergo an
entirely fortitutious and thus-far-unique metabolic
inversion of the chiral centre with no other covalent
change to the drug [3]. The reaction is apparently
unidirectional, and transforms the R(—)enantiomers
to their S(+)antipodes. The first example of this
reaction is that of ibuprofen, reported first in 1973,
and since then a considerable number of profens
have been shown to undergo this chiral inversion.
In other cases, where definitive experimentation is
lacking, there exists considerable suspicion that
inversion does occur, and it appears that the reaction
is a general one for 2Z-arvlpropionates. A list of those
acids known, or suspected, to undergo this inversion
is presented in Table 3.

Table 3. Chiral inversion of 2-arylpropionic acids from R(~)- to S(+)-enantiomers

Shown with [reference]
2-Phenylpropionic acid [17]
Ibuprofen [3]

Cicliprofen [3]
Benoxaprofen [3]

2-{3-(2-Chlorophenoxypheny!)]propionic acid [18]

Ketoprofen {19]

Suspected for
2-(4-Phenylphenoxy)propionic acid [3]
Indoprofen {3]

Clidanac (3]

Naproxen [3]

Loxoprofen [20]

Fenoprofen [15, 21]
2-(2-Isopropylindan-5-y1)-propionic acid {3]
Thioxaprofene [22]

Carprofen {3]
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MECHANISM OF CHIRAL INVERSION

The inversion of a chiral centre is, in chemical
terms, an energetically demanding reaction, and a
number of possible reaction sequences have been
postulated for the inversion of the profens. On purely
chemical grounds, likely routes [3] could involve
hydroxylation either of the a-methyl group or at the
a-methine proton, yielding in either case an alcohol
which could then dehydrate to give a common a-
methylene intermediate. This in turn could then
undergo a stereoselective reduction to yield a single
isomer of the 2-arylpropionate. It will be apparent
that these various routes represent somewhat
unlikely possibilities for the irn vivo metabolism of a
2-arylpropionate, and we are fortunate in the case
of 2-phenylpropionic acid to have data on the fate
of all three of the putative intermediates [3]. The
two hydroxylated compounds, atrolactic acid and
tropic acid, are both very extensively excreted
unchanged, while the putative a-methylene inter-
mediate, atropic acid, is completely broken down
and no 2-phenylpropionic acid is formed. These data
present very strong evidence that the chiral inversion
of the 2-arylpropionates does not involve oxidative
reactions [3].

A far more plausible reaction mechanism for the
inversion has been proposed by Nakamura et al. [23].
This involves the stereoselective conversion of the
R-enantiomer of the acid to its acyl CoA thioester,
a process which results .n the activation of the a-
methine proton, which is both benzylic and esteratic.
The acyl CoA may then undergo one of three sep-
arate fates, as follows:

(i) racemization of the chiral centre, since the a-
methine proton very rapidly exchanges with protons
from aqueous media: this may or may not involve
enzymic catalysis. The acyl CoA “racemate” so pro-
duced will then hydrolyse to give a mixture of the R-
and S-enantiomers of the parent profen [3];

(ii) hydrolysis with retention of configuration to
yield the original R-2-arylpropionate [3], or

(iii) acyl transfer of the profen moiety into a hybrid
triglyceride, resulting in the retention of the profen
in adipose tissue [24].

The exchange of the alpha-methine proton upon
racemization was shown in the original studies by
the use of specifically deuterated ibuprofen, but since
our first review of the literature [3] no further work
upon the mechanism of chiral inversion has appeared
in the literature.

The stereochemical aspects of the disposition of
ibuprofen into adipose tissue have been reported
[24]. Male Wistar rats were treated chronically with
either RS-, R- or S-ibuprofen (at the same dose level,
20mg/kg i.p. for 7 days) and sacrificed at 20 or
116 hr following the final dose. Samples of fat were
collected, the triglycerides isolated and examined for
ibuprofen enantiomers. The lipid content of ibu-
profen was greatest following administration of the
R-enantiomer and the levels of both R- and S-ibu-
profen were approximately twice those following
administration of the racemate. Only trace quantities
of ibuprofen were detected in lipids following the
administration of the S-enantiomer [24].

The enantiomeric composition of the incorporated
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ibuprofen showed stereoselectivity for the R-enanti-
omer, which is reasonable if the formation of the
CoA thioester is stereoselective/stereospecific for
the R-enantiomer and the rate of inversion is slower
than the rate of incorporation into triglyceride. Mef-
fin and Sallustio (cited in ref. 21) have reported
similar stereospecificity for the incorporation of fen-
oprofen into rat hepatocytes.

In association with the above, it is interesting to
note that fenoprofen and ketoprofen, which together
with ibuprofen, were shown by Fears et al. [25] to
undergo incorporation into triglycerides, have since
been reported to undergo metabolic chiral inversion.
Of particular interest is the similarity between the
ratio of the rate of incorporation of fenoprofen/
ketoprofen into lipid (ca. 8) using rat liver prep-
arations and the ratio of the clearance values for the
inversion process in the rabbit of ca. 12.5 [19, 21].
This similarity may not be surprising because, as
pointed out by Hayball and Meffin [21] the initial
step is formation of the CoA thioester. However,
any relationships between inversion and incor-
poration into lipid based on these figures should be
treated with care due to species differences and in
vivo/in vitro differences.

Until recently the chiral inversion was thought to
be unidirectional, i.e. from R to §. However, Lee et
al. [26] tentatively suggested that the reverse reaction
may occur with ibuprofen in man. More recently
Fournel and Caldwell [17] have shown that S-2-
phenylpropionic acid yields small but significant
quantities of the R-enantiomer in rats.

It has been proposed that the enzyme system
involved in the inversion process is, or is similar to,
methylmalonyl Coenzyme A racemase (EC5.1.99.1)
[26]. Whilst the above is an interesting hypothesis,
problems arise as this enzyme appears to be uni-
directional with respect to S-methylmalonyl CoA,
while the putative enzyme racemizes the acyl CoAs.
Furthermore, this proposal implies that R-CqH,— is
bioisosteric with either —COOH or —COSCoA, for
which there is no precedent. It is important to note
that there is no experimental evidence for the
involvement of this enzyme in the metabolism of
profens.

ANALYTICAL CONSIDERATIONS

A variety of methods have been applied to the
determination of the enantiomeric composition of
profen NSAIDs in biological media. These involve
either the separation of the enantiomers by HPLC
on a chiral stationary phase, or the formation of
diastereoisomers with one enantiomer of a chiral
derivatizing agent followed by the chromatographic
separation of the products. The great majority of
methods reported in the literature involve the for-
mation of diastereoisomeric derivatives (for com-
pilations see Refs. 3 and 27) and chiral HPLC and
GLC columns have not been widely applied to the
profens. In our experience, diastereoisomeric deriva-
tives have proved much more successful than chiral
columns for this purpose [28, 29].

SPECIES OCCURRENCE OF THE CHIRAL INVERSION

Although the metabolic chiral inversion of 2-aryl-
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Table 4. Species occurrence of the chiral inversion of profen NSAIDs

Profen Species References
Ibuprofen Man, rat, mouse, guinea pig 3
Naproxen Rat 3
Clidanac Guinea pig, NOT rat, mouse 3
Benoxaprofen Man, rat 3
Cicliprofen Man, Rhesus monkey, rat, dog 3
2-(2-Isopropylindan-5-yl)

propionic acid Rat 3
Fenoprofen Man, rabbit 15, 21
2-[3-(2-Chlorophenoxy)

phenyl]propionic acid Rat 18
Ketoprofen Rabbit 19
Loxoprofen Rat 20
2-Phenylpropionic acid Rat, rabbit, NOT mouse 17, 31, 32
Thioxaprofene Man, Rhesus monkey, dog, rat 22
Indoprofen Rat, mouse, NOT man? 3,10, 33
Tiaprofenic acid NOT man 34

propionates is to be regarded as a general feature of
the fate of these agents, it must be appreciated that
there are notable instances of the failure of a species
to express this reaction. Table 4 lists the species
occurrence of the chiral inversion of a number of
profens: the failure of inversion of clidanac in the rat
and mouse, of 2-phenylpropionic acid in the mouse
and of indoprofen in man are noteworthy.

In addition, there can occur considerable dif-
ferences between species in the rate of inversion,
presumably reflecting the activities of other com-
peting metabolic and dispositional options for the
molecule in question. In the case of benoxaprofen,
the half-life for the inversion reaction in the rat is
2.5 hr compared with 108 hr in man [3].

STEREOSELECTIVE METABOLISM OF THE PROFENS

Functionalization reactions

In addition to the chiral inversion reaction the
stereochemistry of the “profens” can influence the
routes of metabolism of these drugs. However, this
may be difficult to discern due to the chiral inversion,
as is seen by an examination of the available data on
ibuprofen and its two major oxidative products,
2-[4-(2-hydroxy-2-methylpropyl) phenyl]propionic
acid (I) and 2-[4-(2-carboxypropyl)phenyl]propionic

acid (II). Both of these are dextrorotatory irres-
pective of the enantiomer of ibuprofen administered
[35,36]. The formation of metabolite II introduces
a second chiral centre, which could account for the
observed change in optical rotation from that of the
administered drug. However, this would not account
for the change in optical rotation of metabolite I.
More recent studies by Wechter et al. [37] and Kaiser
et al. [38] indicated an enantiomeric excess of the
S(+)-isomer of metabolite I regardless of the isomer
of ibuprofen administered, but from the results pre-
sented it is difficult to establish whether this is due
to stereoselective oxidation or a result of the chiral
inversion reaction. Indeed it is not beyond the realms
of possibility that the metabolite itself may undergo
chiral inversion, particularly in view of the structural
diversity of the compounds known to undergo this
process (see above).

The situation with metabolite II is made more
complex by the second chiral centre, as it can exist
as 4 isomers, enantiomeric in pairs. Interpretation
of the data is hindered by methodological problems:
neither the original packed column GLC assay of
Kaiser et al. [38] or the more recent capillary GC-MS
procedure of Young et al. [39], allow the resolution of
all four chiral species. The enantiomeric composition
of the metabolite arising from the administration of
R-, §- and RS-ibuprofen is shown in Table 5.

Table 5. Isomeric composition of the major metabolite of ibuprofen (2-[4-(2-carboxy-
propyl)phenyl]propionic acid) excreted in urine of volunteers given different optical
forms of ibuprofen

Form administered

% Metabolite as that isomer

s )
R,S/S.R
R.R

R s,8

R,S/S.R

R.R

)

R,S/S,R

R.R

RS

51
47

33

25
43
44
13

Drawn from Kaiser et al. {38].
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The results are difficult to interpret due to the
lack of resolution of the R,S- and S,R-isoisomers.
However, it seems reasonable to assume that the
R,S-enantiomer is present in vast excess after
administration of the S-enantiomer, compared to its
S,R-antipode. This indicates that the oxidation of S-
ibuprofen to metabolite II is essentially non-stereo-
selective, as similar quantities of the §,8- and R,S-
diastereoisomers are produced. Similar deductions
are not possible following the administration of R-
or RS-ibuprofen, due to the chiral inversion and the
failure to resolve two of the forms of I1.

Fenoprofen undergoes aromatic oxidation yielding
the 4’-hydroxy derivative, which is excreted in urine
as a glucuronide. The enantiomeric composition of
the metabolite in human urine, following adminis-
tration of the racemic drug, has been investigated by
Rubin et ai. [15]. The great majority of the excreted
material was found to have the S-configuration:
indeed GC-MS was required to detect the R-enanti-
omer in some urine samples. A total of 78-86% of
the administered dose was excreted as S-fenoprofen
and S-4’-hydroxyfenoprofen. The significance of the
excess S-enantiomer of the metabolite, in terms of
stereoselective oxidation, is again difficult to deter-
mine as the chiral inversion of R-fenoprofen is
extremely rapid in man [15] and the rabbit [21].

The metabolism of clidanac, an indan-1-carboxylic
acid derivative, has been investigated in the Rhesus
monkey [40]. Its metabolism involves the oxidation
of the cyclohexyl moiety, mainly in the 3 and 4
positions, to yield alcohol and ketone derivatives.
The 4-hydroxy derivatives give rise to geometrical
isomers, i.e. both cis and trans metabolites were
identified. The two 3-hydroxy derivatives identified
were both cis and were diastereoisomers, due to
formation of a new chiral centre in the molecule [40].
In addition, the formation of a mixture of dihydroxy
derivatives was reported, but the stereochemistry of
these was not investigated.

The metabolism of loxoprofen (2-[4-(2-oxo-
cyclopentylmethyl)phenyl]propionate) has been
investigated in the rat, mouse, dog, crab-eating
macaque (Macaca fascicularis) and man [20, 30, 41].
The stereochemical aspects of the metabolism of this
compound are of significance, as in addition to the
chiral inversion in the rat [20], the drug undergoes
reduction of the ketone function to yield the phar-
macologically active metabolite 2-(4-{trans-(1R,25)-
2-hydroxycyclopentylmethyl]phenyl) propionic acid
{41, 42]. In addition to the latter, reduction of the
ketone moiety yields the corresponding cis-alcohol,
which is known to have the S-configuration at the 2-
arylpropionic acid chiral centre and to be “racemic”
at the two chiral centres in the hydroxycyclopentyl
moiety; and a series of three 2,4-diol and two a-ketol
metabolites [41].

Following administration of racemic loxoprofen to
rats, the enantiomeric composition of “unchanged”
drug and the trans- and cis-alcohols in plasma
increased to yield ca. 100% S-enantiomers after 6 hr,
3hr and 5 min respectively [20]. The rapid attain-
ment of plasma enantiomeric “purity” of the cis-
alcohol indicates stereoselective reduction of 25-lox-
oprofen, particularly as this metabolite was not
detected following administration of 2R-loxoprofen.

BF 37:1-H
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The 28-frans-alcohol is a major plasma metabolite
following administration of the racemate or either
enantiomer to rats. Examination of dose-normalized
AUG:s indicated no significant differences in the for-
mation of the active metabolite following the three
forms [20]. An indication of the very rapid chiral
inversion of loxoprofen is given by the detection of
the 2§-parent acid and 2S-frans-alcohol in plasma
within 5 min of the oral administration of the 2R-
enantiomer [20].

An examination of the human urinary metabolites
of racemic loxoprofen indicated the presence of
“unchanged” drug and the cis- and frans-alcohols
[43]. The enantiomeric composition of both the
parent drug and its metabolites indicated a pro-
gressive increase in the proportion with the 2$-con-
figuration, being ca. 100% in a 4-8 hr urine sample
{43], the results indicating the possibie occurrence of
the chiral inversion in man. ‘

Several other profen NSAIDs undergo oxidative
metabolism, e.g. flurbiprofen, indoprofen, pirprofen
and cicliprofen [44], the metabolism of the latter
introducing a second chiral centre into the molecule,
but the stereochemical aspects of these trans-
formations have not been investigated.

As stated previously, the significance of stereo-
selectivity in the oxidative or reductive metabolism
of the profens is difficult to discern due to the meta-
bolic chiral inversion, particularly if the inversion is
rapid, e.g. fenoprofen and loxoprofen, or where
analytical problems arise, e.g. the dicarboxy metab-
olite of ibuprofen. Further complications may arise
if the products of oxidative metabolism also undergo
inversion. The combined effects of the chiral inver-
sion and stereoselective metabolism result, in the
majority of cases examined, in the more rapid clear-
ance of the R-enantiomers [3] except in the case of
tiaprofenic acid [34].

Stereoselective glucuronidation

In general, the principal urinary metabolites of the
profens are their acyl glucuronides and stereo-
selectivity in this reaction has been reported (Table
6). Since glucuronic acid itself is chiral, and has the
f-D-configuration, the conjugates of profens will be
diastereoisomers. Selectivity in the excretion of glu-
curonides appears to be both structure and species
dependent, thus excretion of the S-conjugates is
greater than the R in the cases of benoxaprofen
and ibuprofen in man, 2-phenylpropionic acid in the
mouse, while R > § for fenoprofen and ketoprofen
in the rabbit and R = § for tiaprofenic acid in man
and 2-phenylpropionic acid in the rabbit.

A study [46] of the enantioselectivity of the glu-
curonic acid conjugation of 2-phenylpropionic acid
in rat liver microsomal preparations has yielded some
interesting results, which are summarized in Table
7. Although the V,,,, values for the two enantiomers
are different (R> §), their K,, values are essentially
identical, indicating that the isomers do not differ in
affinity for the conjugating enzyme(s). It seems likely
that the differential orientation of the two enanti-
omers in the active site of UDPGT determines the
ease with which glucuronic acid may be transferred
from UDPGA, and this is reflected in the different
Vomax values.
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Table 6. Summary of the literature on the stereoselective glucuronidation of 2-arylpropionic acids in vivo

Drug
(form
administered) Species Findings Reference
Benoxaprofen Man 20-25% dose recovered in urine over 96 hr as glucs, ratio 45
(racemate) S/R=22
Fenoprofen Rabbit CLy R/§2.12 21
(R, S and RS) Pretreatment with phenobarbitone decreased the ratio to 1.49
Tbuprofen Man % dose excreted as R(—) 1.5; 26
(R and §) §(+)12.5. CLy,. R 1.1 ml/min/S 9.1 ml/min. Ratio S/R = 8.3
Log-linear relationship between fraction inverted and the ratio
of isomeric clearance as glucs
Ketoprofen Rabbit CLy, R/S = 1.43 19
(R and S)
2-Phenylpropionic
acid (hydratropic
acid)
(R,S and RS) Mouse, rat Stereoselective S(+) 17
rabbit Not stereoselective 17
(RS) Rat S(+) gluc excess in bile 31
R(—) gluc excess in urine 31
Tiaprofenic acid Man Urinary recovery of NaOH sensitive material indicates non- 34

(RS)

stereoselective glucuronidation

gluc = glucuronide; CL,,. = clearance of glucuronide.

Although the administration of hepatic enzyme
inducers causes an up-to-three-fold increase in the
overall rate of conjugation of 2-phenylpropionic
acid, the enantioselectivity of glucuronidation
observed in untreated animals is unaltered. This
provides further evidence that the enantioselectivity
arises from the two isomers binding in different ways
to a single UDPGT rather than the two enantiomers
being glucuronidated by different isozymes.

The observed proportions of the diastereoisomeric
glucuronic acid conjugates of a profen in urine may
thus be due to stereoselectivity in their synthesis,
renal clearance and/or hydrolysis [26]. Additionally,
metabolic selectivity in conjugation may influence
the inversion reaction.

It is thus not surprising that there occur dis-
crepancies (often marked) between the enantio-
selectivity of the glucuronidation of profens in vitro,
where the reaction may be examined in isolation,
and in vivo, where a variety of competing metabolic
and dispositional mechanisms, often exhibiting their
own enantioselectivities, are operational.

STEREOQSELECTIVE PROTEIN BINDING OF PROFENS

The profens, like other carboxylic acid NSAIDs
are highly (> 99%) bound to plasma proteins [44].
However, only relatively recently has the ster-
eoselectivity of this binding and its implications for
the therapeutic use of these drugs been examined.

Early studies to demonstrate stereoselectivity of
protein binding used circular dichroism spectra
[47, 48]. Using this technique Rendic et al. [48] found
a stronger interaction of S-ketoprofen with human
serum albumin than its R-antipode, but Perrin [47]
was unable to demonstrate stereoselectivity of fen-
oprofen binding using a similar technique. Hayball
and Meffin [21] believe that binding of fenoprofen
to rabbit plasma is likely to be stereoselective, and
the drug—albumin ratios of 14 used by Perrin [47] are
irrelevant to those found in rabbit plasma (ca. 1 or
less).

In vitro studies on the binding of ibuprofen enanti-
omers to albumin indicated a mean enantiomeric
ratio (S/R) of 1.70 for the free fraction, suggesting
stereoselectivity of binding for the R-isomer, and

Table 7. Enantioselectivity of the glucuronidation of 2-phenylpropionic acid
by rat liver microsomal preparations

Pretreatment S/R (Vo) Extent of induction
Control 0.64 = 0.05* 1.00
Phenobarbitone 0.63 +0.02 2.99
3-Methylcholanthrene 0.60 = 0.09 1.32
Clofibrate 0.70 = 0.15 0.82

* Kinetic constants for glucuronidation in control microsomes were: R(—)
K, 3.90mM; V., 7.24 nmol/min/mg protein; S(+) K, 3.63mM; Vi
4.72 nmol/min/mg protein. Mean = S.D.,,n=35.

Drawn from Fournel-Gigleux er al. [46].
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this may be an important factor in the intra-individual
differences in the kinetics of the drug [49]. The same
group proposed that differences in the pharma-
cokinetics of ibuprofen enantiomers, following their
individual administration and as the racemate, could
be due to enantiomer—enantiomer interactions in
protein binding [26].

A similar enantiomeric ratio {§/R ca. 2) for free
2-phenylpropionic acid in rabbit plasma at steady
state has been reported by Meffin ef al. [32]. In a
more detailed study, the same group examined the
binding of 2-phenylpropionic acid to rabbit albumin
stripped of fatty acids, albumin stripped of fatty acids
to which oleic acid was added and rabbit plasma {50].
The results obtained indicated the presence of two
possible specific binding sites per albumin molecule,
one of which could be blocked by free fatty acids,
in addition to non-specific binding. Binding of 2-
phenylpropionic acid enantiomers at the remaining
specific site was found to be stereoselective for the
R-enantiomer, as was the non-specific binding [50].
The complexity of the situation is increased by the
fact that the binding of either enantiomer reduces
the binding of the other, at least for 2-phenyl-
propionic acid and possibly for other profens, e.g.
fenoprofen {21]. The binding of individual enanti-
omer is further dependent on its plasma concen-
tration, which is constantly changing due to chiral
inversion and other stereoselective metabolism and
disposition processes.

STEREOQSELECTIVE DISPOSITION

The foregoing summaries have documented both
the metabolic chiral inversion of the profens and the
dependence of other routes of metabolism, including
oxidations, reduction and glucuronidation, and
plasma protein binding, upon the configuration of
the chiral centre. These various stereoselectivities,
possibly together with those of other processes not
so far discerned, combine together to result in the
observed stereoselectivity of disposition, with the
inactive R(—)antipodes being more rapidly elim-
inated from the body, with smaller plasma AUCs
and shorter plasma elimination half-lives. This has
been shown to occur with naproxen, carprofen, indo-
profen and ibuprofen {3].

INFLUENCE OF RENAL IMPAIRMENT UPON THE CHIRAL
INVERSION REACTION

In the normal situation, the final step in the elim-
ination of the majority of profen NSAIDs is the
clearance into the urine of their acyl glucuronides.
The overall enantiomeric composition of these
excretion products will be the result of the enantio-
selective glucuronidation of the profen, whose enan-
tiomeric composition will in turn be influenced by
the chiral inversion process. In situations where renal
function is impaired, there will be a reduced clear-
ance of the glucuronides into the urine, and a
phenomenon termed “futile cycling” is observed.
Acyl glucuronides are (relatively) unstable, and can
be hydrolysed in the body both by S-glucuronidases
present in various tissues and spontaneously at the
pH of plasma. The retention and subsequent cleav-
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age of the acyl glucuronides of profen NSAIDs serves
to throw greater emphasis upon the chiral inversion
reaction, the activity of which is unaffected by renal
impairment. In human subjects, this has been shown
by the co-administration of probenecid, an inhibitor
of the renal tubular transport of organic acids, and
benoxaprofen [45]. Probenecid caused a reduction
in the % dose excreted in the urine as the acyl
glucuronides, and changed the enantiomeric ratio of
the excreted acid in favour of the S-isomer, i.e. the
interaction resulted in enhanced chiral inversion.
Meffin and his collaborators [32] have studied the
chiral inversion of the model compound 2-phenyl-
propionic acid in rabbits in which renal impairment
was induced by treatment with uranyl nitrate. In
these animals, there was a 3.5-fold increase in the
fraction of the dose undergoing chiral inversion, as
a consequence of the “futile cycling” of the acyl
glucuronide, which in turn resulted in a 5.7-fold
increase in the unbound plasma concentration of the
free S-enantiomer. Although data on the stereo-
chemical aspects of the disposition of profen NSAIDs
in patients with renal failure are scant at present, it
is of some importance to note that the incidence of
adverse reactions to a variety of these drugs is far
higher in this situation. In this context, it is perhaps
unfortunate that it was not possible to study the
chiral inversion of benoxaprofen in such patients, in
view of their susceptibility to this drug [51].

BIOLOGICAL CONSEQUENCES OF THE METABOLIC
CHIRAL INVERSION AND ENANTIOSELECTIVE
DISPOSITION OF PROFENS

It is well ‘established that the anti-inflammatory
actions of the profen NSAIDs reside in their $-
enantiomers, and thus the metabolic inversion of
their chiral centre from R- to $- and the enantio-
selectivity of other aspects of their disposition
acquire a particular significance. The enantiomeric
composition of the drug present in the body and able
to exert its effects will be constantly changing under
the influence of these processes. The pharma-
cological, toxicological and therapeutic implications
of the chiral inversion and enantioselective dispo-
sition may conveniently be considered under five
headings:

1. Since the major biological activity of these
agents, inhibition of the metabolism of arachidonic
acid to a range of mediators of inflammation, which
underlies their pharmacological activity, resides in
the S-enantiomers. The unidirectional chiral inver-
sion of the R-isomers to their S-antipodes is a form
of metabolic activation of the racemic drug.

2. As well as being responsible for the therapeutic
actions of profen NSAIDs, inhibition of arachidonic
acid metabolism is the cause of certain of the well-
documented adverse effects of this class of drug: this
is especially the case for gastro-intestinal ulceration.
In such cases, chiral inversion will also enhance
toxicity.

3. Although the chiral inversion reaction is appar-
ently a general feature of the metabolism of the 2-
arylpropionates, there are considerable inter-species
differences in its occurrence and rate. Since this
reaction results in the activation of these acids, these
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species differences in the relative proportions of R-
and S-enantiomers present at any given time are
expected to be associated with comparable inter-
species differences in pharmacological and toxic
effects. The occurrence of these species variations
represents a major hindrance to the extrapolation of
biological data from species to species.

4, There is generally a far better correlation
between drug effect and plasma concentration than
between effect and dose. The discernment of plasma
concentration—effect relationships is thus important
both during the development of a drug and for its
optimal therapeutic use. However, in such studies it
is essential that the compound responsible for the
activity is assayed, and in the case of chiral drugs
which exhibit enantioselectivity of action this means
that the active enantiomer must be determined. In
the case of the profens, the occurrence of the chiral
inversion and enantioselective disposition processes
mean that the enantiomeric composition of the drug
is constantly changing, with a progressive enrichment
with the active S-isomer. Unless stereospecific assays
are used for the determination of the plasma con-
centrations of profens, the information obtained can-
not be relied upon. Analytical methods which do not
discriminate between active and inactive isomers,
but merely measure the total quantity present, are
at best of strictly limited value and can give highly
misleading information. Although this matter has
been aired in the literature a number of times in
recent years, with respect to the profens by us [2-4]
and more generally by Ariens [52,53], it is dis-
appointing to note that flawed studies continue to
be peformed and, more worryingly, accepted for
publication.

5. The various points above combine to suggest
strongly that only the S-enantiomers of the profen
NSAIDs should be used in therapy. This would
overcome problems arising from differences in the
rate and extent of the chiral inversion when the
racemic drugs are used, both in terms of the origins of
adverse drug reactions and differences in therapeutic
response. The use of the active S-enantiomers alone
would allow dose reduction, at least in terms of the
total quantity of drug given to the patient, although
the amount of active drug isomer would remain the
same. At best, the R-isomers function as pro-drugs
for the therapeutically active S-forms, which will be
produced in an unpredictable manner. At worst,
the R-enantiomers are undesirable impurities in the
active drug, and may cause difficulties due to non-
stereoselective toxicity, perhaps involving metab-
olism remote from the chiral centre, and/or by unde-
sirable interactions with the S-antipodes.

The use of single enantiomers only would require
the resolution or stereospecific synthesis of profen
NSAIDs, which would represent a not-inconsid-
erable extra expense in the drug development
process. However, it seems reasonable to suggest
that the use of the S-isomers of the profens could
allow the safer and more effective use of this class
of drug. In view of the notoriety of NSAIDs of all
types from the viewpoint of adverse drug reactions,
the extra expense involved in the production of single
enantiomers would be worthwhile if it enhanced their
safety. At the present time, in the U.K. at least, the

J. CALDWELL, A. J. HUTT and S. FOURNEL-GIGLEUX

only 2-arylpropionate NSAID available as the S-
enantiomer is naproxen. It is likely that the next few
years will see the addition of a considerable number
of single profen enantiomers to the therapeutic
armamentarium.

Note added in proof. The attention of interested readers is
drawn to two recent and highly relevant papers from Y.
Nakamura and T. Yamaguchi, “Stereoselective metab-
olism of 2-phenylpropionic acid in rat. 1. In virro studies
on the stereoselective isomerization and glucuronidation of
2-phenylpropionic acid”, Drug Metab Dispos 15: 529-534,
1987, and “Stereoselective metabolism of 2-phenylpro-
pionic acid in rat. II. Studies on the organs responsible
for the optical isomerization of 2-phenylpropionic acid in
vivo”, Drug Metab Dispos 18: 535-539, 1987.
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