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Stereoselective disposition of ibuprofen enantiomers in man

E. J. D. LEE', K. WILLIAMS2, R. DAY2, G. GRAHAM2 & D. CHAMPION2
'Department of Pharmacology, Faculty of Medicine, National University of Singapore, Singapore and
2Departments of Clinical Pharmacology and Rheumatology, St Vincent's Hospital, Sydney, New South Wales,
Australia

1 This study has examined the stereoselective disposition of the enantiomers of ibuprofen
in four healthy male subjects following separate administration of racemic ibuprofen
(800 mg) and of each enantiomer (400 mg).
2 A mean of 63 + 6% of an administered dose of R(-) ibuprofen was stereospecifically
inverted to the S(+) enantiomer. There was no measurable inversion of the S(+) to R(-)
ibuprofen. The kinetics of the individual enantiomers were altered by concurrent admin-
istration of the respective optical antipode. It is likely that this change reflects an
interaction between the enantiomers at plasma protein binding sites.
3 It was found that formation of ester glucuronide conjugates stereoselectively favoured
the S(+) enantiomer.
4 The data have demonstrated that the pharmacokinetics of ibuprofen and other a-
methylarylacetic acids cannot be interpreted adequately without studying the pharmaco-
kinetics of the individual enantiomers.
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Introduction

Anti-inflammatory analogues of a-methylaryl-
acetic acid exhibit optical isomerism. These
compounds show clear stereospecificity in their
pharmacodynamic properties in that only the
S(+)-enantiomers inhibit prostaglandin syn-
thesis (Adams et al., 1976; Fried et al., 1973;
Gaut et al., 1975; Kuzuna et al., 1975; Shen &
Winter, 1977). However, except for naproxen
these drugs are utilised clinically as their race-
mates.
Where pharmacokinetic studies have been

undertaken, these have generally been with
measurements of total drug as distinct from
measurement of individual enantiomers. This is
unsatisfactory as total drug kinetics give no insight
into the stereoselective mechanisms underlying

the disposition of individual enantiomers. The
situation is further complicated by the in vivo
stereospecific inversion of the inactive R(-)
enantiomers of a number of these compounds to
their active optical antipode (Bopp et al., 1979;
Goto et al., 1982; Kaiser et al., 1976; Lan et al.,
1976; Tamura et al., 1981). To date, few studies
have examined either the differential kinetics of
the individual enantiomers of these drugs or the
magnitude of this inversion reaction.
Our study with ibuprofen was designed firstly

to demonstrate and quantify the inversion of the
R(-) to S(+) enantiomer in man, and, secondly,
to examine the stereoselective characteristics of
the disposition of both enantiomers in terms of
their clearances and volumes of distribution.
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Methods

This study was performed in four healthy male
volunteers. The age range was 31-45 years. Each
subject was studied after single oral doses of 400
mg S(+) ibuprofen [S(+)I], 400 mg R(-)
ibuprofen [R(-)I] and 800 mg racemic ibuprofen
[Rac I]. The purity of the individual isomers had
been established to be > 97% by h.p.l.c. assay
(Lee et al., 1984). The subjects were required to
fast overnight and up to 4 h after each dose. All
doses were in the form of dilute alkaline solu-
tions and were followed by 250 ml of water. The
order in which the doses were administered was
randomised and a 1 week break was observed
between any two doses.
Venous blood samples were collected via an

indwelling canula into heparinised tubes at the
following times: 0, 0.25, 0.5, 0.75, 1, 1.25, 1.5,
1.75, 2, 2.5, 3, 4, 5, 6, 8, 10, 12 and 14 h. In all
cases, blood samples were separated immediately
and the extraction of the plasma component was
carried out within 24 h of collection.

Urine samples were collected by spontaneous
voiding after regular intervals up to 14 h after
drug ingestion. Aliquots were stored at -20°C
for later analysis.
Plasma samples were assayed for the indivi-

dual enantiomers of ibuprofen by a previously
reported method (Lee et al., 1984) and required
the esterification of the enantiomers with S(+)-
2-octanol. The diastereomers were subsequently
chromatographed by h.p.l.c. utilising two silica
columns in series and 0.05% isopropanol in
heptane as the mobile phase. Urine samples
were assayed similarly after acid hydrolysis.
Acid hydrolysis was carried out by incubating 1
ml urine with 1 ml 3N hydrochloric acid at 100°C
for 60 min. The resultant mixture was then
extracted and treated as for the plasma samples.
The terminal half-lives were calculated after

non linear regression of all data points after 8 h.
The area under the concentration time curves
(AUC) for each profile obtained was calculated
by the trapezoidal rule with extrapolation to
infinity from the last data point. In general, the
extrapolated area was less than 2% of the total
AUC. Apparent oral clearances of each isomer
were calculated by dividing the administered
dose of that enantiomer by its respective AUC.
In each case availability was assumed to be com-
plete. The volume of distribution at steady state
(V,s) was calculated by moment analysis (Perrier
& Mayersohn, 1982), with the assumption that
the rates of oral absorption were sufficiently
large so as to negate the end term in the
expression:

F.Dose.AUMC F.Dose
=s AUC2 ka.AUC

where F = availability, AUMC = area under the
moment curve, ka = rate constant for absorption.
The fraction of an administered dose of R(-)I

that was inverted to S(+)I was estimated follow-
ing the principles discussed by Pang & Kwan
(1982). The expression used was:

Fraction inverted (f) AUCs(+)I.Dose S(+)I
AUCs+I.Dose R(-)I

where AUCR(()i and AUCs()) are the AUCs of
S(+)I after administration of R(-)I and S(+)I
respectively. DoseR(,)I and Dose s(+)I are the
oral doses of R(-)I and S(+)I respectively.
The amount of each enantiomer measured in

the urine after acid hydrolysis was summed over
the entire collection period and was subsequently
expressed as the percentage of administered
dose excreted as conjugates. When the fraction
of the administered dose for each enantiomer
was multiplied by its respective apparent oral
clearance, a value was obtained that was taken
to represent the clearance by glucuronidation.

Results

Typical plasma concentration profiles of the
individual enantiomers following administration
of R(-)I, S(+)I and Rac I, respectively are
reproduced in Figure 1. In all instances, absorp-
tion was rapid with peak drug concentrations
occurring at either the first (15 min) or second
(30 min) sample. Following administration of
Rac I, S(+)I concentrations were observed to
decline more slowly than that for R(-)I. Sub-
stantial amounts of S(+)I were detectable
following administration of R(-)I, wheareas
only negligible amounts of R(-)I were found
after administration of S(+)I.
The pharmacokinetic parameters of the in-

dividual enantiomers following administration
of each enantiomer and Rac I are shown in
Table 1.
The mean AUC for R(-)I and S(+)I follow-

ing administration of Rac I was 82.3 and 128.3
,ug ml-' h, respectively and are consistent with
values obtained in other studies measuring total
ibuprofen levels (Gillespie et al., 1982; Juhl et
al., 1982; Lockwood et al., 1983). In all four
subjects, the AUC of R(-)I obtained after
administration of Rac I was less than that
obtained when the same amount of R(-)I was
given individually (paired t-test; P < 0.05).
Consequently, apparent oral clearance of R(-)I
was greater in all subjects when R(-)I was
administered as part of the racemate. Similarly
the AUC of S(+)I (128.3 ± 28.5 ,ug ml-' h)
obtained after administration of Rac I was less
than predicted by summing the AUC of S(+)I
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Figure 1 Plasma profiles of R(-)I (0) and S(+)I (-) after oral administration of (a) 800 mg Rac I (b) 400
mg S(+)I and (C) 400 mg R(-)I for subject 2.

Table 1 Pharmacokinetic parameters for R(-)I and S(+)I

Subjects
1 2 3 4 Mean s. d.

AUC (,ug mt' h)
a. R(-)I after R(-)I 99.3 86.9 131.2 86.6 101.0 20.9
b. S(+)I after R(-)I 55.9 54.8 84.0 42.5 59.3 17.5
c. R(-)I after Rac I 82.8 69.7 120.9 55.9 82.3 27.9
d. S(+)I after Rac I 141.7 109.2 161.8 100.7 128.3 28.5
e. S(+)I after S(+)I 97.4 86.8 118.6 69.4 93.1 20.6

Clearance (mllmin)
f. R(-)I after R(-)I 67.1 76.7 50.8 77.0 67.9 12.3
g. S(+)I after S(+)I 68.4 76.8 56.2 96.0 74.4 16.7
h. R(-)I after Rac I 80.5 95.6 55.2 119.3 87.6 26.9

Vss(1)
i. R(-)I after R(-)I 9.6 9.1 10.2 10.2 9.9 0.62
j. S(+)I after S(+)I 9.4 10.7 9.4 12.6 10.5 1.49
k. R(-)I after Rac I 11.0 11.3 9.2 14.5 11.5 2.25

Terminal half-life (h)
a. R(-)I after R(-)I 2.22 1.35 2.60 1.93 2.03 0.53
b. S(+)I after S(+)I 2.04 1.4 1.91 1.48 1.71 0.31
c. R(-)I after Rac I 2.13 1.6 1.69 1.27 1.67 0.35
d. S(+)I after Rac I 2.23 2.7 2.25 2.57 2.50 0.20

Fraction inverted (f1) 0.57 0.63 0.71 0.61 0.63 0.06

(152.4 + 38.1 ,ug ml[' h) obtained after the
separate administration of R(-)I and S(+)I (P
< 0.05, paired t-test). It was not possible
to derive valid estimates of the apparent oral
clearance of S(+)I after administration of Rac I
because of the contribution of the inversion re-
action.

In three of the four subjects, Vss for R(-)I was
larger when R(-)I was administered as the race-
mate, than when it was administered separately.
This change was not statistically significant. There
was, also no significant difference between the
Vss for R(-)I and S(+)I.
The f1 calculated for the four subjects ranged

from 0.57 to 0.71 (Table 1).
Studies, whether measuring total (Lockwood

& Wagner, 1982) or enantiomeric (Lee, un-
published data) concentrations of ibuprofen,
have indicated that only negligible amounts of
ibuprofen are excreted unchanged in the urine.
We have taken the amounts of ibuprofen enan-
tiomers measured after acid hydrolysis as repre-
senting ester glucuronides.
A much greater proportion of an adminis-

tered dose of S(+)I was conjugated as S(+)I-
glucuronide (12.5%) as compared to the forma-
tion of R(-)I glucuronide (1.5%) after adminis-
tration of R(-)I (Table 2). Simple stoichiometry
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Table 2 Glucuronidation of ibuprofen enantiomers

R(-) ibuprofen S(+) ibuprofen
Subject CLgIuc* % Dose+ CLgluc* % Dose+

1 1.2 1.8 7.9 11.6
2. 0.8 1.1 7.2 9.4
3. 0.7 1.3 9.6 17.1
4. 1.5 1.9 11.5 12.0

Mean 1.1 1.5 9.1 12.5
s.d. 0.37 0.39 1.90 3.26

+ % of dose as acid hydrolysable conjugates
* Clearance (ml/min) by conjugation (predominantly glucuronides)

suggested that this difference was not accounted
for by the inversion of R(-)I to S(+)I. As shown
in Table 2, clearance by glucuronidation for
S(+)I was 9.1 ml/min as compared to 1.1 ml/min
for R(-)I.

Discussion

Following administration of Rac I to four normal
male volunteers, both enantiomers had AUCs
that were lower than predicted by the separate
administration of the individual enantiomers.
The concurrent increases in V,, and apparent
oral clearance observed in the case of R(-)I
suggests that the underlying mechanism is per-
turbation of protein binding.
While in the case of S(+)I this change in

kinetics may be attributed to the higher concen-
tration of S(+)I achieved following administra-
tion of Rac I, it is very likely that these changes
may in fact be due to the concurrent presence of
the opposite enantiomer. In other words, there
is likely to be an enantiomer-enantiomer inter-
action with regards protein binding. Further
studies are in progress to clarify this proposition.
Non linearity in the kinetics of ibuprofen has

only recently been reported (Lockwood &
Wagner, 1982; Grennan et al., 1983). This has
been attributed mainly to non-linearity in protein
binding. However, as ibuprofen was utilised as a
racemate in these studies, any comment regard-
ing non-linearity should be guarded especially
since the kinetic estimations were based on total
ibuprofen levels.

This study has demonstrated that an average
of 63% of an administered dose of R(-)I is
inverted to S(+)I. There are, of course, limita-
tions in any attempt to generalise from such an
estimate, the most obvious of which is the very
small number of subjects studied. The other
limitation lies in the assumption that the clear-
ance of S(+)I is unchanged between administra-
tion of R(-)I and S(+)I. As discussed above,
R(-)I may compete for binding on plasma

proteins with S(+)I, and consequently, the
clearance of S(+)I after dosage with R(-)I may
be different to that after administration of
S(+)I.
An assumption inherent in all the kinetic

analyses has been that the absorption of ibuprofen
is complete. This is a valid assumption, consider-
ing firstly that 80% of an oral dose (tablets or
solutions) has been recovered in the urine as
known metabolites (Lockwood & Wagner,
1982) and secondly that 95% of a dose of radio-
labelled ibuprofen has been recovered in the
urine after administration of a suspension of
ibuprofen (Glass, data on file, The Boots
Company, Nottingham, U.K.). Furthermore,
the rapidity of absorption seen in the present
study is consistent with the assumption that
ibuprofen is completely absorbed.
Although the inversion reaction is probably

universal for all a-methylarylacetic acid ana-
logues, it is likely that f1 varies from drug to drug
as well as from individual to individual.

In a study with benoxaprofen, f, was estimated
to be approximately 50% (Bopp et al., 1979).
However, that estimate was based to a large
extent on extrapolated urinary data. No other
attempts have so far been made to quantify this
reaction for similar compounds. Simmonds et al.
(1981), however, have reported that the inversion
for benoxaprofen was biphasic with a terminal
half-life of 108 h.
A number of studies have considered the

mechanism of the inversion reaction for ibuprofen
(Hutt & Caldwell, 1983; Nakamura et al., 1980;
Wechter et al., 1974). The prerequisite for inver-
sion appears to be the highly stereoselective
esterification of R(-)I to its coenzyme A thioester
(Figure 2). Once the ester of R(-)I is formed,
racemisation occurs by means of an enzyme
which in our view is likely to be either the same
or very similar to methylmalonyl coenzyme A
racemase. Since S(+)I is not a substrate for the
coenzyme A ligase, inversion is seen to be stereo-
selective for R(-)I.
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Figure 2 Proposed mechanism of the inversion reaction of R(-)I to S(+)I.

No information is available so far on what
factors may possibly perturb this reaction. How-
ever, it appears reasonable that inversion could
be encouraged if S(+)I was removed preferen-
tially from the system. It was therefore interest-
ing when an apparent log-linear relationship (r
> 0.99) was observed between f1 and the ratio of
clearances by glucuronidation for S(+)I and
R(-)I (Figure 3). This relationship if far from
conclusive because of the limited number of data
points and, clearly, many more subjects need to
be studied. However, the implication remains
that differences in the extent of inversion between
compounds in this class may be due, at least in
part, to the stereoselectivity of processes involved
in removal of the isomers.

Stereoselectivity of the glucuronidation pro-
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cess in this study appears to account for the large
difference in fractional recovery of R(-) and
S(+) ester glucuronides from the urine. How-
ever, in view of recent studies (Meffin et al.,
1983) on the enzymatic hydrolysis of clofibric
acid ester glucuronides, it is possible that this
apparent stereoselectivity in glucuronidation
may in fact be stereoselectivity of enzymatic
hydrolysis. Nonetheless, our data shows clearly
that whether stereoselectivity resides in glucu-
ronyl transferase or esterase enzymes, the net
balance of the two reactions is more strongly in
favour of glucuronidation for the S(+)I enan-
tiomers.

Finally, our data have demonstrated that the
kinetics of ibuprofen are complex and cannot be
defined satisfactorily in terms of total ibuprofen

'l
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Figure 3 Apparent log-linear relationship (r > 0.99) between the fraction of inversion, (fi) and the ratio
of clearance by glucuronidation for S(+)I (CLS(+)I)to that for R(-)I (CLR'-)').
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concentrations. The inconvenience of assaying
the enantiomers individually is more than justi-
fied by the greater insight into stereoselective

mechanisms, which are important for a proper
understanding of the disposition of ibuprofen
and other a-methylarylacetic acids.

References

Adams, S. S., Bresloff, P. & Mason, C. G. (1976).
Pharmacological differences between the optical
isomers of ibuprofen: evidence for the metabolic
inversion of the (-) isomer. J. Pharm. Pharmac.,
28, 256-257.

Bobb, R. J., Nash, J. F., Ridolfo, A. S. & Shepard,
E. R. (1979). Stereoselective inversion of R(-)
benoxaprofen to the S(+) enantiomer in humans.
Drug Metab. Dispos., 7, 356-359.

Fried, J. H., Harrison, I. T., Lewis, B., Riegl, J.,
Rooks, W. & Tomolonis, A. (1973). Structure
activity relationships among 6-substituted-2-
naphthylacetic acids. Scand. J. Rheumatol., (Suppl)
2, 7-11.

Gaut, Z. N., Baruth, H., Randall, L. O., Ashley, C. &
Paulsrud, J. R. (1975). Stereoisomeric relationships
among anti-inflammatory activity, inhibition of
platelet aggregation, and inhibition of prostaglandin
synthetase. Prostaglandins, 10, 59-66.

Gillespie, W. R., DiSanto, A. R., Monovich, R. E. &
Albert, K. S. (1982). Relative bioavailability of
commercially available ibuprofen oral dosage forms
in humans. J. pharm. Sci., 71, 1034-1038.

Goto, J., Goto, N. & Nambara, T. (1982). Separation
a determination of naproxen enantiomers in serum
by high-performance liquid chromatography. J.
Chromatogr., 239, 559-564.

Grennan, D. M., Aarons, L., Siddiqui, M., Richards,
M., Thompson, R. & Higham, C. (1983). Dose-
response study with ibuprofen in rheumatoid
arthritis: Clinical and pharmacokinetic findings.
Br. J. clin. Pharmac., 15, 311-316.

Hutt, A. J. & Caldwell, J. (1983). The metabolic chiral
inversion of 2 aryl propionic acids: a novel route
with pharmacological consequences. J. Pharm.
Pharmac., 35, 693-704.

Juhl, R. D., Van Thiel, D. H., DiHert, L. W., Alberts,
K. S. & Smith, R. B. (1983). Ibuprofen and sulindac
kinetics in alcoholic liver disease. Clin. Pharmac.
Ther., 34, 104-109.

Kaiser, D. G., VanGiessen, G. J., Reischer, R. J. &
Wechter, W. J. (1976). Isomeric inversion of
ibuprofen (R) enantiomer in humans. J. Pharm.
Sci., 65, 269-273.

Kuzuna, S., Matsumoto, N., Kometani, T. & Kawai,
K. (1974). Biological activities of optical isomers
of 6-chloro-5-cyclohexyl-indan-l-carboxylic acid
(TAI-284: anti-inflammatory agent). Jap. J.
Pharmac., 24, 695-705.

Lan, S. J., Kripalani, K. H., Dean, A. V., Egli, P.,
Difazio, L. T. & Schrieber, E. C. (1976). Inversion
of optical configuration of a-methyl fluorene-2-
acetic acid (cicloprofen) in rats and monkeys. Drug
Metab. Dispos., 4, 330-339.

Lee, E. J. D., Williams, K. M., Graham, G. G., Day,
R. 0. & Champion, G. D. (1984). Liquid chroma-
tographic determination and the plasma concen-
tration profile of the optical isomers of ibuprofen in
man. J. pharm. Sci., 73, 1542-1544.

Lockwood, G. F., Albert, K. S., Gillespie, W. R.,
Bole, G. G., Harkcom, T. M., Szpunar, G. J. &
Wagner, J. G. (1983) Pharmacokinetics of ibuprofen
in man. I. Free and total area/dose relationships.
Clin. Pharmac. Ther., 34, 97-103.

Lockwood, G. F. & Wagner, T. G. (1982). High-
performance liquid chromatographic determina-
tion of ibuprofen and its major metabolites in
biological fluids. J. Chromatogr., 232, 335-343.

Meffin, P., Zilm, D. M. & Veenendaal, J. R. (1983).
Reduced clofibric acid clearance in renal dysfunc-
tion is due to a futile cycle. J. Pharmac. exp. Ther.,
227, 732-738.

Nakamura, Y., Yamaguchi, T., Hashimoto, S.,
Takahashi, S., Iwatani, K. & Nakagawa, Y. (1980).
Optical isomerisation of hydratropic derivatives.
Abstracts at the 12th Symposium on Drug Meta-
bolism and Action, Kanazawa, Japan.

Pang, K. S. & Kwan, K. C. (1983). A commentary:
methods and assumptions in the kinetic estimation
of metabolite formation. Drug. Metab. Dispos.,
11,79-84.

Perrier, D. & Mayersohn, M. (1982). Non compart-
mental determination of the steady-state volume of
distribution for any mode of administration. J.
pharm. Sci., 71, 372-373.

Shen, T. Y. & Winter, C. A. (1977). Chemical and
biological studies on indomethacin, sulindac and
their analogues. In Advances in drug research, Vol
2, eds Harper, N. J. & Simmonds, A. B. New
York: Academic Press.

Simmonds, R. G., Woodage, T. J., Duff, S. M. &
Green, J. N. (1980). Stereospecific inversion of
R(-) benoxaprofen in rat and man. Eur. J. Drug.
Metab. Pharmacokin., 5,169-172.

Tamura, S., Kuzuna, S., Kawai, K. & Kisnimoto, S.
(1981). Optical isomerisation of R(-) clidanac to
the biologically active S(+) isomer in guinea pigs.
J. Pharm. Pharmac., 33, 701-706.

Wechter, W. J., Loughhead, D. G., Reischer, R. J.,
VanGiessen, G. J. & Kaiser, D. G. (1974). Enzy-
matic inversion at saturated carbon: Nature and
mechanism of the inversion of R(-) p-iso-butyl
hydratropic acid. Biochem. Biophys. Res. Comm.,
61, 833-837.

(Received October 17, 1984,
accepted December 9, 1984)


