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The pharmacokinetics of ibuprofen are complicated by the unidirec-
tional metabolic inversion of the { —)-R- to (4 )-S-enantiomer. Chiral
inversion is of therapeutic significance since the drug’s pharmaco-
logic activity has been shown to depend upon the (+)-S-isomer. As
a result, the present study was undertaken to determine if chiral
inversion occurs systemically and to elucidate further the kinetics of
the inversion process. Experiments were performed in the beagle
dog after intravenous bolus injections of ibuprofen enantiomers sep-
arately {100 mg (—)-R, n = 4; 100 mg (4+)-S, n = 4] and as admix-
tures of varying proportions [100 mg (—)-R + 100 mg (+)-S, n = 4;
100 mg (—)-R + 200 mg (+)-S, n = 2]. Plasma samples of (—)-R-
and (+)-S-enantiomers were measured by a stereospecific HPLC
assay after all drug administrations. Based on the area under the
plasma concentration-time curves for (+)-S after administration of
each enantiomer alone, chiral inversion was 70 to 75%. A progres-
sive reduction in total plasma clearance of (—)-R-ibuprofen is also
observed as increasing amounts of (+)-S-enantiomer are added to
the system. The results demonstrate that chiral inversion occurs to
a significant extent in the systemic circulation in dog and that R-to-S
inversion of ibuprofen may be inhibited by its (+)-S-enantiomer.

KEY WORDS: ibuprofen enantiomers; systemic inversion; chiral
inversion; Kinetics.

INTRODUCTION

The 2-arylpropionic acid class of nonsteroidal antiin-
flammatory drugs (NSAIDs) is of clinical importance in the
treatment of rheumatoid and osteoarthritis. However, de-
spite their widespread use, the relationship between re-
sponse (i.¢., analgesia) and blood levels of NSAIDs is poorly
understood. This may, in part, be due to the fact that
NSAIDs are usually administered as racemates even though
the pharmacological activities of these mixtures are associ-
ated primarily with the S-isomer; the R-isomers are either
inactive or have reduced activity (1,2). NSAIDs also have a
complex pharmacokinetic profile (3-9). As a result, stereo-
selective differences in metabolism, protein binding, and the
unidirectional metabolic inversion of (—)-R- to
(+)-S-enantiomer can complicate the dose-response rela-
tionship.

Ibuprofen is a prototype NSAID of the arylpropionic
acid class. Although detailed information is available con-
cerning the drug’s pharmacokinetics, certain aspects of its
stereochemical disposition are still unclear (6-8). In partic-
ular, it has been proposed that the R-to-S inversion of ibu-
profen takes place in the gastrointestinal tract during first-

! College of Pharmacy, The University of Michigan, Ann Arbor,
Michigan 48109-1065.
2 To whom correspondence should be addressed.

0724-8741/91/0900-1186%$06.50/0 © 1991 Plenum Publishing Corporation

Report

pass transit through the presystemic circulation (7,10-12).
This conclusion must be viewed as tentative, however, since
these authors evaluated only extravascular doses. In fact,
systemic inversion cannot be ruled out because no definitive
studies have characterized the sterecoselective kinetics/
inversion of ibuprofen after intravenous dosing. Given that
chiral inversion can account for 60-70% of the elimination of
the (—)-R-enantiomer or add 60-709% more of the active (+)-
S-enantiomer, it is important to clarify whether systemic in-
version occurs and to more fully elucidate the kinetics of the
inversion process. Therefore, we studied the stercoselective
disposition of ibuprofen after intravenous bolus injections of
each enantiomer separately and as admixtures of varying
proportions in the beagle dog.

MATERIALS AND METHODS

Chemicals

Racemic ibuprofen (Lot No. 117F-0797) was purchased
from the Sigma Chemical Company (St. Louis, MO).
(—)-R-Ibuprofen (Lot No. 0198-KWF-008; 99.9% purity,
HPLC) and (+)-S-ibuprofen (Lot No. 0198-KWF-012;
97.5% purity, HPLC) were kindly donated by The Upjohn
Company (Kalamazoo, MI). The internal standard,
(*)-2-(4-benzoyl phenyl)butyric acid (Lot No. LIJP 2806),
was supplied by Rhone-Poulenc Pharma Inc. (Montreal,
Canada). Ibuprofen doses were prepared by dissolving drug
in a small amount of ethanol, diluting it with normal saline,
and then adjusting the final solution for injection to pH 7.4
with dibasic sodium phosphate solution.

Experimental Design

Following an overnight fast, beagle dogs (15.8 = 1.9-kg
body weight) received a single intravenous bolus injection of
ibuprofen enantiomer or admixture in a crossover fashion.
Doses were administered as 100 mg (—)-R-ibuprofen (n =
4), 100 mg ( +)-S-ibuprofen (n = 4), 100 mg (—)-R- + 100 mg
(+)-S-ibuprofen (i.e., racemic mixture; n = 4), and 100 mg
(—)-R- + 200 mg (+)-S-ibuprofen (n = 2). Food was not
allowed during the study period. Blood samples (2 ml) were
collected from a cephalic vein contralateral to the site of
drug administration via an indwelling heparinized catheter
into tubes containing EDTA. Serial blood samples were then
drawn prior to and over a 10-hr period after dosing. Blood
samples were centrifuged immediately after collection and
the plasma was harvested and stored frozen at —20°C until
analyzed.

Assay

Ibuprofen enantiomers were assayed in plasma using a
stereospecific HPL.C method, as previously reported (13).

Kinetics

Plasma concentration-time curves of (—)-R-ibuprofen
[after dosing of 100 mg (—)-R, 100 mg (—)-R + 100 mg
(+)-S, or 100 mg (-)-R + 200 mg (+)-S] and
(+)-S-ibuprofen [after dosing of 100 mg (+)-S] were fit to a
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general polyexponential equation (14) using the nonlinear
least-squares regression program RSTRIP (15) and a weight-
ing factor of unity, 1/y, or 1/y*>. Model Selection Criterion
(15) was used to determine the number of exponents needed
for each data set. The quality of the fit was determined by
evaluating the coefficient of determination (%), the standard
error of parameter estimates, and by visual inspection of
residuals.

Pharmacokinetic parameters were calculated using stan-
dard equations (14,16) in which V_ is the volume of the cen-
tral compartment, V,_ is the volume of distribution steady-
state, AUC is the area under the plasma concentration—time
curve from time 0 to infinity, CL is the total plasma clear-
ance, Ty, is the terminal-phase half-life, and K, is the elim-
ination rate constant from the central compartment.

Plasma concentration-time curves of (+)-S-ibuprofen
[after dosing of 100 mg (—)-R, 100 mg (—)-R + 100 mg
(+)-S, or 100 mg (—)-R + 200 mg (+)-S] were fit in a man-
ner analogous to that performed previously (17). However,
in these cases, the only parameters that were calculated
were AUC and T,

The fraction of an intravenous bolus dose of
(—)-R-ibuprofen inverted to (+)-S-ibuprofen (F,) was cal-
culated as (18): [F,, = (AUC,./AUC,.) - (D/D,)], where
AUC,, is the area under the plasma concentration-time
curve (from time 0 to infinity) of the (+)-S-enantiomer after
dosing the (—~)-R-enantiomer; AUC,., is the area under the
plasma concentration-time curve (from time zero to infinity)
of the (+)-S-enantiomer after dosing the (+ )-S-enantiomer;
and D, and D, are the respective 100 mg doses of (+)-S- and
(—)-R-ibuprofen. The clearance of R-to-S inversion (CL,,)
was calculated as [CL,, = F,, - CL,], where CL, is the
total plasma clearance of (— )-R-ibuprofen after dosing of 100
mg (—)-R. The clearance of (—)-R-ibuprofen by pathways
other than inversion (CL ) was calculated as [CL,
CL, - CL.].

rnons rnons

Statistics

Unless otherwise indicated, data are expressed as the
mean * SD. Statistical differences between multiple treat-
ment groups were determined using a single-factor analysis
of variance (ANOVA) and Scheffé F test. Statistical differ-
ences between two treatment groups were determined using
a paired £ test. A P value <0.05 was considered significant.

RESULTS

Plasma concentrations of ibuprofen enantiomers were
fit to a monoexponential equation for 3 data sets, to a biex-
ponential equation for 20 data sets, and to a triexponential
equation for 1 data set. The data were described reasonably
well using a compartmental analysis; r* values averaged
0.977 = 0.026. In addition, the area under the plasma con-
centration-time curve (AUC) was calculated for all data sets
using the trapezoidal rule. Absolute differences between
these two methods were less than 5%, on average, indicating
no significant deviations due to methodological preference.
The average extrapolated AUC was less than 18% for all
treatment groups except that of (+)-S-ibuprofen (33%) when
measured after dosing the 100 mg (—)-R + 200 mg (+)-S
admixture.
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Fig. 1. Mean (+SE) plasma concentration-time curve of (+)-S-
enantiomer (S:100S) after a bolus intravenous injection of 100 mg
(+)-S-ibuprofen.

The plasma concentration—time profile of (+)-S$-ibu-
profen is displayed after administration of 100 mg
(+)-S-enantiomer (Fig. 1). The data are characterized by a
biexponential decline, and as indicated, no (- )-R-ibuprofen
was observed in the plasma. In contrast, substantial amounts
of (+)-S-ibuprofen were detected in the plasma along with
(—)-R-ibuprofen after administration of 100 mg (-)-R-
enantiomer (Fig. 2). The (—)-R data typically show a biex-
ponential decline and the (+ )-S data are biexponential due to
metabolite formation and disappearance.

As observed in Table I, significant differences are evi-
dent between the total plasma clearance of (+)-S- and
(—)-R-enantiomers, resulting in significant differences in
area under the curve. Since the volume of distribution (V,
and V ) is not different between treatments, the three to
four times greater clearance of (—)-R-ibuprofen is due to
differences in elimination. In particular, K,, is about four
times larger for (—)-R-ibuprofen as opposed to (+)-S-
ibuprofen, reflecting the contribution of chiral inversion to
the overall elimination of (—)-R drug (overall elimination is
the sum of inversion and noninversion routes). Chiral inver-
sion is lacking for the (+)-S-enantiomer, thus the much
smaller value for K,, (and total clearance).

The plasma concentration-time profiles of (+)-S- and
(—)-R-ibuprofen are displayed after administration of 200 mg
of the racemic mixture (Fig. 3). The disappearance of
(—)-R-enantiomer is consistent with that observed previ-
ously after administration of (—)-R alone and shows a biex-
ponential decline. On the other hand, (+)-S-ibuprofen data
were best fit to a monoexponential equation for three of the
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Fig. 2. Mean (+SE) plasma concentration-time curves of (+)-S-
enantiomer (S:100R) and ( —)-R-enantiomer (R:100R) after a bolus
intravenous injection of 100 mg ( —)-R-ibuprofen.
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Table I. Pharmacokinetic Parameters of Ibuprofen Enantiomers After Intravenous Bolus Administration of 100 mg (+)-S-Ibuprofen and 100
mg (—)-R-Ibuprofen®

Parameter S:100S R:100R Paired ¢ test
V. (liters) 1.43 (0.41) 1.24  (0.22) NS (P > 0.20)
Vges (liters) 2.24  (0.53) 2.78 (0.75) NS (P > 0.05)
AUC (pg - min/ml) 10,741 (3,573) 2,893 (656) S (P < 0.05)
CL (mV/min) 10.1 3.1 36.1 9.0) S (P <0.02)
T,;, (min) 192 (30) 162 (63) NS (P > 0.20)
Ko (min~") 0.00702 (0.00059) 0.0296 (0.0075) S (P <0.01)

2 Data from S:100S represent the kinetics of (+ )-S-enantiomer after the administration of 100 mg ( + )-S-ibuprofen (n = 4); data from R:100R
represent the kinetics of (—)-R-enantiomer after the administration of 100 mg ( —)-R-ibuprofen (n = 4).

four dogs tested. This finding is probably due to the com-
pensating effects, which occur on similar time scales, of drug
distribution after dosing (+)-S and of R-to-S inversion after
dosing the (—)-R-enantiomer.

In Table II, the pharmacokinetic parameters of
(—)-R-ibuprofen are displayed as a function of increasing
amounts of (+)-S-enantiomer (from 0 to 200 mg). Also dis-
played are the AUC and T, estimates of (+)-S-ibuprofen
after similar treatments. As indicated in this table, a signif-
icant amount of (—)-R-enantiomer is inverted to its active
S-form after bolus administration of (—)-R-ibuprofen into
the systemic circulation. Based on the AUC values of (+)-S
after administration of each enantiomer alone, it is estimated
that, on average, chiral inversion is on the order of 70-75% in
the dog. Given this finding, the total plasma clearance of
(—)-R-ibuprofen (36.1 ml/min) can now be separated into its
parallel elimination pathways, the R-to-S chiral inversion
clearance (25.2 ml/min) and the clearance by other routes
(10.9 ml/min). Interestingly, the values for CL,,,. (after
dosing R-ibuprofen) and the clearance of (+)-S (after dosing
S-ibuprofen) are remarkably similar (10.9 vs 10.1 ml/min,
respectively). Although no significant difference is observed
for volume of distribution (V. and V), the volume of dis-
tribution steady state of (—)-R-ibuprofen is reduced by 16
and 37% when administered with 100 and 200 mg of (+)-
S-enantiomer, respectively. More importantly, there is a
substantial increase in the (—)-R AUC when the two enan-
tiomers are administered together. This increase is a result of
the progressive reduction (19 and 53%) in total plasma clear-
ance of the (—)-R-enantiomer as increasing amounts of
(+)-S-ibuprofen are present in the plasma. A concomitant 14
and 49% reduction in K, also occurs when 100 and 200 mg
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Fig. 3. Mean (=SE) plasma concentration-time curves of (+)-S-

enantiomer (S:200RS) and (— )-R-enantiomer (R:200RS) after a bo-
lus intravenous injection of 200 mg racemic ibuprofen.

of (+)-S-enantiomer are added to 100 mg of (—)-R-ibu-
profen. Despite the trend for the half-life of (—)-R-ibuprofen
to decrease in the presence of (+)-S-enantiomer, the
changes observed were not statistically significant. In con-
trast, the half-life of (+)-S-ibuprofen was significantly higher
after dosing 100 mg (—)-R- + 200 mg (+ )-S-ibuprofen than
after 100 mg of the (—)-R- or (+)-S-enantiomer alone (P <
0.05; ANOV A/Scheffé).

It should be appreciated that the nonstatistical differ-
ences between treatments for V4, and half-life may be due
to the limited number of animals studied, particularly in the
100 mg (~)-R + 200 mg (+)-S group. Unfortunately, the
investigators were limited by the availability of pure enan-
tiomer and thus the number of experiments that could be
run.

DISCUSSION

It has been suggested (7,10-12) that the major site for
R-to-S inversion of ibuprofen is in the gastrointestinal tract
during presystemic contact. This conclusion is based prima-
rily on data obtained while evaluating the kinetics of ibu-
profen enantiomers in humans following oral administration
of racemic ibuprofen tablets with different absorption rates
(12). In this study, it was observed that the S:R ratio of
plasma concentration at the peak time of (+)-S and the S:R
ratio of area under the curve were significantly different be-
tween the slower- and the faster-absorbing dosage forms.
Thus, the slower-absorbing product had a greater residence
time in the gut and a greater inversion was possible. Further,
one would expect a continuous inversion of R-to-S enantio-
mer if the process were systemic; this outcome was not ob-
served by these authors (12) as demonstrated by the similar
half-lives of (—)-R- and (+)-S-ibuprofen after racemic dos-
ing.

However, alternate hypotheses can also account for
these results. For example, if metabolite formation is rate-
limiting in the overall elimination process for ibuprofen, then
one would expect similar terminal-phase half-lives. In this
case, the absence of the expected slower half-life of (+)-S
disappearance [after (+)-S dosing] could be the result of an
assay limitation or the lack of a sufficiently extended sam-
pling schedule. One can also speculate that a saturable sys-
temic inversion after administration of the faster-absorbing
dosage form would result in the S:R differences cited previ-
ously for concentration and AUC. Although the authors’
conclusions may be reasonable (12), they are not substanti-
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Table II. Pharmacokinetic Parameters of Ibuprofen Enantiomers After Intravenous Bolus Administration of 100 mg ( —)-R-Ibuprofen, 100
mg (—)-R- + 100 mg (+)-S-Ibuprofen, and 100 mg (—)-R- + 200 mg (+)-S-Ibuprofen®

Parameter R:100R R:100R + 100S R:100R + 200S ANOV A/Scheffé?
V. (liters) 1.24  (0.22) 1.17  (0.22) 1.13  (0.08) NS
Vs (liters) 2.78 (0.75) 2.34  (0.57) 1.75  (0.25) NS
AUC (pg - min/ml) 2,892 (656)* 3,469 (546)t 5,944 a57)*t S
CL (m}/min) 36.1 (9.0)* 29.4 4.5) 17.0 2.2)* S
T/, (min) 162 (63) 102 “n 90.2 (22.3) NS
Ko (min~ b 0.0296 (0.0075)* 0.0254 (0.0032) 0.0151 (0.0030)* S
F. 0.723 (0.128)
CL,, (mi/min) 25.2 (1.8)
CL,,0ns (mi/min) 109 (7.8)
AUC, (pg - min/ml)“ 7,484 (1,545) 13,951 (4,057) 30,588 (9,286)
T)s (min)*° 178 [€2)) 206 (43) 436 (241)

2 Data from R:100R represent the kinetics of (—)-R-enantiomer after the administration of 100 mg (—)-R-ibuprofen (n = 4); data from
R:100R + 100S represent the kinetics of ( — )-R-enantiomer after the administration of 100 mg (—)-R- + 100 mg ( +)-S-ibuprofen (n = 4);
data from R:100R + 2008S represent the kinetics of (—)-R-enantiomer after the administration of 100 mg ( —)-R- + 200 mg ( + )-S-ibuprofen

(n =2).

® Treatments R:100R, R:100R + 100S, and R:100R + 200S were compared and significant differences are designated using common

superscripts (* or 1).

“ AUC, and Ty, represent the area under the plasma concentration-time curve and terminal-phase half-life, respectively, of
(+)-S-enantiomer after the administration of 100 mg ( —)-R-ibuprofen (n = 4), 100 mg (—)-R- + 100 mg (+ )-S-ibuprofen (n = 4), and 100

mg (—)-R- + 200 mg (+)-S-ibuprofen (n = 2).

ated by the data. Only extravascular doses were evaluated
and much of the supporting discussion about a lack of sys-
temic inversion after intravenous dosing of racemate was
based upon a “‘personal communication’’ (10-12).

In the present study, (—)-R-ibuprofen is inverted to the
(+)-S-enantiomer to a significant extent in the systemic cir-
culation. After 100-mg intravenous bolus doses of each en-
antiomer, chiral inversion was calculated as 72.3 += 12.8% in
the dog. This value is in close agreement with the 63 = 6%
estimate reported in humans after oral dosing (19). These
results also support a preliminary report in which the authors
state that chiral inversion of (—)-R-ibuprofen occurred in
healthy volunteers at 50-, 100-, 200-, 400-, and 600-mg intra-
venous doses, based on urinary excretion data (20); numer-
ical values were not provided. Thus it is apparent that sys-
temic inversion of R-to-S enantiomers cannot be ignored.
Likewise, these results do not rule out that a concomitant
gastrointestinal inversion may occur with oral dosing.

Little is known about the effect of one ibuprofen enan-
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Fig. 4. Mean (+SE) plasma concentration-time curves of (—)-R-
enantiomer after a bolus intravenous injection of 100 mg (—)-R-
ibuprofen (R:100R), 200 mg racemic ibuprofen (R:200RS), and 100
mg (—)-R- + 200 mg (+)-S-ibuprofen (R:100R200S).

tiomer on the disposition of its optical antipode. Evans and
co-workers (21,22) have reported that not only do ibuprofen
enantiomers have a concentration-dependent and stereose-
lective binding to plasma proteins, but also they compete
with one another for binding sites. As a result, the free frac-
tion of (—)-R- and (+)-S-ibuprofen was increased about
20-40% by the presence of equal concentrations (50 pg/ml)
of the other enantiomer (22). In the present study, protein
binding experiments were not performed due to the sensitiv-
ity limit of the assay and the unavailability of radiolabeled
drug.

The data in Table IT suggest that nonlinear kinetics may
be operative. In particular, a progressive reduction in total
plasma clearance of ( —)-R-ibuprofen is noticed as increasing
amounts of (+)-S-enantiomer are added to the system. As a
result, the AUC of (—)-R-enantiomer is significantly in-
creased even though the amount of (—)-R dosed is un-
changed (Fig. 4). Since the clearance for R-to-S inversion
predominates over the other clearance routes for (—)-R, it
appears that the presence of (+)-S may be inhibiting chiral
inversion. In fact, if one assumes that the clearance of
(+)-S-ibuprofen is unchanged between the 100-mg dose of
(+)-S and the 200-mg dose of racemic mixture (based on
similar T;, values), then R-to-S inversion can be estimated
for the racemate [F., = (AUC,../AUC,., — 1) - (D/D,)] as
31.6 = 15.2%, where AUC,,, is the AUC of (+)-S after
dosing the racemic mixture. This estimate was significantly
different from the 72.3 = 12.8% inversion of R-enantiomer
(P < 0.005).

Further support for an inhibition of chiral inversion is
afforded by comparing the clearance data of R:100R vs
R:100R + 200S. As shown in Table II, the CL of
(—)-R-ibuprofen (17.0 ml/min) after dosing 100R + 200S is
much smaller than the CL, (25.2 ml/min) after dosing 100R.
Since [CL = CL; + CL, .., this reduction should not be
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possible even in the absence of alternate elimination path-
ways for drug (i.e., CL,,,,, = 0; CL = CL_,). As aresult, an
inhibition of R-to-S inversion would be required for this re-
duction in CL to occur. An increase in free fraction would
result in an increase in CL_ ., since ibuprofen and other
NSAIDs are compounds of low hepatic extraction
(4,6,23,24). If there had been no change in free fraction, then
CL.,,ons should also remain unchanged. These last two sce-
narios, although speculative, would mean that a greater than
anticipated inhibition of R-to-S inversion had occurred. Re-
gardless, all three examples demonstrate that the data are
consistent with an inhibitory effect of the (+)-S-enantiomer
on chiral inversion. What is uncertain is whether or not this
effect is due to product inhibition, perhaps through a feed-
back mechanism, or to higher free concentrations of (—)-R
which are in the range of capacity-limited transport. The
latter hypothesis is less likely, however, since an increase in
free fraction should result in either a proportional (i.e., linear
kinetics) or a nonproportional (i.e., nonlinear kinetics) in-
crease in clearance.

In conclusion, this study demonstrates that (—)-R-
ibuprofen is inverted significantly to (+)-S-ibuprofen in the
systemic circulation. Although R-to-S inversion is approxi-
mately 70-75% in the dog after dosing the
(—)-R-enantiomer, chiral inversion may be inhibited by the
presence of increasing amounts of (4 )-S-isomer.
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