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ABSTRACT Information about the potential and extent of bioinversion of chiral drugs
in laboratory animal species and humans is critical to the interpretation of preclinical
pharm-tox studies with these drugs. Unlike in the dog, guinea pig, and rabbit, in humans
the 2-arylpropionic acid (APA) R-flurbiprofen (R-FB) undergoes very little bioinversion to
S-flurbiprofen. The primary objective of this research was to identify laboratory animal
species with an R- to S-bioinversion profile similar to humans. Detailed evaluations of
the pharmacokinetics parameters of R-flurbiprofen in male and female rats and mice,
and male nude rats and monkeys demonstrated R- to S-bioinversion of 30% (average)
in monkeys, 15–24% in mice, and f4% in rats. To date, no laboratory animal species
has been identified with an R-flurbiprofen bioinversion profile identical to humans.
However, the rat has a bioinversion profile sufficiently similar to humans to be useful for
preclinical pharm-tox studies employing relatively short-term dosing regimens. Chirality
16:379–387, 2004. A 2004 Wiley-Liss, Inc.
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The use of the 2-arylpropionic acid (APA) class of
NSAIDs (nonsteroidal antiinflammatory drugs, known in
the U.S. as ibuprofen, fenoprofen, naproxen, ketoprofen,
flurbiprofen, etodolac, and ketorolac) has increased dra-
matically in recent decades. With the exception of
naproxen, the APA class of NSAIDs were introduced as
racemic mixtures of the R- and S-enantiomers. Presently,
S-ibuprofen and S-ketoprofen are marketed in Europe.
The antiinflammatory activity of these drugs, adminis-
tered as racemates, is thought to reside primarily in the
S-enantiomer, which potently inhibits the cyclooxyge-
nases.1–4 When administered alone, the R-enantiomers of
several of these drugs have been shown to have a phar-
macological profile different than the racemate or the
S-enantiomer alone. This has been best demonstrated with
R-flurbiprofen, which is an antihyperalgesic in the rat5 and a
antineoplastic in theMinmousemodel of colon cancer6 and
the TRAMP mouse model of prostate cancer.7 As opposed
to the chiral switch from the racemate to the S-enantiomer
for ibuprofen and ketoprofen in Europe for the same
indication, the commercialization of R-flurbiprofen for can-
cer and perhaps other indications would be considered a
new indication—chiral switches (Structure 1).

The cyclooxygenase inhibiting property of the antiin-
flammatory S-enantiomers is primarily responsible for
the ulcerogenic properties of the APA class of NSAIDs
(reviews8,9). In the case of racemic flurbiprofen, the
R-enantiomer exhibits 1,000-fold less cyclooxygenase ac-
tivity in vitro compared to the S-enantiomer.10 The single
enantiomer, R-flurbiprofen, on a mg per mg basis, does not
exhibit the ulcerogenic activity of S-flurbiprofen. Yet, the
presence of the R-enantiomer exacerbates ulcerogenesis
caused by S-flurbiprofen, thereby making the racemate
more ulcerogenic than the pure S-enantiomer.11,12 In gen-
eral, the use of single enantiomers of APA-class NSAIDs
may be advantageous for avoiding the ulcerogenesis dem-
onstrated by the racemate. This concept has not been
established in humans. The pharmacokinetics and disposi-
tion of racemic flurbiprofen have been studied in depth13–15

(review16). A few studies have examined the pharma-
cokinetics and disposition of the corresponding single
enantiomers in various species.17–20 The field of meta-
bolic inversion of APAs has been recently reviewed.21

The choice of animal species for preclinical studies of
R-flurbiprofen is difficult, due to large differences in bioin-
version between humans and conventional animal models.
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In one published human disposition study, no bioinversion
of R-flurbiprofen was observed at a dose of f2 mg/kg.18

In a detailed pharmacokinetic evaluation in humans
that is part of an ongoing clinical development program,
R-flurbiprofen22 showed no detectable bioinversion at
single doses of up to 1,000 mg and less than 1.5% bio-
inversion at 2,000 mg. The variability of bioinversion of
R-flurbiprofen to S-flurbiprofen between laboratory animal
species (dog, guinea pig, rat, and rabbit) has been re-
ported.20 In addition, there is variation between reports for
the same species. In the case of the rat, two studies dem-
onstrated bioinversion17,19 for R-flurbiprofen, while an-
other study20 showed little if any bioinversion. Variability
in bioinversion between laboratory animal species and the
relatively high level of bioinversion in most animal species
as compared with humans suggests that further study is
warranted on a compound-by-compound basis in order
to find the best animal model for preclinical studies of
APA NSAIDs.

In this article we report plasma pharmacokinetic data
obtained in three different laboratory animal species con-
ventionally used in preclinical pharmacology and toxi-
cology studies. To evaluate the extent of bioinversion of
R-flurbiprofen to S-flurbiprofen, pharmacokinetic data
was obtained after single and multiple dose oral gavage
R-flurbiprofen studies in male and female Sprague-Dawley
rats and C57BL/6J mice, and after single dose oral gavage
R-flurbiprofen in male nude rats and rhesus monkeys.

MATERIALS AND METHODS
Chemicals and Reagents

R-flurbiprofen (>99% purity and 99% enantiomeric excess
(ee); known as E-7869, MPC-7869) was purchased from
Wyckoff Chemical (South Haven, MI), and rac-flurbiprofen
(f99% purity) was a gift of Sepracor (Marlborough, MA).
Carboxymethylcellulose (CMC) was purchased from
Sigma Chemical (St. Louis, MO). All other reagents and
solvents were of analytical grade.

Animal Acclimation

All animals used in these studies were quarantined and
allowed to acclimatize in the vivarium for at least 1 week at
Loma Linda University Medical Center before initiation of
experimental procedures. The experiments were reviewed
and approved by the Animal Research Committee of Loma
Linda University.

Preparation of R-flurbiprofen Samples for
Pharmacological Studies

R-flurbiprofen was suspended in vehicle at a concen-
tration appropriate for each dose. The drug suspension
was administered to all animal species at 3.3 ml/kg of body
weight (bwt). The vehicle was 2% CMC for the Sprague-
Dawley rat studies and 1% CMC for the nude rat, mouse,
and monkey studies. The higher concentration of CMC
(2%) was needed in the Sprague-Dawley rat studies to keep
R-flurbiprofen in suspension at the higher doses (40 and
60 mg/kg). The suspension was heated in a water bath
(f60jC) and mixed thoroughly with a hand-held tissue

homogenizer. The drug suspension was stored at room
temperature and was remixed at the time of treatment
using a vortex mixer. Drug formulations were prepared at
the initiation of each study and held under appropriate
conditions to ensure drug stability (unpubl. obs.) for use
throughout the study.

Treatment and Blood Collection for Single-Dose
Rat Pharmacokinetics

Four doses of R-flurbiprofen (drug) were evaluated: 10,
20, 40, and 60 mg/kg. Six male and six female Sprague-
Dawley rats (Harlan, Indianapolis, IN) received each drug
dose level. The rats weighed f230–250 g and were
10 weeks of age. For each drug dose level there were four
groups with three rats per group. Groups 1 and 2 were
male, and Groups 3 and 4 were female. After oral gavage of
the drug suspension, blood was collected at 1, 2, 4, 8, 12,
and 24 h. Blood was collected from Groups 1 and 3 at the
1, 4, and 24-h time points. Blood was collected from
Groups 2 and 4 at the 2, 8, and 12-h time points. The
separation of the time points across the two groups (for
each gender) was to prevent substantial blood loss and
excessive irritation to the rats. Blood was drawn by retro-
orbital puncture into micro-crit tubes containing heparin
at 1, 2, 4, and 8-h time points. The blood for the terminal
time points (12 and 24 h) was collected by cardiac punc-
ture. For the retro-orbital punctures, the rats were anes-
thetized with ether. For the terminal blood collections, the
animals were anesthetized with an intraperitoneal (IP)
injection of 50 mL/30 g bwt of a 1:1 solution of 50-mg/ml
ketamine (Phoenix Pharmaceuticals, St. Joseph, MO) and

Fig. 1. Representative plots from single-dose study in male rats and
monkeys plus multiple-dose study in male rats. Plasma drug levels in male
Sprague-Dawley rats given 60 mg/kg of R-flurbiprofen either once or for 4
days by oral gavage. Plasma drug levels for the multiple-dose study in rats
are from Day 4. Plasma drug levels in a male rhesus monkey given 10 mg/
kg R-flurbiprofen by oral gavage. Blood was collected and analyzed for the
concentration of R-flurbiprofen (closed symbols) and S-flurbiprofen (open
symbols). The plasma levels resulting from 60 mg/kg single dose in rats
are represented by circles, 60 mg/kg multiple dose in rats by triangles,
and 10 mg/kg single dose in a monkey by squares. Error bars for rat
single and multiple dose studies represent standard deviation. There are
no error bars for the monkey data since it is for a single animal.
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10-mg/ml xylazine (Lloyd Laboratories, Shenandoah, IA).
All collected blood samples were immediately centrifuged
at 13,000g. Plasma was recovered and stored at –20jC.

Treatment and Blood Collection for Multiple -Dose
Rat Pharmacokinetics

The multiple-dose study used the same set of drug
doses (10, 20, 40, and 60 mg/kg R-flurbiprofen) as did the
single-dose study. Similarly, each drug dose level group
contained 12 animals (six males and six females) that
were placed into four groups as described for the single-
dose study. In the multiple-dose study, the four groups
of rats were dosed with 10, 20, 40, or 60 mg/kg dose of
R-flurbiprofen by oral gavage for 4 days. Prior to the drug
dose for Day 4, blood was obtained via retro-orbital punc-
ture from animals in Groups 2 and 4 to give a 24-h point
for Day 3. On Day 4, blood was collected at the same time
points (1, 2, 4, 8, 12, and 24 h) using the same methods
described for the single-dose studies.

Treatment and Blood Collection for Nude
Rat Pharmacokinetics

A single-dose level of 10 mg/kg of R-flurbiprofen was
evaluated in six male nude (rnu/rnu) rats (Harlan). The

nude rats were f6 weeks old and had an average body
weight of 100 g. The rats were divided into two groups
(Group 1 and 2) with three nude rats per group. For Group
1, Blood was collected at 1, 4, and 8 h after drug admin-
istration. For Group 2, blood was collected at 2, 16, and
24 h after administration. The blood was taken by retro-
orbital puncture at the 1, 2, 4, and 16-h time points as
described for the single-dose rat study. The 8 and 24-h
blood collection time points were obtained via cardiac
puncture as described for the single-dose rat study. All
collected blood samples were immediately centrifuged at
13,000g. Plasma was recovered and stored at �20jC.

Treatment and Blood Collection for Single-Dose
Mouse Pharmacokinetics

Single doses of R-flurbiprofen were evaluated in male
(10 and 20 mg/kg) and female (10 mg/kg) C57BL/6J mice
(Jackson Laboratories, Bar Harbor, ME). The method-
ology for the female mice was described previously.6 The
mice were f10–12 weeks old and had an average body
weight of 18 g. Twenty-four mice were used for each dose
with three mice per time point; blood was collected by
cardiac puncture at 0, 0.5, 1, 1.5, 2, 4, 8, and 24 h postdose.
The animals were anesthetized with an IP injection of

TABLE 1. Pharmacokinetic parameters for male and female Sprague-Dawley rats at various dose levels and regimens

Species, gender,
and R-FB dose

Singlea or
multipleb dose Cmax

R Cmax
S AUCR

c AUCS
c

CL/FR
d

(ml/min/kg)
Vz/FR

d

(ml/kg) t1/2R t1/2S

Male rat
10 mg/kg Single 14.1 0.36 75.3 2.9 2.3 693 3.4 4.2
20 mg/kg Single 36.1 0.44 121 3.9 2.9 697 2.8 6.3
40 mg/kg Single 35.5 1.86 248 17.7 2.6 950 3.3 9.6
60 mg/kg Single 49.4 3.56 362 40.6 2.7 1165 3.9 8.1
Mean F SD ND ND ND ND 2.6 F 0.3 876 F 227 3.4 F 0.5 ND

Female rat
10 mg/kg Single 18.6 0.47 73.4 4.4 2.3 537 2.7 4.3
20 mg/kg Single 58.1 0.74 156 6.3 2.2 472 2.9 5.7
40 mg/kg Single 42.3 4.5 240 33.9 2.8 720 3.5 3.6
60 mg/kg Single 60.1 4.9 369 64.0 2.7 902 4.1 8.7
Mean F SD ND ND ND ND 2.5 F 0.3 658 F 194 3.3 F 0.6 ND

Male rat
10 mg/kg Multiple 16.0 0.27 94.4 2.9 1.8 742 NDe NDe

20 mg/kg Multiple 25.3 1.34 299 8.2 0.48 1359 NDe NDe

40 mg/kg Multiple 40.7 2.41 468 34 0.78 1329 NDe NDe

60 mg/kg Multiple 46.1 2.07 429 29 2.3 546 NDe NDe

Mean F SD ND ND ND ND 1.3 F 0.9 944 F 412 ND ND
Female rat
10 mg/kg Multiple 18.4 0.35 102 6.7 1.6 462 NDe NDe

20 mg/kg Multiple 32.7 0.64 182 7.3 1.8 1011 NDe NDe

40 mg/kg Multiple 40.0 2.48 353 47 1.7 1173 NDe NDe

60 mg/kg Multiple 54.9 3.63 370 41 2.7 736 NDe NDe

Mean F SD ND ND ND ND 2.0 F 0.5 846 F 313 ND ND

aIn the single dose studies, plasma levels were determined on the day of administration of the dose.
bIn the chronic (multiple dose) studies, plasma levels were determined on the fourth day of administration of the dose.
cAUC (0!24 h) is the reported value for AUCR and AUCS.
dCL/FS and Vz/FS are not reported, due to S-flurbiprofen not being orally dose.
eThe R- and S-flurbiprofen half-lives (t1/2) could not be calculated due to the plateau of plasma levels between 2 and 12 h in both the male and female rats
(Fig. 1).
ND, not determined.
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50 mL/30 g bwt of 1:1 solution of ketamine 50 mg/ml/
xylazine 10 mg/ml. All collected blood samples were
immediately centrifuged at 13,000g. Plasma was recovered
and stored at �20jC.

Treatment and Blood Collection for Multiple-Dose
Mouse Pharmacokinetics

Two multiple dose dosing regimens were evaluated:
10 mg/kg R-flurbiprofen dosed everyday (q.d.) and
10 mg/kg R-flurbiprofen dosed every other day (q.o.d)
in male and female C57BL/6J mice (Jackson Laboratories).
The animals were 10–12 weeks old and weighed f18 g. A
total of 96 mice were divided into four groups (two dosing
regimens, male and female) with 24 mice per group (three
mice at each of the eight time points). For the every day
dosing regimen, the mice were dosed for 4 days (receiving
four doses of R-flurbiprofen) prior to blood collection. For
the every-other-day dosing regimen, the mice were dosed
for 4 days (receiving only two doses of R-flurbiprofen) prior
to blood collection. Blood was collected at 0 (24-h point of
previous day’s dose) 0.5, 1, 1.5, 2, 4, 8, and 24 h postdose. At
each time point, blood was collected by cardiac puncture as
previously described for the single-dose mouse study.
Blood was processed to plasma by the same methods
described for the single-dose mouse studies.

Treatment and Blood Collection for Monkeys

A single dose of 10 mg/kg of R-flurbiprofen was eval-
uated in three male rhesus monkeys (Macaca mulatta).
The animals were f20 years old and averaged 9 kg in
body weight. Under sedation (0.8 ml of 100 mg/ml keta-
mine), a naso-gastric tube was placed into each monkey.
Blood was withdrawn from the femoral vein of the ani-
mals while under sedation just before the first dose (zero
time point) and at or around 0.5, 1, 4, 8, and 12 h postdose.
At each time point a 2–3 ml blood sample was collected
into a 15-ml centrifuge tube. The blood sample was
centrifuged immediately at 200g for 10–15 min. Plasma
was recovered and stored at �20jC.

Plasma Extractions

For the Sprague-Dawley rat and monkey samples, 50 ml
aqueous 2 N hydrochloric acid was added to 500 mL
plasma. For the mouse and nude rat studies, 20 ml aqueous
2 N hydrochloric acid was added to 100 mL plasma. After
mixing on a vortex mixer for 30 sec, 2.5 ml of 4:1 hex-
ane:ether solution was added to the mixture which was
mixed on a vortex mixer for an additional 3 min. An aliquot
of the organic layer (1.25 ml) was removed and placed into

TABLE 2. Pharmacokinetic parameters for male and female C57BL/6J mice, male nude rats (rnu/rnu) and
rhesus monkeys

Species, gender
and R-FB dose

Singlea or
multipleb dose Cmax

R Cmax
S AUCR

c AUCS
c

CL/FR
d

(ml/min/kg)
Vz/FR

d

(ml/kg) t1/2R t1/2S

Male nude rat
10 mg/kg Single 8.7 0.31 36.8 6.0 0.4 164 2.1 NDe

Male mice
10 mg/kg Single 41.0 5.09 241 44.3 0.69 222 3.5 13.6
20 mg/kg Single 70.1 9.19 331 86.1 1.0 308 2.7 7.4
Mean F SD ND ND ND ND 0.8 F 0.2 265 F 61 3.1 F 0.7 ND

Female mice
10 mg/kgf Single 26.4 3.91 327 56.8 0.51 215 5.3 ND

Male mice
10 mg/kg (qd)g Multiple 39.7 5.98 263 73.5 0.6 164 3.0 8.9
10 mg/kg (qod)g Multiple 36.7 7.15 291 91.8 0.6 168 3.4 18.9
Mean F SD ND ND ND ND 0.6 F 0 166 F 3 3.2 F 0.3 ND

Female mice
10 mg/kg (qd)g Multiple 58.0 7.24 458 115.3 0.4 148 4.9 7.0
10 mg/kg (qod)g Multiple 46.7 6.05 281 72.0 0.6 230 4.6 7.2
Mean F SD ND ND ND ND 0.5 F 0.1 189 F 58 4.8 F 0.2 ND

Male monkey
#1; 10 mg/kg Single 14.4 5.77 91 35 1.9 375 2.3 2.7
#2; 10 mg/kg Single 23.2 11.5 123 97 1.4 195 1.6 3.8
#3; 10 mg/kg Single 19.1 3.58 126 25 1.4 242 2.0 3.5
Mean F SD 18.8 F 4.4 7.0 F 4.1 113 F 20.0 52.3 F 38.6 1.6 F 0.3 271 F 93 2.0 F 0.3 3.3 F 0.6

aIn the single dose studies, plasma levels were determined on the day of administration of the dose.
bIn the chronic (multiple dose) studies, plasma levels were determined on the fourth day of administration of the dose.
cAUC (0!24 h) is the reported value for AUCR and AUCS.
dCL/FS and Vz/FS are not reported, due to S -flurbiprofen not being orally dosed.
eThe S -flurbiprofen half-life (t1/2) could not be calculated due to the plateau of plasma levels.
fPreviously reported6 and shown for comparison with data obtained for male C57/BL/6J mice. These data have been recalculated to correct a
mathematical error from the previous report.
gqd = every day dosing; qod = every other day dosing.
ND, not determined.
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a clean glass test tube. The glass tubes were placed into an
exhausting chemical hood until dry.

Chiral HPLC Analysis of Plasma Extracts

The HPLC system consisted of a Beckman 126 pump, a
Beckman 166 single wavelength or a Beckman 168 diode
array detector controlled by Beckman System Gold Soft-
ware (v. 5.1) (Fullerton, CA) run on a PC-compatible com-
puter. The chiral column (S,S-Whelk-O 1, 4.6 � 250 mm;
Regis, Morton Grove, IL) was eluted at 1 ml/min with
97:3:0.5, hexane:2-propanol:acetic acid. The eluent was
monitored at 254 nm. Dried plasma extraction residues
were dissolved in 97:3:0.5 hexane:2-propanol:acetic acid
(200 mL for the Sprague-Dawley and monkey samples;
150 mL for mouse and nude rat samples) and 100 mL of the
dissolved residue was used for analysis by HPLC.

Standard curves were obtained by adding rac-flurbi-
profen to whole blood of the species studied (0.1–50 mg
rac-flurbiprofen per ml of blood for rats, 1–50 mg rac-
flurbiprofen per ml of blood for monkeys; and 0.5–80 mg
rac-flurbiprofen per ml blood for mice). Plasma was ex-
tracted as described above.

Calculations and Data Analysis

All pharmacokinetic parameters were calculated using
Winnonlin (Mountain View, CA). Plasma concentration val-
ues used for pharmacokinetics analyses are the average of
three individual determinations except for experiments
involving monkeys. Areas under the curve (AUC) reported
were calculated using partial areas from 0–24 h. For the
initial partial AUC, from 0 to first data observation, the
corresponding concentration value (Y value) was interpo-
lated from C0 to the first data point. For doses, which
include Clast at 24 h, AUC was from 0–24 h. For doses
lacking Clast at 24 h, lambda z was used to estimate the
corresponding concentration values out to 24 h. Lambda z
was determined by using linear regression of at least
the last three data points for any given plasma time–
concentration curve. Linear regressions were calculated
using Excel and Kaleidograph. The bioinversion half-life
(t1/2i ) was calculated using the following equation as de-
scribed in Kantoci and Wechter23:

½R� ¼ ki � ½R0�
ki þ KR

� e�ðkiþKRÞ�t

Where [R] is the concentration of R-flurbiprofen, [R0]
is the concentration of R-flurbiprofen at time zero for
S-flurbiprofen [S0], ki is the fractional loss of R-flurbipro-
fen through bioinversion to S-flurbiprofen, KR is the
fractional loss of R-flurbiprofen by all other routes (i.e.,
conventional metabolism and excretion in urine). Assump-
tions for this equation are that the S/R enantiomer ratio in
plasma and urine are similar (the kidney does not con-
tribute to the bioinversion) and that the fractional loss
of R- and S-flurbiprofen (as represented by KR, as above
and for S-flurbiprofen by KS in comparable equations
describing S-flurbiprofen) are similar, so as to have little or
no impact on the overall bioinversion process.

RESULTS
Pharmacokinetic Properties of R-Flurbiprofen

in Sprague-Dawley Rats

Representative kinetic profiles of R-flurbiprofen and
S-flurbiprofen following single and multiple-dose admin-
istration of R-flurbiprofen in male Sprague-Dawley rats are
shown in Figure 1. Pharmacokinetic parameters were cal-
culated for the single and multiple-dose studies (Table 1).

In the single-dose rat study, female rats exhibited a
linear relationship betweendose andAUC(dose–response)
between 10 and20mg/kg (Table 1). Themale rats exhibited
a linear dose–response at doses between 20 and 60 mg/kg
(Table 1). In the multiple-dose rat studies, no linear
relationship is exhibited at any of the doses (Table 1). For
both males and females in the multiple-dose studies, there
were no differences in AUC for the 40 and 60 mg/kg doses
(Table 1). Thus, saturation is evident at the higher doses
levels for the multiple-dose rat study. The average half-life,
across all doses, for R-flurbiprofen in the single-dose study
was 3.4F 0.5 formales and 3.3F 0.6 h for females (Table 1).

In the single-dose rat study, the average clearance
(CL/F) for R-flurbiprofen, across all doses, was 2.6 F 0.3
for males and 2.5 F 0.3 ml/min/kg for females (Table 1).
In the multiple-dose study, the average clearances for
males and females was lower than the clearances in the
single-dose study (Table 1).

The Cmax of R-flurbiprofen increased with all doses in
the multiple-dose rat study for both the males and females
(Table 1). However, in the single-dose rat study the Cmax

of R-flurbiprofen, for both the males and females, appeared
to plateau at the intermediate doses (20 and 40 mg/kg)
and then increase again at 60 mg/kg (Table 1).

Female rats exhibited more R to S bioinversion, in both
the single and multiple-dose studies, than male rats
(Table 3). By comparison, the bioinversion half-lives for

Fig. 2. Representative plots from single- and multiple-dose studies in
male mice. Plasma drug levels in male C57BL/6J mice given 10 mg/kg of
R-flurbiprofen either once or for 4 days by oral gavage. Plasma drug levels
for the multiple-dose study are from Day 4. Blood was collected and
analyzed for the concentration of R-flurbiprofen (closed symbols) and
S-flurbiprofen (open symbols). The plasma drug levels resulting from
10 mg/kg single dose are represented by circles and from multiple dose
by triangles. Error bars represent standard deviation.
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males and females were very similar in the single-dose
study, f2.5 h (Table 3). The bioinversion half-lives for the
multiple-dose study could not be calculated due to the
inability to accurately assess the distribution kinetics
during steady-state conditions.

Pharmacokinetics in Nude (rnu/rnu) Rats

The male nude rats given a single 10 mg/kg dose of
R-flurbiprofen had R- to S-bioinversion of 14.1% (Table 3).
The bioinversion half-life is similar to that observed in
the male Sprague Dawley rat in the single-dose study
(Table 3). The maximum observed concentration for
R-flurbiprofen (Cmax

R) in the nude rats was 8.7 mg/ml
(Table 2). The S-flurbiprofen Cmax

S was 0.31 mg/ml at 1 h
(Table 2), and S-flurbiprofen was not detectable after 4 h. By
comparison, in the male Sprague-Dawley rat single-dose
study, the Cmax

R at 10 mg/kg R-flurbiprofen was 14.1mg/ml
and the Cmax

S was 0.36 mg/ml, and S-flurbiprofen was not
detectable after 12 h (Table 1). This suggests that the
higher percentage of R- to S-bioinversion in the nude rat
may be a result of lower concentrations and volume of
disposition of R-flurbiprofen, rather than a higher rate of
bioinversion from the R- to S-enantiomer. The half-life for
R-flurbiprofen in the nude rat isf50% shorter than that for
the Sprague-Dawley rat (2.1 vs. 3.4 h; Tables 1, 2).

Pharmacokinetics in C57BL/6J Mice

For the single dose administration, plasma R-flurbipro-
fen was measured in male C57BL/6J mice after oral
gavage of 10 and 20 mg/kg and compared with previously
published data for female mice after R-flurbiprofen at
10 mg/kg (Table 2).6 The multiple-dose study was per-
formed at 10 mg/kg R-flurbiprofen (in males and females)
with two dosing regimens: 10mg/kg dosed every day (q.d.)
and 10 mg/kg dosed every other day (q.o.d) (Table 2). At
a dose of 10 mg/kg, in both the single-dose and multiple-
dose (q.d.) regimens, the male mice exhibited very simi-
lar kinetic profiles (Fig. 2). The Cmax for the males in the
single-dose and multiple-dose (q.d. and q.o.d.) studies
(10 mg/kg) were similar (Table 2; Fig. 2). The AUCR (AUC
for R-flurbiprofen) parameter for the male mice was also
very similar for the single-dose and for the q.d and the q.o.d.
dosing regimens (Table 2). The percent bioinversion was
f18% for the single-dose male study, andf23% for the q.d.
and the q.o.d. multiple-dose male mice (Table 3). In a
previous single-dose study for female mice treated with
10 mg/kg R-flurbiprofen, the R- to S-bioinversion was re-
ported as f15%.6

The pharmacokinetic parameters of CL/F, Vz/F, and
half-life for the single-dose female mice were similar to
both multiple-dose regimens (Table 2). The Cmax for the

TABLE 3. Summary table of extent of bioinversion and rate of bioinversion for individual species across all doses
and dosing regimens

Species Gender Dose regimen
Dose (mg/kg)
R-flurbiprofen Bioinversiona (%)

Bioinversion
t1/2

b (hours)

Rat Male Single 10 3.7 2.2
Male Single 20 3.2 1.8
Male Single 40 6.6 2.6
Male Single 60 10.1 3.5
Male Multiple 10 3.0 ND
Male Multiple 20 2.7 ND
Male Multiple 40 6.8 ND
Male Multiple 60 6.2 ND

Rat Female Single 10 5.7 1.4
Female Single 20 3.9 1.5
Female Single 40 12.4 2.6
Female Single 60 14.8 3.5
Female Multiple 10 6.1 ND
Female Multiple 20 3.8 ND
Female Multiple 40 11.8 ND
Female Multiple 60 9.9 ND

Nude rat Male Single 10 14.1 2.0
Mouse Male Single 10 15.5 2.3

Male Single 20 20.7 1.8
Male Multiple (q.d.) 10 21.9 ND
Male Multiple (q.o.d.) 10 24.0 ND

Mouse Female Single 10 14.8 13.4
Female Multiple (q.d.) 10 20.1 ND
Female Multiple (q.o.d.) 10 20.4 ND

Monkey Male Single 10 29.6 (F 13.8)c 0.5

aCalculated based on AUC (0!24 h), % bioinversion = (AUCS/[AUCR + AUCS]) � 100.
bBioinversion t1/2 could not be accurately calculated for any of the multiple dose studies.
cNumber represents the average of three animals. Standard deviation included in parentheses.
ND, not determined; could not accurately calculated bioinversion half-lives.
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10 mg/kg single-dose (female) study was approximately
half the value exhibited in the multiple-dose regimens
(Table 2).

There appear to be no appreciable differences between
the daily (q.d.) and every-other-day (q.o.d.) dosing re-
gimens, with the exception of the AUC of the R- and
S-flurbiprofen for female mice, where the AUCR and AUCS

for female q.d. dosing was higher than for other dose re-
gimens (Table 2). The greater values for AUCR and AUCS

for these multiple-dosing regimens resulted in the higher
percent bioinversion in these animals, at f20% (Table 3).
The bioinversion of R- to S-flurbiprofen in the mouse,
unlike the rat, exhibited no gender difference with these
dosing regimens (Table 3). The average percent bioinver-
sion of R- to S-flurbiprofen was higher at all dosing
regimens in mice compared to rats (Table 3).

Pharmacokinetics in Rhesus Monkeys

Pharmacokinetic parameters were obtained for three
rhesus monkeys for a single dose of 10 mg/kg
R-flurbiprofen (Table 2). A representative kinetic profile
for one monkey is shown (Fig. 1). The average Cmax for
the monkeys was 18.8 F 4.4 mg/ml (Table 2). The
individual monkeys exhibited variations in many of the
parameters, particularly Cmax

S, AUCS, and the calculated
percent bioinversion (Table 2). The AUCS demonstrated a
4-fold difference from the lowest value to the highest value
(Table 2). Among the species studied, the monkeys
exhibited the highest bioinversion of R- to S-flurbiprofen,
with an average bioinversion of 30 F 14% (Table 3).
Consequently, the monkey exhibited the shortest bio-
inversion half-life of all species examined (Table 3).

DISCUSSION

The purpose of this study was to evaluate the
pharmacokinetic disposition of orally administered
R-flurbiprofen and determine the extent of bioinversion
from R- to S-flurbiprofen among animal species. These
results will contribute to defining the appropriate animal
toxicology models of R-flurbiprofen that will best approx-
imate the lack of significant bioinversion in humans.
Bioinversion was already known to be extensive in the
rabbit, guinea pig, and dog20 and this study reports data
for rats, mice, and monkeys. For rats and mice, separate
analyses for males and females were conducted.

This was the first pharmacokinetic and disposition study
in which R-flurbiprofen was administered by oral gavage in
these species. In previous studies, R-flurbiprofen was
administered intravenously.17,19,20 Both single-dose and
multiple-dose–response studies were conducted with male
and female rats. The half-life measurements for flurbipro-
fen in rats determined in this study (Table 1) are similar to
those found in studies in which R-flurbiprofen was
administered intravenously.17,19,20 The clearance of R-flur-
biprofen was also similar to the values previously reported
for intravenous administration, when bioavailability is
taken into account.17,19,20

In this study the R- to S-flurbiprofen bioinversion in male
and female Sprague-Dawley rats in the single-dose studies
is different for rats receiving the lower doses (10 and

20 mg/kg) than for rats receiving higher doses (40 and
60 mg/kg) (Table 3). The rats receiving lower doses
(10 and 20 mg/kg) exhibited less bioinversion; the range
for males was 3.2–3.7% and for females 3.9–5.7%, while
the rats receiving higher doses (40 and 60 mg/kg)
had bioinversion in the range of 6.6–10.1% for males and
12.4–14.8% for females (Table 3). The large discrepancy
between rats dosed with lower doses (10 and 20 mg/kg)
vs. higher doses (40 and 60 mg/kg) can be interpreted in
terms of bioinversion half-life. The bioinversion half-life
(t1/2i) is a description of the length of time theR-enantiomer
is exposed to the enzymes responsible for the bioinver-
sion process.24 As substrate concentration increases, the
enzymes involved in the bioinversion process are likely
to become saturated, leading to an increase in the bioin-
version half-life.

Using methods described by Kantoci and Wechter,23 we
calculated bioinversion half-lives for single-dose regimens
(Table 3). In the multiple-dose studies the bioinversion
half-lives were not calculated because of the plateau in
concentration from 2–12 h. The bioinversion half-lives for
the rats, both males and females, receiving the single
doses at lower dose levels (10 and 20 mg/kg) was 1.7 h,
while for the higher doses (40 and 60 mg/kg) it was 3.1 h.
The difference in bioinversion half-lives, as well as percent
bioinversion, is the result of the greater plasma concen-
trations of substrate (R-flurbiprofen) at the 40 and 60 mg/
kg doses. This leads to the potential for saturation of the
enzymes (principally, long chain fatty acid CoA-ligase),
resulting in a longer bioinversion half-life compared to the
lower doses.

For the single-dose studies in rat, the AUCR values
increased in an arithmetic fashion (although not linear)
from 10 mg/kg to 60 mg/kg. In comparison, the AUCS for
these same animals increased disproportionately from
values of f5 mg�h/ml for doses of 10 and 20 mg/kg to
values ranging from 17–64 mg�h/ml for doses of 40 and
60 mg/kg (Table 1). Such disproportionate increases are
seen in both the single- and multiple-dose rat studies, in
both males and females. The differences in bioinversion
of R-flurbiprofen in the rat could be attributed to the
increased concentrations of R-flurbiprofen in the plasma
at the higher doses. Higher plasma concentrations, per-
haps leading to greater intracellular R-flurbiprofen con-
centrations, could exceed the Km of the long-chain fatty
acid CoA-ligase, the rate-limiting enzyme in the bio-
inversion process.24–27 Although increasing concentra-
tions of R-flurbiprofen result in increasing levels of
S-flurbiprofen, the bioinversion kinetics appear to be aug-
mented at higher doses (40 and 60 mg/kg). The change in
the bioinversion kinetics may be the result of induction of
the rate-limiting converting enzyme, the fatty acid CoA-
ligase, or racemases involved in the bioinversion process.24

In previous studies, 12% and 9% bioinversion (calculated
using the method described herein based on AUC) has
been observed when R-flurbiprofen was administered to
male rats as a single i.v. dose of 5 and 10 mg/kg, respec-
tively.17,19 In contrast, Menzel-Soglowek et al.20 adminis-
tered 10 mg/kg to male rats i.v. and found no apparent
bioinversion (<2%; AUC based method of this study).
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Our results, demonstrating little bioinversion at doses
V20 mg/kg (Table 3), are in approximate agreement with
both of these reports.

In the rat single-dose study, there were differences in
the percent bioinversion with respect to male vs. female.
At doses above 40 mg/kg, the percent bioinversion ex-
hibited by the female rats was 1.5–2-fold greater than by
male rats (Table 3). On the other hand, the male and
female rat bioinversion half-lives were not notably differ-
ent from each other (Table 3). The calculation of the
bioinversion half-life describes the kinetic rate constants
directly involved in the R- to S-bioinversion, while the
percent bioinversion offers an overall view of the bio-
inversion process, since it is based on the AUC. The
percent bioinversion seen in the multiple-dose studies is
lower due to the sustained level of R-flurbiprofen over the
2–12 h time period seen with this multiple-dose regimen
(Fig. 1).

The variability in percent bioinversion between animal
species is important because a mixture of both enantio-
mers is more ulcerogenic than the S-enantiomer
alone.11,12 With R-flurbiprofen at 60 mg/kg multiple-dose
administration, the observed 6.2% bioinversion for the
male rats is the equivalent of f8 mg/kg of racemate,
while the 9.9% bioinversion observed for the females is
the equivalent of f12 mg/kg of racemate. This quantity
of racemate approaches the threshold doses adminis-
tered in studies examining the ulcerogenic effects of the
racemate vs. the two pure enantiomers.11,12 In those
studies, substantial pathology and even deaths were seen
at 12.5 mg/kg rac-flurbiprofen in female rats, while
essentially no pathology was observed at 6.3 mg/kg of R-
flurbiprofen.11,12

The amount of bioinversion detected in the nude rat was
greater than that in the male Sprague-Dawley rat. The
male nude rat exhibited 14.1% bioinversion, compared to
3.7% in the male Sprague-Dawley rat at the same dose
(Table 3). The bioinversion half-life for the nude rats was
2.0 h, similar to that observed in the Sprague-Dawley rat at
the same dose (2.2 h, Table 3). In the nude rats given
10 mg/kg R-flurbiprofen, the AUCR is one-half the level
achieved in the Sprague-Dawley rat (36.8 mg�h/ml vs.
75.3 mg�h/ml, respectively). In contrast, the AUCS for the
nude rats was 6.0 mg�h/ml, while the Sprague-Dawley rats
exhibited only half that, at 2.9 mg�h/ml (Tables 1, 2). In
treatment studies of nude rats bearing a human colon
cancer xenograft, as much as 80 mg/kg of R-flurbiprofen
was administered chronically without animal deaths
attributable to the drug (J.D. McCracken, M.D., Loma
Linda Univ. School of Medicine, pers. commun.). Although
the presence or relative levels of Heliobacter pylori bacteria
were not determined in this study, it is interesting to
speculate that differences between the gut flora of the
Sprague-Dawley rats and C57BL/6J mice vs. nude rats
may contribute to the apparent insensitivity of the nude rat
to gastrointestinal toxicity associated with the bioinversion
of R-flurbiprofen to S-flurbiprofen. Nude rats are not
axenic, but their gut flora is most likely different from that
of normal mice and rats. If the nude rats lack microflora
such as H. pylori,28 which is known to contribute to

ulcerogenesis in humans, this could contribute to the nude
rats’ greater gastrointestinal tolerance to much greater
doses of S-flurbiprofen than other species.

The low-dose (10 mg/kg) pharmacokinetics of an orally
administered single dose R-flurbiprofen in the C57BL/6J
female mouse was previously reported as part of a cancer
chemoprevention study in the Min mouse model of
familial adenomatous polyposis.6 The data from that
previous study are reported in this article for completeness
and comparison alongside the pharmacokinetic data at 10
and 20 mg/kg in male mice obtained in the present single-
dose study6 (Table 2). In addition, the present study
included a multidose study, with dosing daily or every
other day. Compared to Sprague-Dawley rats, mice ex-
hibited a greater degree of bioinversion in both the single-
dose and multiple-dose studies (Table 3). There was no
important difference in the extent of bioinversion between
male and female mice in either the single-dose or the
multiple-dose studies (Table 3). The multiple-dose admin-
istration of R-flurbiprofen to both male and female mice
resulted in greater bioinversion, with 21.6 F 1.8% as
compared to the single-dose administration, which re-
sulted in 17.0 F 3.2% bioinversion (Table 3). In contrast,
the Sprague-Dawley rats exhibited the reciprocal, with the
multiple-dose regimen showing overall less bioinver-
sion (f6%), compared to the single-dose study (f9%)
(Table 3). The difference in the extent of bioinversion be-
tween the rat and the mouse may be due to a difference
between the species in the enzyme activity of the long-
chain fatty acid CoA-ligase. Different long-chain fatty acid
CoA-ligase isozymes have now been cloned and charac-
terized from different species, including humans.29–31

Finally, there was no difference in the extent of bioinver-
sion between the once-a-day dose regimen (q.d.) and the
every-other-day dose regimen (q.o.d.), for either males or
females (Table 3).

The oral administration of 10 mg/kg R-flurbiprofen to
three male rhesus monkeys revealed high bioinversion of
R- to S-flurbiprofen (29.6 F 13.8%; Table 3). The monkey
had the lowest bioinversion half-life of all species at 0.5 h
(Table 3). The lower bioinversion half-life in the monkeys
suggests that R-flurbiprofen in the monkey is very quickly
and extensively inverted to the S-enantiomer. The monkey
bioinversion is about equivalent to that observed in the
dog (fractional bioinversion [Fi] = 0.39, Ref. 20; % bioin-
version [calculated by the method described herein] = 35).
Only the guinea pig showed greater bioinversion (Fi = 1.00,
Ref. 20; % bioinversion = 93, calculated as described
herein). The pharmacokinetic parameters varied greatly
from monkey to monkey. The fact that the rate and extent
of bioinversion were dissimilar between humans and the
monkey suggests that the rate-limiting step controlling
the R- to S-flurbiprofen bioinversion,24 – 27 the long-
chain fatty acid CoA-ligase, may be quite different in these
two species.

CONCLUSION

As single enantiomers of the NSAIDs are examined
for possible clinical applications, the bioinversion of the
R-enantiomers will need to be investigated during preclin-
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ical studies. Our study confirms that the bioinversion of
R- to S-flurbiprofen is species-dependent. Nude rats,
monkeys, and mice (current study) as well as guinea pigs,
rabbits, and dogs20 exhibit substantial bioinversion, which
has not been demonstrated in humans. The male Sprague-
Dawley rat, on the other hand, shows a relatively low rate
of bioinversion (f4%) at a dose that approximates the
maximum per kg dose administered chronically in
humans. The bioinversion half-lives in all species exam-
ined were quite similar, with two single-dose exceptions:
the monkey, which demonstrated a significantly faster rate
of bioinversion at 0.5 h, and the female mouse, where the
value is likely an outlier. Our study confirms that R- and
S-flurbiprofen show substantial enantioselectivity in phar-
macokinetic behavior with significant interspecies varia-
bility. However, the male Sprague-Dawley rat proved to be
most similar to humans relative to the bioinversion profile
of R- to S-flurbiprofen after oral gavage administration. It
appears to be a suitable laboratory animal species for pre-
clinical pharmacology and perhaps some types of toxicol-
ogy studies of R-flurbiprofen.
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