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Summary 

The enantiomeric composition of ibuprofen in plasma has been investigated following the oral administration of the racemic drug 
in a novel controlled release (CR) formulation to healthy subjects. The plasma concentration-time profiles suggest that drug release 
from the CR preparation was suitably modified and that the fluctuation between the peaks and troughs observed following a 
conventional tablet formulation were reduced. The plasma concentrations of (S)-ibuprofen were greater than those of the 
(R)-enantiomer following either formulation, and the enantiomeric plasma ratio ( S / R )  was reduced, both in magnitude and 
variability, following the CR preparation. The proportion of the total area under the plasma concentration-time curves, due to 
(S)-ibuprofen were slightly reduced following the CR formulation compare d to the tablet formulation. The importance of a 
consideration of stereochemistry in bioequivalence studies of chiral drugs is dis-cussed. 

Introduction 

There is presently considerable interest in the 
pharmacodynamic and pharmacokinetic proper- 
ties of the enantiomers of chiral drug molecules 
(Ariens, 1984; Williams and Lee, 1985; Drayer, 
1986; Evans et al., 1988; Ariens et al., 1988; 
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Caldwell et al., 1988b). Of particular importance 
are the stereochemical properties of the 2- 
arylpropionic acid non-steroidal anti-inflamma- 
tory drugs (NSAIDs), the 'profens'. These agents 
possess a chiral centre a to the carboxyl group 
and their pharmacological activity resides mainly 
in the enantiomers of the (S)-absolute configura- 
tion, the (R)-enantiomers being either inactive or 
weakly active in vitro (Adams et al., 1976; Hutt 
and Caldwell, 1984). These differences in activity 
are often obscured in vivo due to the metabolic 
chiral inversion of the inactive (R)-enantiomers to 
their active (S)-antipodes in both animals and 
man (for review see Hutt and Caldwell, 1983). The 
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effect of chiral inversion, together with other ster- 
eoselective metabolic transformations, generally 
results in the more rapid plasma elimination of the 
(R)-enantiomer than that of its (S)-antipode fol- 
lowing administration of the racemic drug (Cald- 
well et al, 1988a). As the majority of these agents 
are used as racemic mixtures the determination of 
the enantiomeric composition of the drugs in bio- 
logical fluids is of considerable importance, par- 
ticularly in studies which attempt to relate ther- 
apeutic response to drug plasma concentrations. 

Ibuprofen  ( (R ,S) -2- (4- i sobuty lphenyl )pro-  
pionic acid) is an important NSAID used for the 
treatment of a variety of inflammatory conditions 
and was the first of the profens to be shown to 
undergo metabolic chiral inversion (Wechter et al., 
1974). As a result of this initial observation 
ibuprofen is, in terms of the stereochemical aspects 
of its disposition, the most extensively studied 
compound of this group (Wechter et al., 1974; 
Van Giessen and Kaiser, 1975; Kaiser et al., 1976; 
Cox et al., 1985, 1988; Lee et al., 1985; Williams 
et al., 1986; Jamali et al., 1988; Baillie et al., 
1989). As a result of stereoselective processes in- 
volved in the metabolism and excretion of 
ibuprofen, the inactive (R)-enantiomer has been 
found to be eliminated from plasma more rapidly 
than the active (S)-isomer following administra- 
tion of the racemic drug (Van Giessen and Kaiser, 
1975; Lee et al., 1985). However, recently Jamali 
et al. (1988) have reported similar plasma elimina- 
tion half-lives for both enantiomers following the 
administration of commercially available film and 
sugar coated tablets of the racemic drug. 

In common with many related carboxylic acid 
NSAIDs, racemic ibuprofen has a short biological 
half-life (Collier et al., 1978; Stead et al., 1983) 
necessitating the frequent administration of con- 
ventional dosage forms to maintain therapeutic 
effectiveness. An additional problem associated 
with NSAIDs of short biological half-life is that 
they do not protect patients against morning joint 
stiffness which is common in rheumatoid disease 
states. Thus the development of a controlled re- 
lease formulation of ibuprofen may offer a num- 
ber of advantages in the therapeutic situation. In 
view of the stereochemical complexities of 
ibuprofen disposition it was of interest to examine 

the enantiomeric composition of the drug in 
plasma following the administration of a novel 
controlled release formulation of the racemic drug 
to healthy volunteers. 

Materials and Methods 

Dosage forms 
The controlled release formulation (CR) con- 

sisted of a multidose pellet formulation, compris- 
ing an inert core surrounded by racemic ibupro- 
fen, with an outer release rate controlling permea- 
ble membrane designed to release the drug over a 
12 h period. 20% of the stated drug content was 
coated onto the outer layer of the membrane and 
was therefore available for rapid dissolution and 
hence absorption. The mean weight of each pellet 
was about 1 mg, the drug comprising approx. 75% 
w / w  of the pellets, which were administered in 
hard gelatin capsules equivalent to 300 mg of 
racemic ibuprofen. 

The tablet formulation consisted of conven- 
tional 200 mg ibuprofen tablets which conformed 
to the BP requirements for such tablets. 

Volunteer study 
Four informed volunteers (2 male, 2 female; 

aged 24-37 years) designated healthy by a pre- 
study medical examination, including biochemical 
and haematological tests, participated in the inves- 
tigation, which had received ethical approval. The 
subjects refrained from other medication for 1 
week prior to the study and from alcohol and 
caffeine containing beverages for 24 h preceding, 
and for the duration of the study. On the morning 
of the study each subject consumed a light break- 
fast consisting of fruit juice and toast. The sub- 
jects were assigned in a randomised manner to one 
of two treatment groups and received either the 
tablet formulation (ibuprofen 200 mg) ~/t experi- 
mental time zero, 6 and 12 h or the controlled 
release pellet formulation (as a capsule equivalent 
to 300 mg ibuprofen) at time zero and 12 h. After 
a one week washout period the treatments were 
repeated with the alternative formulations being 
administered. Blood samples (10 ml), obtained by 
venepuncture, were collected into heparinised 
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tubes and the plasma separated by centrifugation 
and stored at - 2 0 ° C  until analysed. Samples 
were obtained immediately prior to drug adminis- 
tration and at 1, 2, 3, 4, 6, 7, 8, 9, 10, 12, 13, 14, 
16, 24, 28 and 32 h post initial drug administra- 
tion. 

Analytical methods 
High-performance liquid chromatography (HP- 

LC) was carried out using a Perkin-Elmer Series 
10 liquid chromatograph equipped with an LC-75 
detector, set at 254 nm, and an R-100 chart re- 
corder (Perkin-Elmer). The column was Hypersil 
(250 x 4.5 mm, 10/~m); mobile phase hexane-ethyl 
acetate (4 : 1 v/v) flow rate 3.2 ml min- 1. Samples 
were introduced into the system via a Rheodyne 
injector fitted with a 20/~1 loop. In this system the 
(S)-l-(naphthen-l-yl)ethylamides of (R)- and 
(S)-ibuprofen and p-chlorophenoxyacetic acid 
(internal standard) had retention times of 1.6, 2.5 
and 4.9 min, respectively. 

Sample preparation 
To heparinised plasma (0.5 ml) was added 100 

/~1 of p-chlorophenoxyacetic acid (60 /~g ml-1), 
internal standard, and hydrochloric acid (0.2 ml, 
1.2 M) and the whole extracted with benzene (5 
ml). The samples were mixed using a vortex mixer 
(5 min) and the phases separated by centrifuga- 
tion, the organic phase was removed and evapo- 
rated to dryness and the residue taken up in 
dichloromethane (1.0 ml) and treated with 1-(3-di- 
methylaminopropyl)-3-ethylcarbodiimide, (S)-I- 
(naphthen-l-yl)ethylamine and 1-hydroxybenzo- 
triazole (100 /~g of each as 100 /~1 of 1 mg m1-1 
solutions in dichloromethane) as previously de- 
scribed (Hutt et al., 1986). After 2 h at room 
temperature the solvent was evaporated and the 
residue taken up in the HPLC mobile phase (0.5 
ml) and 20 /~1 aliquots were injected on column. 
The enantiomers of ibuprofen were quantified as 
their diastereoisomeric (S)-l-(naphthen-l-yl)eth- 
ylamides, by comparison of the amide peak heights 
to that of the amide of the internal standard. 
Calibration curves were prepared over the range 
0.5-25/~g ml-1 of each enantiomer, as non-racemic 
isomeric mixtures, and were routinely established 
each time the assay was performed. The coeffi- 

cient of variation over the calibration range was 
less than 5% (Avgerinos and Hutt, 1987). 

Treatment of data 
The maximum observed drug enantiomer 

plasma concentrations (Cpmax) and the time to 
attain them (tmax) were obtained from an ex- 
amination of the individual data following the 
initial drug dose; area under the plasma con- 
centration time curves (AUC) were estimated by 
the trapezoidal rule up to the last assayed plasma 
sample, 24 and 32 h for the tablet and controlled 
release formulation, respectively. The plasma sam- 
piing scheme (see above) precluded an estimation 
of the drug enantiomer terminal elimination rate 
constants and hence AUC values to infinite time. 
However, an estimate of the apparent drug 
elimination half-lives following administration of 
the controlled release formulation was determined 
using the method of least squares. Statistical anal- 
ysis of these data was carried out using Student's 
paired t-test. 

Results 

The mean ibuprofen enantiomer plasma con- 
centration time profiles following the repeated 
oral administration of a conventional tablet for- 
mulation and the novel controlled release pellet 
formulation, both containing the racemic drug, to 
four healthy volunteers, are shown in Fig. 1. The 
pharmacokinetic parameters derived from an ex- 
amination of the individual data are presented in 
Table 1. 

There were no statistically significant dif- 
ferences in the highest observed plasma concentra- 
tions of total ibuprofen, following the initial drug 
doses, nor in the time to attain them, between the 
two formulations as was expected from the design 
of the controlled release pellets. Examination of 
the enantiomeric composition of ibuprofen at 
Cpm~x however, indicated significantly lower (2P 
< 0.025) concentrations of the (S)-isomer follow- 
ing administration of the controlled release pre- 
paration than the tablet formulation. Following 
repeated administration of both formulations the 
plasma concentrations of (S)-ibuprofen were con- 
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sistently greater than those of its (R)-antipode 
(Fig. 1); an observation in agreement with previ- 
ously reported data following single dose studies 
(Van Giessen and Kaiser, 1975; Lee et al., 1985). 
The more rapid elimination of (R)-ibuprofen fol- 
lowing the tablet formulation resulted in an en- 
richment of plasma ibuprofen with respect to the 
(S)-enantiomer over each dosage interval (Fig. 1), 
the plasma concentration ratio of ibuprofen enan- 
tiomers, S/R,  being 2.5 + 0.86 (mean + S.D.) with 
a range of 1.3-4.2 over the study period. In con- 
trast, following administration of the controlled 
release formulation the plasma enantiomer con- 
centration ratio was reduced, both in magnitude 
and variation (mean _ S.D.: S /R  1.8 + 0.4, range 
1.2-2.6). The apparent enantiomer plasma elimi- 
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TABLE 1 

lbuprofen enantiomer pharmacokinetic parameters following the 
administration of the racemic drug in a conoentional tablet and a 
novel controlled release formulation to healthy volunteers 
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Fig. 1. Mean ibuprofen enantiomer plasma concentration-time 
profiles, and enantiomeric ratios following the oral administra- 
tion of the racemic drug as tablet (A) and novel controlled 
release pellet formulations (B) to four healthy volunteers. (R)- 
ibuprofen (×) ,  (S)-ibuprofen (e), enantiomeric ratio S / R  (A); 
arrowheads on the time axis indicate the time of drug adminis- 

tration. 

Enantiomer AUC 

s-(+) R-(-) (~ S) 

Cpmax tma x A U G  a Cpmax tma x A U C  a 

(~g (h) (~,g (t,g (h) (t,g 
ml - l )  rn1-1  h )  m 1 - 1 )  /Y'L1-1 b)  

Tablet formulation 
Subject 
A 10.9 2 145 8.2 2 64 69.3 
B 9.2 1 133 6.4 1 46 74.3 
C 11.3 2 139 7.3 2 77 64.4 
D 11.8 1 124 9.8 1 77 61.7 
Mean 10.8 1.5 135 7.9 1.5 66 67.4 

Controlled release formulation 
Subject 
A 9.2 2 188 9.2 2 118 61.4 RATIO SIR 
B 6.3 2 140 3.4 2 65 68.5 

f i C 8.8 2 170 8.6 2 136 55.6 
D 6.9 2 141 6.2 2 98 59.0 
Mean 7.8 2 160 6.9 2 104 61.1 

1 

a AUC values 0-24 h and 0-32 h following administration of 
the tablet and controlled release formulations, respectively. 

nation half-lives were longer and similar following 
the controlled release formulation (Fig. 1; ap- 
parent tl/2, (S)-enantiomer 8.4 + 2.2 h, (R)-enan- 
tiomer 8.8 + 4.1 h). 

The areas under the plasma enantiomer con- 
centration-time curves (AUCs) of (S)-ibuprofen 
were significantly greater than those of the (R)- 
isomer following the administration of either for- 
mulation (tablet 2P < 0.01; controlled release 2P 
< 0.02). The proportion of the total AUC due to 
the active (S)-isomer, i.e. the measure of exposure 
of the volunteers to the active agent, was shghtly 
reduced from 67% following the tablet to 61% 
(2P < 0.02) following the controlled release for- 
mulation. 

Discussion 

The purpose of the present study was to in- 
vestigate the enantiomeric disposition of ibupro- 



fen following the administration of the racemic 
drug in a controlled release formulation rather 
than to compare the relative bioavailabilities of 
the two products. The study design was intended 
to simulate the normal, in the case of the tablet 
formulation, and the intended, in the case of the 
controlled release formulation, daily dosage regi- 
mens of ibuprofen. 

The plasma concentration-time profiles (Fig. 1) 
suggest that drug release from the controlled re- 
lease formulation was suitably modified and that 
the fluctuation between the peaks and troughs, 
observed following the conventional formulation, 
were reduced. In addition, and importantly for an 
NSAID, the drug plasma concentrations were 
maintained overnight as determined by measure- 
ment of the enantiomer concentrations at t = 24 h. 
The plasma profiles, and apparent enantiomer 
elimination half-lives, of ibuprofen following the 
controlled release formulation are consistent with 
dissolution rate limited drug absorption, i.e. a 
'flip-flop' pharmacokinetic model (Gibaldi and 
Perrier, 1982). Similar observations have also been 
reported for the elimination of ibuprofen enanti- 
omers following the administration of a generic 
tablet formulation (Cox et al., 1988) and also with 
a controlled release formulation of the related 
NSAID ketoprofen (Houghton et al., 1984). 

As stated previously the stereochemical aspects 
of ibuprofen disposition are complex (for refer- 
ences see Introduction), which is probably a result 
of both the metabolic chiral inversion and enanti- 
omer-enantiomer interactions in plasma protein 
binding (Lee et al., 1985). It has been suggested 
recently that the chiral inversion of (R)-ibuprofen 
may be a presystemic event probably taking place 
in the gastrointestinal tract (Jamali et al., 1988). 
Ibuprofen is thought to be absorbed throughout 
the entire gastrointestinal tract (Parr et al., 1987) 
and as multidose pellet formulations are known to 
be widely distributed, and release their contents, 
throughout the gastrointestinal tract (Beckett, 
1985) differences in tissue (R)-ibuprofen racemase 
activity could account for the reduction in the 
proportion of the total area under the plasma 
concentration time curves due to the active (S)- 
isomer following administration of the controlled 
release formulation. 
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The plasma enantiomeric concentration ratio 
(S/R) of ibuprofen was reduced and showed much 
less variation following the administration of the 
controlled release formulation than the conven- 
tional tablet formulation. A progressive increase 
in the plasma (S/R) ratio was observed following 
the administration of the tablet formulation, which 
decreased on the administration of the second 
drug dose. Jamali et al. (1988) also observed a 
progressive increase in the plasma enantiomeric 
ratio for up to 4-6 h post drug administration, 
after this time the ratio decreased and eventually 
levelled off. This observation was used to support 
the idea that the chiral inversion reaction is a 
presystemic transformation (Jamali et al., 1988). 
We also observed a similar decrease in plasma 
enantiomeric ratio, at a similar time interval, fol- 
lowing the administration of the second tablet 
dose (Fig. 1). However, in a more recent study 
(Avgerinos and Hutt, 1990) of the plasma ibupro- 
fen enantiomeric composition following a single 
dose of the racemic drug to 24 volunteers we 
found a progressive increase in a (S/R) ratio 
which would indicate a systemic contribution to 
the inversion reaction. 

It is of interest to compare the results obtained 
in the present study with ibuprofen, a compound 
known to undergo stereoselective plasma disposi- 
tion, with ketoprofen a compound which under- 
goes minimal enantioselective plasma disposition 
(Foster et al., 1988a,b). Sallustio et al. (1988) have 
recently examined the enantiomeric disposition of 
ketoprofen following the administration of a con- 
trolled release formulation to elderly patients. The 
results obtained were similar to those of Foster et 
al. (1988a,b) in that only small differences in 
enantiomeric plasma concentrations were ob- 
served, the ratio of the time averaged enantiomer 
plasma concentrations being 1.04 _+ 0.21, and it 
was concluded that non-stereospecific analysis 
could be used to yield a fairly good estimate of 
enantiomeric composition of the drug in plasma 
(Sallustio et al., 1988). 

The results of the present study, together with 
that of Cox et al. (1988), have some significance 
for the evaluation of product bioequivalence. Cox 
et al. (1988) carried out a comparative bioequiv- 
alence study on two commercially available 
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ibuprofen  formula t ions  ut i l izing bo th  enant iospe-  
cific and  achiral  analyt ica l  techniques.  The  same 
conclus ions  concerning  differences be tween  the 
two formulat ions ,  in terms of  ra te  of d rug  absorp-  
t ion were reached regardless  of ana ly t ica l  me thod-  
ology,  whereas  differences in drug  e l imina t ion  were 
s ignif icant  only  when enant iospeci f ic  m e t h o d o l o g y  
was employed  (Cox et al., 1988). S imi lar ly  non-en-  
ant iospecif ic  analysis  in the presen t  s tudy would  
have y ie lded  in fo rmat ion  concerning  the modi f ica-  
t ions to the drug p l a sma  prof i le  bu t  no t  the reduc-  
t ion in f luc tuat ion  in p l a s m a  ibupro fen  enant i -  
omer ic  compos i t ion  fol lowing the cont ro l led  re- 
lease formula t ion .  Both these effects be ing  po ten-  
t ial ly advan tageous  in terms of  p roduc ing  a more  
p red ic tab le  response  to the drug. 

In  conclusion,  we would  suggest that  b ioava i la -  
b i l i ty  da ta  ob ta ined  by  measuremen t  of  to ta l  drug  
content ,  fol lowing the admin i s t r a t ion  of  var ious  
fo rmula t ions  of racemic  drugs,  for which phar -  
macokine t ic  and  p h a r m a c o d y n a m i c  dif ferences  
be tween enan t iomers  are known  to exist,  should  
be  examined  with some cau t ion  in assessing p rod -  
uct  equivalence.  
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