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ABSTRACT

The non-steroidal anti-inflammatory agent, etodolac, is chiral and marketed as
the racemate. The pharmacokinetics of etodolac enantiomers were studied in humans
and male Sprague-Dawley rats. In the rat, plasma concentrations of inactive
R-etodolac were greater than active S-etodolac; the AUC of the R enantiomer was
approximately 4 fold greater than that of S-etodolac. There was no interaction between
the enantiomers. Enterohepatic recirculation was apparent in the plasma-time courses
of S-etodolac. Bile duct-cannulation caused a reduction in the AUC of §-, but not
R-etodolac. R-Etodolac was more highly bound to plasma proteins than S-etodolac.
Complete recovery of S-etodolac as acyl-glucuronides was achieved in bile; only 33%

of R-etodolac was likewise recovered. Urine was a minor route of elimination.

Unlike plasma, the S:R AUC ratios were near unity in rat tissues. The tissue
distribution was better explained by binding of enantiomers to plasma than tissues.
The Vmax for in vitro glucuronidation of S-etodolac by hepatic microsomal protein
mirrored the biliary elimination. The in vitro oxidative metabolism by hepatic

microsomes was greater for R- than S-etodolac.

In rats, phenobarbital caused significant reductions (=25%) in the AUC of
both enantiomers. Glucuronidation was not altered, although the oxidative metabolism

of both enantiomers was elevated. Cimetidine did not affect etodolac



pharmacokinetics.

In hu.nans, plasma concentrations of R- preatly exceeded those of S-etodolac.
Stereoselectivity was evident, with R> S for C,.. and AUC, and 5> K i1 4. F and
Vdy/F. Less than 25% of the dose of each enantiomer was excreted 1n the urine as
acyl-glucuronides. Bile was a minor route of elimination. There were no differences

between the young and elderly.

Concentrations of S-etodolac in synovial fluid were twice those in the plasma
of arthritic patients. Conjugates were present in synovial fluid. The unbound fractions
of the enantiomers were greater in synovial fluid than plasma, although R- was bound

more than S-etodolac.

In both species, stereoselectivity was attributable to enantioselective protein
binding and biotransformation. The results reflect the importance of considering

stereoselectivity in evaluating the pharmacokinetics of etodolac.
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1. Introduction

Etodolac (Lodine; Wyeth Ayerst, New York, NY) is a nonsteroidal
antiinflammatory drug (NSAID) which was initially developed by Ayerst Laboratories
in Montreal, Quebec, Canada, in the 1970’s. Early studies indicated that etodolac was
an effective NSAID, which had a favorable ratio of antiinflammatory activity to side-
effects. The clinical evidence was sufficiently satisfactory to allow etodolac to be
marketed in some parts of Europe, including the United Kingdom, Italy, France, and
Switzerland, for the treatment of pain and inflammation associated with various forms
of arthritis. The drug has more recently been given approval for marketing in the
United States of America, although its official use is presently restricted to the
treatment of osteoarthritis, and as a general purpose analgesic (Anonymous 1991).

The pharmacokinetics of etodolac have been studied in the past by the
manufacturer, in a series of papers published in the 1980’s. Over the same time
frame, an awareness was being developed in clinical pharmacology regarding the
possibility of stereoselectivity in the pharmacokinetics of chiral drugs (Ariens 1984;
Hutt & Caldwell 1984; Drayer 1986; Ariens & Wuis 1987; Ariens ef al. 1988). This
is also an important consideration for etodolac, as it too is a chiral drug which is
marketed as the racemate.

In 1986 a gas chromatographic assay method for the stereospecific analysis of
etodolac enantiomers in biological samples was putlished by Singh ef al. (1986). This

was followed in 1988 by the development of an HPLC method for the analysis of
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etodolac enantiomers (Jamali ef al. 1988). In both of these studies preliminary results
obtained from human volunteers indicated that the disposition of etodolac is strikingly
stereoselective, with plasma concentrations of the inactive cnantiomer greatly
exceeding those of the active enantiomer.

The purpose of the studies to be presented in this thesis are to further explore
the initial finding reported by Singh er al. (1986) and Jamali ef al. (1988). The major
objectives were to delineate the causes of the stereoselectivity observed in humans,
and to explore the rat as an animal model whose study could allow for an examination
of the mechanisms underlying stereoselective pharmacokinetics in humans.

Before describing the rationale and objectives for the stereoselective
pharmacokinetic studies, a description of the chemistry, pharmacology, therapeutic
usefulness, side effects, and nonstereospecific pharmacokinetics of etodolac, will be
presented.

1.1. Etodolac

1.1.1. Chemistry of etodolac

In 1976, scientists at Ayerst Research Laboratories in Montreal, Quebec,
Canada, reported on the chemistry and antiinflammatory activities of a series of |-
ethyl- and 1-n-propyl-1,3,4,9-tetrahydropyrano[3,4-blindole- 1 -acetic acid derivatives
(Demerson et al. 1976). From this work the compound
(£)-1,8-diethyl-1,3,4,9-tetrahydropyrano[3,4-b]indole- 1 -aceticacid), hereafter known
as etodolac or etodolic acid, was generated (Fig. 1). Many of the synthesized

compounds, which numbered 37 in total, possessed significant antiinflammatory



activity in the rat, however, etodolac had the highest antiinflammatory to ulcerogenic
side-effects ratio of the generated compounds. Probably for this reason, further drug

development of this class of compounds centred on etedolac.

o)

I N an
H - " COOH

Figure 1. Structure of etodolac. Chiral centre is denoted by the asterisk.

Etodolac possesses a chiral centre (Fig. 1), and is marketed as the racemate.
The separation of the enantiomers was first described by Demerson et al. (1983). Using
the S-(-)- borneal ester of (-)-etodolac, the absolute configurations of the enantiomers
were found to be §-(+) and R-(-) (Humber ez al. 1986). This configuration is similar to

most other NSAIDs, with the exception of ketorolac (Brocks & Jamali 1992).

1.1.2. Basic Pharmacology
1.1.2.1 Antiinflammatory activities
In the initial experiments performed in the rat as described by Demerson et al.

(1976), etodolac was found to result in lowered paw swelling after Mycobacterium
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butyricum injection, and inhibition of carrageenin-induced paw edema. In a more
detailed set of experiments, Martel & Klicius (1976) found that etodolac was about
6.5 times more effective at preventing and treating established adjuvant arthritis in
Wistar/Lewis and Charles River rats than phenylbutazone after oral doses. As
compared to indomethacin, etodolac was about % as effective in these activities. In
terms of its ability to inhibit carrageenin paw edema, etodolac had equal activity to
phenylbutazone.

Many more of the pharmacological properties of etodolac were examined, in
a number of different species, in a more recent study (Inoue er al. 1991a). The
authors also performed a more thorough comparison of the effects of etodolac, as its
activity was compared to indomethacin, diclofenac, piroxicam, and ASA. Similar to
the reference drugs tested, etodolac was found to have significant antiinflammatory
activity in ultraviolet-induced erythema, carrageenin-induced edema, granuloma
formation, and swelling caused by adjuvant arthritis.

Etodolac also caused a reduction in the release of lysosomal enzymes, as
measured by B-glucuronidase release, from guinea pig peritoneal leucocytes activated
with the chemoattractant fmet-leu-phe (FMLP), and from articular leucocytes of
patients with rheuraatoid arthritis (Inoue et al. 1991a). In guinea pig leucocytes,
migration induced by FMLP, and superoxide formation were both inhibited by
etodolac, indomethacin and by diclofenac. Prostaglandin E, formation in rabbit
articular chondrocytes was inhibitzd by etodolac and indomethacin, with the inhibitory

concentrations required for 50% reduction (ICs,) being 5.4 x 10® and 1.2 x 10* M,



respectively (Inoue ef al. 1991a).

In another series of experiments by the same group (Incue er al. 1991b), the
mechanism of action of etodolac were more thoroughly investigated. Etodolac was
found not to have direct antagonistic activity to inflammation induced by either
histamine or bradykinin. Similar to prostaglandins, both of these autocoids play
important roles in the inflammatory response. However, etodolac was capable, unlike
indomethacin or diclofenac, of inhibiting inflammation induced by concanavalin A;
the inflammation induced by this agent is primarily mediated by bradykinin. The
authors suggested that etodolac inhibits the formation of bradykinin from high
molecular weight kininogen, an activity that is unique amongst the NSAIDs tested for
this activity. The authors also suggested that this activity may be beneficial in
reducing the degree of articular damage in patients with rheumatoid arthritis, as
bradykinin induces the release of factors from macrophages which can cause articular
damage.

With respect to the relative antiinflammatory activity of etodolac in adjuvant
injected rats, etodoiac was more active than phenylbutazone, aspirin, fenbufen,
naproxen, and sulindac, but less effective than piroxicam and indomethacin, on a

mg/kg basis (Martel & Klicius 1982).

1.1.2.2. Analgesic activities
Martel & Klicius (1976) also examined the analgesic activity of etodolac by

injecting paws of Charles River rats with brewers yeast suspension, followed by the
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application of measured pressure to the injected area. Using this test. they found that
etodolac significantly increased the threshold of pain in the rats. Etodolac was
effective at increasing the pain threshold in the inflamed rat paw, but not in non-
inflamed paws of control rats (Inoue er al. 1991a). Analgesic activity was also

demonstrated in the acetic acid writhing test in mice (Inoue et al. 1991a).

1.1.2.3. Antipyretic activity
All of the reference drugs studied by Ionue et al. (1991a), including etodolac,
had significant antipyretic activities in rats given brev.crs yeast subcutaneously; th.

drugs had no effect on the rectal temperature of control rats not given the injection.

1.1.2.4. Enantiospecific pharmacology

One important aspect of the pharmacology of etodolac involves the chiral
nature of the drug (Fig. 1). Demerson et al. (1983) found that the (+) enantiomer of
etodolac possessed almost all of the antiinflammatory activity, as measured by
reduction in paw volume of rats with adjuvant polyarthritis, and prostaglandin
synthetase inhibitory activity of the drug; no activity was discernable with the R-(-)
enantiomer. The active enantiomer was later found to have the S- absolute

configuration (Humber et al. 1986).

1.1.3. Clinical trials

There have been many clinical trials and postmarketing surveillance studies,
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some involving thousands of patients (Sernie 1990; Benhamou 1990), which have

examined the therapeutic benefits and side effects of etodolac.

1.1.3.1. Rheumatoid arthritis

Etodolac is an effective agent in the treatment of rheumatoid arthritis. Several
studies, reviewed by Lynch & Brogden (1986), have shown etodolac to cause
significant improvements over placebo in indices of inflammation such as the number
of painful or swollen joints, articular index, and intensity of pain.

In one randomized, parallel-group, double-blinded comparative study by Jacob
et al. (1986), patients with rheumatoid arthritis were divided into 5 groups. In three
of the groups the patients received graded doses of etodolac of 50 (33 patients), 100
(32 patients), or 200 mg/day (32 patients). There was also a group of patients
receiving placebo (27 patients) or aspirin 3900 mg/day (28 patients). Patients were
enroled in the study for 6 weeks; medication had to be taken for at lcast 12 days for
the patients to be included in the final analysis. Ten variables were used to assess the
comparative benefits of placebo, aspirin, and etodolac.

Low doses of etodolac (S0 mg/day) resulted in no significant clinical
improvements compared to placebo. However, etodolac at 200 mg/day resulted in a
significant improvement over placebo in 7 of the 10 categories. Patients receiving
aspirin had significant improvement over placebo in 8 of the 10 categories; in none
of the categories was aspirin significantly better than etodolac 200 mg/day. The

number of patients withdrawing from the study due to side effects was significantly
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higher for  -atients receiving aspirin than those receiving 200 mg/day of etodolac.

1.1.3.2. Side effects

The most common adverse effects of etodolac are related to the gastrointestinal
tract. In a review of 2629 patients receiving long-term treatment with etedolac
(Schattenkirchner 1990), 38% of the patients reported a gastrointestinal complaint
associated with the therapy. Dyspepsia and diarrhea accounted for the majority of the
complaints. There was only a slight increase in the incidence of complaints with an
increase in dosage, from 200 (37%) to 1000 mg (44%) daily. The incidence of
gastrointestinal ulceration has been estimated to be only 0.3% in 3302 patients.
Abnormalities in liver, renal, and hematological function afflicted less than 1% of
3302 patients receiving the drug. In comparing the frequency of side effects in patients
<65 y as compared to those =65 y, the only side effect that had a significantly

higher frequency in the older group was dyspepsia (Schattenkirchner 1990).

1.2. Pharmacokinetic studies of etodolac performed using

nonstereospecific assays
1.2.1. Absorption

Following orally administered doses of regular-release solid formulations, peak
plasma levels of etodolac are achieved within 1-2 h (Table I). Etodolac is absorbed

more rapidly from solutions than from solid dosage forms. The longest t,,, values are
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obtained (Table I) after administration of sustained-release doses (Ultradol SR; Wyeth
Ayerst) of etodolac (Dey et al. 1989).

The absolute bioavailability of etodolac has been assumed to be near 1 (Cayen
et al. 1981). After giving 4 young healthy subjects doses of '“C-etodolac, a total of
86.9% was recovered in urine and feces within 7 days (Ferdinandi et al. 1986). The
bioavailability of sustained-release (SR) etodolac (Ultradol SR) is 78-84% of oral
solutions (Dey et al. 1989). In rats and dogs, etodolac is nearly completely
bioavailable. Cayen ez al. (1981) found no significant difference between AUC after
oral or iv administration (F=0.94) of etodolac to the rat. Similarly, in the dog the
AUC, 4 of oral doses compared to equal iv doses is 0.96 (Cayen et al. 1981).

After dosing 4 subjects with 200 mg of "“C-etodolac, Ferdinandi ef al. (1986)
found a range in C,,, from 9.5-22 mg/L. Interestingly, they suggested that this spread
was due to interindividual differences in first-pass metabolism, even though most
NSAIDs are drugs which possess a low hepatic extraction ratio. Other plausible
explanations not offered were interindividual differences in absorption or the Vd of
the drug.

The effects of particle size, repetitive dosing, and dosing regimen on the
pharmacokinetics of etodolac were studied by Kraml et al. (1984) in human volunteers
(Table I). The C,,, attained with tablet or capsule solid dosage forms were 13-20%
lower than after aqueous solution (p<0.05); the corresponding t,,, after solutions
were significantly lower than after the solid dosage forms. However, there was no

difference between the solid and solution dosage forms in AUC or in t,, indicating
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that the extent of absorption was not dependent on the dosage form used. The authors
suggested that the bioavailabilities of the solid dosage forms were complete. After
giving capsules containing a smaller particle size of etodolac (micronized), the C,,,
was significantly higher than that of a regular tablet; this result was similar to that
seen in the dog experiments. However, there was no difference between the regular
tablet and the micronized dosage form in t,,,, AUCy4, or t,,.. After repeated doses of
etodolac as 200 mg gd or 100 mg bid, there were no differences in the AUG,,, of
etodolac between the first dose and after 7 days of dosing; this suggested that there
was no accumulation of etodolac with repeated doses. Twice daily administration
yielded a significantly lower C,,, but higher C, than with equivalent daily doses
given once daily. As the authors stated, the lack of accumulation with repeated doses
was unexpected based on etodolac’s t,, of over 8 h. No explanation was offered for
this unexpected finding. One possibility is that the volunteers did not comply fully in
taking their tablets of etodolac during the course of the study; such an event could
have resulted in a lack of drug accumulation.

Dey et al. (1989) studied the bioavailability of sustained release {SR) etodolac
in humans (Table I). The subjects were male young healthy volunteers. Two different
SR formulations of etodolac (Ultradol SR) were studied; after 14 h, 64 and 73% of
the etodolac in the respective formulations was released in an in vitro dissolution test.
The formulation giving the higher dissolution also gave a higher bioavailability in vivo
(83% vs 78%). Both SR formulations had a significantly lower absorption than did an

aqueous solution.
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After solution, the clearance (D+F/AUC) calculated by Dey er al. (1989),
assuming an F of 0.82, was lower than calculated for tablets (34.7 vs 42.8 L/h). Dey
et al. (1989) compared their findings with those of Cayen et al. (1981), in which F
was assumed to be 1, and an oral CL value of 40.8 mL/h/kg for tablets was reported.
When an F of 1 was assumed in the calculation of CL, Dey ef al. (1989) found that
their calculated oral CL was 42.4 mL/h/kg, a value similar to that reported by Cayen
et al. (1981).

Dey et al. (1989) stated that the value used for F (0.82) was based on the
recovery of urinary radioactivity reported by Cayen et al. (1981). However, a careful
review of the paper by Cayen et al. (1981) shows that such an experiment was not
performed in humans. Ferdinandi et al. (1986) did report the urinary excretion of
radiolabelled etodolac, but the mean amount eliminated in human urine was 73.1%;
the mean total cumulative amount eliminated in 7 days in human feces and urine was
86.9%. Therefore, the value of 0.82 used by Dey et al. (1989) may be an
underestimate of the true value.

Etodolac displays linear pharmacokinetics (Fig. 2) in humans from 200-600 mg
as single dosages, or as repeated doses of 200-600 mg/day in a sustained-release
formulation (Dey et al. 1989). The pharmacokinetics of etodolac were also linear in
the rat (Fig. 2) over the range of 2-10 mg/kg; in rats single oral doses of 2, 5 and 10
mg/kg gave corresponding mean AUC of 68, 171, & 357 mg-h/L, respectively
(Cayen et al. 1981).

In addition to their studies in humans, Kraml er al. (1984) also studied the



Figure 2
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Relationship between dose of (+)etodolac and AUC. Top panel: After
multiple dose administration of a sustained release formulation to
healthy male volunteers (Dey et al. 1989). Bottom panel: After single
oral doses given to rats (Cayen et al. 1981). Graphs were plotted using
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effects of particle size, food, and antiulcer agents on etodolac pharmacokinetics in the
dog. Capsules containing a smaller particle size of etodolac (micronized) produced a
significantly higher C,,, than regular capsules, but no difference in t,,, or AUC. The
presence of food caused a delayed absorption of micronized etodolac from capsules,
but no change in overall bioavailability, as compared to fasted dogs. The effects of
two antiulcer agents were also studied. The antacid magaldrate had no effect on the
pharmacokinetics of etodolac, although the cytoprotective agent sucralfate caused a
significantly reduced C,,, (39 vs 48 mg/L in controls), but no change in t,,, or AUC.

No explanation was offered as to why the C,,, was different, but not the t,,,.
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1.2.2. Distribution
1.2.2.1. Volume of distribution

The mean volume of distribution of etodolac calculated from oral doses is 0.3
t0 0.5 L/kg (Table I). This value is higuer than that of most other NSAIDs (Lin er al.
1987). Cayen et al. (1981) suggested that the hig:. Vd was due to the unbound fraction
of etodolac in drug-spiked plasma (3.6-4.7%), which was apparently higher (Table II)
than that of other NSAIDs (Lin et al. 1987). However, the concentrations of etodolac
used to spike the plasma were somewhat higher than those encountered clinically.
Later studies (Ferdinandi et al. 1986: Scatina et al. 1986) showed that the earlier
reported value (Cayen er al. 1981) for unbound fraction was indeed higher than that

seen at the concentrations encountered in vivo (see Protein binding, below).

1.2.2.2. Protein binding

Cayen et al. (1981) first reported the protein binding of etodolac in humans,
dogs, and rats, in serum samples spiked with either 20 or 100 mg of the racemate
(Table II). In humans the unbound fraction was higher than that in rat and dog serum.
The binding was reduced in all 3 species with increases in concentration; the unbound
fractions at 100 mg/L were 1.3, 2.5, and 3.25-fold greater than at 20 mg/L in the
human, dog, and rat serum, respectively.

Using “C-etodolac, Ferdinandi er al. (1986) found that the binding of etodolac
to human serum was extensive. Over a concentration range of 6 to 33 mg/L, the

unbound fraction of etodolac in serum was 0.66-1.04% (Table II); the extent of
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binding of etodolac to proteins was independent of etodolac concentration within the
range of drug concentrations studied. The authors discounted the unbound fraction of
etodolac reported by Cayen ef al. (1981), but did not offer an explanation for the
discrepancy. It was likely that the higher unbound fraction reported by Cayen er al.
(1981) was at least partly due to the higher concentrations (100 mg/L) which were
used. Similar to Ferdinandi er al. (1986), Scatina ef al. (1986) found that the mean
unbound fraction of etodolac in the serum of young subjects and elderly patients with
osteoarthritis ranged between 0.91 to 1.02% after single or multiple doses of 200 mg
etodolac; there were no differences between the young and elderly groups of subjects
in albumin concentration or total protein.

The binding of etodolac to serum and synovial fluid (Table II) after repeated
doses was studied in patients with rheumatoid arthritis by Kraml ez al. (1988).
Samples were spiked with 1C-etodolac and the binding was assessed using equilibrium
dialysis. Etodolac was bound more extensively in serum than in synovial fluid. There
were significant inverse correlations of moderate strength between the unbound
fraction and total protein and albumin concentrations. Despite this finding and the
lower concentration of albumin in the synovial fluid, the authors suggested the
possibility of an active process for intrasynovial transport of etodolac as an

explanation for the higher concentrations of unbound ctodolac in synovial fluid.



piny
_ 8861 10 12 [wery sjuaned onuUYUY §T - - €10 | [emouds
8861 ‘Iv 13 [wery siuaned onuyLy €60 - - 0z-1'0 Wnias
9861 I 12 eUNEIg s10algns Ayireay Sunox 01 - - S1-T wneg
sjuoned
9861 ‘Iv 12 BUNEDS SNUIRONSO AapIy L60 - - S1-T wrag
9861 ‘[v 12 puRUIPId] s100lqns wewny AyifesH | +0°1-99°0 - - £€-9 wniag
s109[qns uewny Ayireay
1861 P 12 uskr) -sojdures poxids-3nuq Ly vv| Tte 001 wnias v

1861 ‘17 12 uake)

s100lqns vewny Ayreay
‘sojdures payids 3nuQg

(%) uonoeyy punoqup

(1/3w)
UOTIBIIUIDUOD)

*PINY [e1AOUAS PuR WIS W Jejopoe-(F) Jo Surpumiq waroad auy :IJ 4qeL

IN\NI



- 18 -

1.2.2.3. Tissue distribution

Using whole body autoradiograms of the rat, orally administered '*C-etodolac
(10 mg/kg) was observed to rapidly distribute to the tissues (Cayen ef al. 1981). In
the same study, another group of rats was killed at various times after oral
administration of labelled drug, and a wide selection of tissues was removed and the
radioactivity content measured. The levels of radioactivity were highest in blood
vessels, connective tissues, and highly perfused organs such as kidney, liver and
heart. The serum contained higher concentrations of etodolac than any of the tissues,
and the rate of elimination from tissues paralleled that in the serum.

After giving “C-etodolac, Ferdinandi ef al. (1986) found that the blood clots
remaining after separation of human serum contained almost no radioactivity; hence

studies using plasma should yield similar results to those using serum.

1.2.2.4. Distribution into the synovial fluid

Kraml et al. (1988) studied the time-course of etodolac concentrations in the
synovial fluid of 5 patients with rheumatoid arthritis (age 35-71 y; 2 female, 3 male).
The patients were given repeated doses of 200 mg twice daily for 7 days. On day 8
a dose of etodolac 200 mg was given, and serial serum and synovial fluid samples
were collected for 32 h.

The mean C_,, in the synovial fluid was lower (2.6 vs 15.6 mg/L), and the t,,,
was greater (3.2 vs 1.2 h), than in the serum, thus indicating a delayed entry of

etodolac into the synovial fluid. The AUC,,, of total (bound + unbound) drug in
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serum was 67% greater than that in synovial fluid (33.6 vs 49.8 mg h/L, p<0.05),
although the decline in concentrations in both fluids was equivalent as reflected in the
t,,, which was not different (6 h).

The AUCg,, of unbound drug was 72% higher in serum than in synovial fluid
(p<0.05). There was no difference between the t,, of unbound etodolac in synovial
fluid and serum (6 h), or between the t,, of unbound and total drug. The authors found
that the relative total drug AUC ratio of [synovial fluid:serum] was considerably lower

(67%) than that of the unbound drug (172%).

1.2.3. Elimination

In humans the t,, of etodolac is of moderate duration, with mean values
between 7-8 h (Table I). In other species, etodolac is eliminated somewhat more
slowly. In the rat, the t,, were calculated to be 16.8 and 16.6 h after oral and iv
dosing, respectively (Cayen et al. 1981). In dogs, the mean t,, is about 9.7 h. In both
rats and dogs the elimination phases of the plasma concentration-time profiles are
accompanied by fluctuations, which are indicative of enterohepatic recycling (Cayen

et al. 1981). This explains to some extent the reported prolonged t, in these species.

1.2.3.1, Metabolism
The major metabolites of etodolac are depicted in Fig. 3. Cayen er al. (1981)
studied the metabolism of etodolac in the rat, using 'C-etodolac. Most of the

radiolabelled material that was recovered was found to be unchanged drug. In the rat
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bile, where most of the drug was recovered, 10% of the material was separated by
thin laye. chromatography and subsequently identified as being hydroxylated
metabolite. Of the four hydroxylated metabolites identified, two were phenolic, while
the other two were identified by mass spectroscopy as being 3- and 4-
hydroxyetodolac. The authors could not find glucuronidated drug in urine or bile. In
the dog, both unchanged and glucuronidated etodolac were seen in the bile.

In humans most of a dose of “C-etodolac was found in the urine over 24 h
(Ferdinandi et al. 1986). Using thin layer chromatography for isolation, and mass
spectroscopy and nuclear magnetic resonance for identification, the metabolites of
etodolac were characterized. The acyl-glucuronide of etodolac comprised 20% of the
urinary recovery. Hydroxylated metabolites were also found, and these accounted for
46% of the urinary recovery (11-24% each); these metabolites included 6- and 7-
hydroxyetodolac, and 8-(1’-hydroxyethyl)etodolac. The metabolites were
predominately found in urine as their respect’ vc glucuronide conjugates.

In human serum 90% of radiolabelled drug was present as unconjugated
material (Ferdinandi et al. 1986). Of this, 70-80% was present as unchanged etodolac,
10% as 7-hydroxyetodolac, and 1-2% as 6-hydroxyetodolac.

An unusual metabolite of etodolac, 4-ureidoetodolac (Fig. 3), was found in the
urine of humans, rats, dogs, and mice (Ferdinandi ef al. 1987). In humans and rats

this metabolite accounted for 8.1 and 53% of the radioactively labelled dose recovered
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in the urine, respectively. Substrate/product stereoselectivity' (Jamali er al. 1989) did
not appear to be present in the formation of this metabolite, because HPLC analysis
of the urine extracts showed equal concentrations of the two 4-ureidoetodolac
diastereomers. The formation of the ureide did not seem to require the initial
metabolism of etodolac to 4-hydroxyetodolac, because the hydroxyl group of 4-
hydroxyetodolac was only converted to the ureide under acidic, non:hysiological
conditions. Therefore, another intermediate was postulated to be involved in the
formation of 4-ureidoetodolac.

The hydroxylated metabolites of etodolac, and urvidoetodolac, possess very
little if any pharmacological activity, as determined using rat adjuvant arthritis, and
prostaglandin production by chondrocytes (Humber ez al. 1988).

Etodolac does not seem to affect oxidative drug metabolism, because no
change was seen in the concentration of microsomal cytochrome P-450 in the livers

of rats given 7 daily doses of 10 mg/kg etodolac (Cayen et al. 1981).

' When a prochiral carbon of an enantiomer is converted to a chiral carbon via biotransformation, and one
isomer is preferentially formned, substrate/product stereoselectivity is said to have occurred.
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1.2.3.2.  Excretion

In humans etodolac and its metabolites are primarily excreted by way of the
urine. Ferdinandi er al. (1986) found after giving “C-etodolac to four healthy black
male volunteers, 61% was recovered in urine over 24 h; over 7 days 69-76% of the
radioactivity was recovered. During a 7 day collection of urine and feces, 80-92% of
the administered radioactivity was recovered. Ferdinandi e¢ al. (1987), who studied
the urinary excretion of etodolac in four species found that the total urinary recovery
(% of dose) of “C-etodolac as a percent of the dose ranged between 6.2% (dog) to
65.8% (human); in rodents the urinary recovery was 11.4 (rat) and 52.7% (mouse).

Unlike humans, the bile rather than urine constituted the major route of
excretion of etodolac in dogs and rats. In bile-duct cannulated rats, 92% of the
cumulative radiolabelled dose was excreted into the bile. This elimination was quite
rapid, 76% of the administered radioactivity being excreted in the bile within 12 h
after dosing. Only 15% of the radiolabelled material was excreted into the urine, and
of this, 10% was unchanged etodolac. Although the authors used B-glucuronidase to
evaluate the amount of glucuroconjugated etodolac, no conjugates were seen.
Fluctuations in the plasma-concentration vs time profiles were evident in both species,
and were attributed to extensive enterohepatic recirculation. In the rat this was
confirmed, because after bile-duct cannulation the fluctuations disappeared, and the
CL of etodolac was increased. The ultimate fate of most of the drug in these species
was excretion into the feces; in a radiolabelled dose-recovery study, Cayen et al.

(1981) found that 79 and 83% of the labelled dose was recovered in the feces of the
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rat and the dog, respectively.

In the bile from dogs, both unchanged and glucuronidated etodolac were
identified (Cayen er al. 1981). In the rat bile, however, most of the recovered
radioactivity was as unchanged etodoiac; no etodolac glucuronide conjugates were
found. There was only a small amount of oxidized metabolites in the rat bile (Cayen
et al. 1981).

The metabolites of etodolac appear to be quite rapidly eliminated from the
plasma in rats and dogs. Specifically, in the rat, parent drug accounts for 95% of the
radiolabelled drug found in the serum (Cayen er al. 1981). Similarly, in dogs, the
ratio of total serum radioactivity/etodolac is 1.35 and 1.33 after oral and iv doses,

respectively (Cayen et al. 1981).

1.2.4. Effect of pathophysiological changes on etodolac pharmacokinetics
1.2.4.1. Effect of aging

The pharmacokinetics of etodolac in elderly subjects were compared with
young subjects by Scatina er al. (1986). In each group after repeated administration
(every 12 h) of etodolac for 7 days the pharmacokinetic parameters were not
significantly different between the young and the elderly subjects (Table I). In the
elderly there was a significant increase of 13% in the AUC,,, between the first and
the seventh day of dosing, although the authors felt that it would be of little clinical
importance. It was concluded that dosage adjustments were probably not required in

elderly patients.
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1.2.4.2.  Pharmacokinetics in osteoarthritis

In their study involving the elderly, Scatina et al. (1986) also included a group
of 20 elderly patients with osteoarthritis (Table I); this is pertinent considering the
presently approved indication for etodolac in the USA, which is for use as an
analgesic, and as an antiinflammatory agent in the treatment of osteoarthritis
(Anonymous 1991). The pharmacokinetics and serum protein binding of etodolac in
this group of subjects were identical to those of the young subjects. However, after
multiple dosing there was no detectable accumulation of drug in the osteoarthritic

patients, unlike the healthy elderly subjects.

1.2.4.3.  Pharmacokinetics in patients with hepatic cirrhosis

In a published abstract the pharmacokinetics of etodolac in patients with
hepatic cirrhosis were reported (Lasseter ef al. 1988). There were no differences
between patients and a control group of young healthy volunteers in AUC, Cpy; tou
t,, or serum protein binding. It was concluded that dosage adjustments in such

patients are not necessary.
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1.3. Rationale for the study of the enantioselective
pharmacokinetics of etodolac

1.3.1. The basis for considering stereoselectivity in clinical pharmacology and
pharmacokinetics

Most of the drugs that are used clinically are organic molecules, and are therefore
primarily carbon based. When a carbon atom in a molecule is bonded to four different
substituents, that carbon atom is termed a chiral, or an asymmetric, centre. There are
two possible orientations of the substituents about the chiral centre, and therefore,
there are 2 possible forms of the same molecule; these are called enantiomers.
Enantiomers, which share the same chemical formula and structure, with the exception
of the arrangement of the substituents about a chiral centre or plane, have virtually the
same physical-chemical properties in an achiral environment (Wainer & Marcotte
1988). They do differ, however, in their abilities to rotate the plane of polarized light.
In essence, if an enantiomer was dissolved in an achiral solvent, and a plane of
polarized light were passed through the solution, then on the other side of the solution
the emitted light would be bent in opposite directions in each of the two solutions.
This is called optical activity, and is a characteristic property of molecules which
contain chiral centres or planes. Depending on the absolute configurations of the
substituents about a chiral centre, the enantiomers are most commonly termed R or
S.

Although enantiomers possess the same physical-chemical properties, they
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often differ in their biological properties. The basis for this difference lies in the chiral
nature of biological systems. Many of the macromolecules that comprise cellular
systems are themselves chiral, and have unique 3-dimensional structures. Furthermore,
the basis of pharmacological activity of drugs lies in their ability to interact with
specific receptor molecules, such as proteins, which are chiral macromolecules.
Because the orientation of the substituents about one chiral centre in an enantiomer
may permit a more favourable interaction with a receptor protein than with its
corresponding enantiomer (antipode), the enantiomers may have different
pharmacological properties.

There are chiral compounds in which the enantiomers differ in their
pharmacological properties. For example, with the 8-adrenergic blocking drugs, the
major pharmacological effects are attributable to the levorotatory enantiomers (Jamali
et al. 1989). In another class of drugs, the chiral nonsteroidal antiinflammatory drugs
(Table IIT), the S enantiomers possess many fold greater activity than the respective
R enantiomers (Jamali 1988).

Sometimes enantiomers may possess distinct pharmacological properties. For
example, the (-) enantiomer of the B-adrenergic blocking drug, sotalol, possesses
almost all of the B-blocking activity. However, both of the (-) and (+) enantiomers
possess class III antiarrhythmic activity (Jamali ez al. 1989). In other cases one
enantiomer may be responsible for activity, and its antipode for an untoward effect.
There are many examples of differential activity of enantiomers, and the reader is

referred to the review article by Jamali er al. (1989).
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The processes involved in the determination of drug disposition, namely
absorption, distribution, metabolism and excretion, are also governed to varying
degrees by interactions of drugs with chiral macromolecules. For example, there may
be transport proteins involved in absorption of drugs from the gastrointestinal tract.
The distribution of drugs through the body may be restricted in some cases by binding
of drugs to chiral proteins circulating in the bloodstream, including albumin and a;-
acid glycoprotein. The distribution of a drug may also be influenced by its binding to
tissue proteins. Drug biotransformation is facilitated by metabolic proteins which can
be located in several organs. Some excretory processes, such as renal tubular
secretion, involve proteins. Due to the differential abilities of enantiomers to interact
with proteins involved in any of these processes, the enantiomers of a chiral
compound may possess different pharmacokinetic properties.

Many of the drugs which contain chiral centres are administered clinically as
compounds containing equal proportions of the R and S enantiomers. Such a
compound is called a racemate. Consequently, the therapeutic or toxicological
activities of a racemic compound may be preferentially or equally attributed to one or
both enantiomers.

The fundamental basis for studying the concentrations of drug in a biological
sample, and therefore to establish pharmacokinetic indices, is that there is some
measure of relationship between the concentration and the degree of pharmacological
activity. In the past, most pharmacokinetic studies of racemic drug compounds were

determined using nonstereospecific methodology. In essence, the sum of the
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enantiomers was reflected in the concentration vs time curves, and in the derived
pharmacokinetic parameters. Such an approach ignores the fact that enantiomers may
differ in their pharmacological activity, and may render any interpretation of the
pharmacokinetic data, in relationship to the observed pharmacodynamic parameters,
either misleading or meaningless (Ariens 1984; Ariens & Wuis 1987; Evans et al.

1988; Jamali et al. 1989).

1.3.2. Stereospecific pharmacokinetics of nonsteroidal antiinflammatory drugs
1.3.2.1. Other NSAIDs

The nonsteroidal antiinflammatory drugs are widely used, as anti-arthritic
agents, as antipyretics, and as analgesics in mild to moderate pain. A large number
of the NSAIDs in existence today are chiral molecules (Table III). It is important to
realize that for every chiral NSAID developed to date, almost all of the beneficial
activities are possessed by the S enantiomer (Jamali 1988; Evans 1992); the respective
R enantiomers are, for the most part, therapeutically irrelevant!. With the exception
of naproxen, all of the chiral NSAIDs are, or have been, used clinically as the
racemate. In the 1980's a number of papers (Wright & Jamali 1992) were published
which described analytical methods for the determination of enantiomers of a number
of nonsteroidal antiinflammatory drugs. Prior to these developments, pharmacokinetic

data were generated based on non-stereospecific assays. Hence, the calculated

' Some evidence has been put forth which suggests that the R enantiomer of flurbiprofen possesses
analgesic activity (Brune et al. 1991).
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pharmacokinetic parameters ‘vere based on the sum of the § and R enantiomers.
Except for ketorolac (Guzman et al. 1986), the optical rotation of the
dextrorotatory and levorotatory enantiomers of chiral NSAIDs have the § and R
absolute configurations, respectively (Jamali 1988). The pharmacokinetics of the
enantiomers of most chiral NSAIDs have been studied in humans and animals. With
most of the chiral NSAIDs, the plasma concentrations of the active § enantiomer are
either similar, or greater than, those of the R enantiomer (Table 1V). For an important
sub-class of NSAIDs, the 2-arylpropionic acids, part of the reason for greater plasma
concentrations of the S enantiomer lies in the occurrence of a bioinversion of the R
to the S enantiomer. This unique metabolic pathway is known to involve ibuprofen
(Jamali er al. 1992), benoxaprofen (Bopp et al. 1979), fenoprofen (Rubin et al. 1985),
and ketoprofen (Jamali & Brocks 1990) in humans (Jamali ef al. 1990). In general,
the nonsteroidal antiinflammatory drugs are extensively metabolized, have a low
hepatic extraction ratio, and are extensively bound to albumin in plasma (Lin et al.
1987). Consequently, in cases where the plasma concentrations of the § enantiomer
exceed those of their antipodes, differences in clearance might be explained by
stereoselectivity in intrinsic metabolic clearance, and in plasma protein binding of the
enantiomers. Where there is stereoselectivity in the volume of distribution,
enantioselective plasma or tissue protein binding could be held responsible. For
example, enantioselective plasma protein binding seems to be an important factor in
determining the stereoselective pharmacokinetics of flurbiprofen (Berry & Jamali

1989).
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Table 1II: Some nonsteroidal antiinflammatory drugs

i. Achiral
Acetylsalicylic acid
Diflunisal
Mefenamic acid
Tenoxicam

Zomepirac

ii. Chiral
Benoxaprofen
Cicloprofen
Fenoprofen
Flunoxaprofen
Ibuprofen
Indoprofen
Ketorolac
Metbufen
Pirprofen

Suprofen

Diclofenac
Indomethacin
Piroxicam

Tolmetin

Carprofen
Etodolac
Flobufen
Flurbiprofen
Indobufen
Ketoprofen
Loxoprofen
Naproxen

Tiaprofenic acid
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Table IV: The S:R AUC ratios of some representative chiral NSAIDs in humans

Drug

Ibuprofen

LSRR

S:R AUC ratio

Evans 1992

References

Ketoprofen 0.85-1.0 Evans 1992

Ketorolac 1.0 Brocks & Jamali 1992

Pirprofen >1 Sioufi er al. 1987 ||
Fenoprofen >6 Rubin er al. 1985

Flurbiprofen 1.1 Jamali ef al. 1988

Tiaprofenic acid 1.0 Singh et al. 1987 ﬂ
Indobufen 0.54 Benedetti er al. 1992 II
Suprofen 0.55-0.68 Shinohara et al. 1991

Etodolac 0.10 Jamali et al. 1988
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1.3.2.2. Etodolac

The first report describing the stereospecific pharmacokinetics of etodolac was
published in 1986 (Singh er al. 1986). In that report, a gas chromatographic method
was described which involved a precolumn derivatization of etodolac with S-(+)-
amphetamine. The etodolac-amphetamine amide diastereomers were separated using
a fused-silica capillary column.

The authors studied the plasma concentrations of orally administered etodolac
in 2 subjects. One subject was a 56 y old female patient with unspecified arthritis,
who had received 200 mg etodolac every 12 h for 1 month. The second subject was
a healthy male volunteer (39 y) with no prior history of ingestion of etodolac. After
dosing the subjects with a 200 mg dose of (%)-etodolac, blood samples were
collected, and plasma was harvested. During the sample preparation, acyl-
glucuronides of etodolac were purposefully hydrolysed; there was no attempt to
distinguish between unchanged and acyl-glucuronidated etodolac enantiomers, in
plasma and urine, in this particular study.

In both subjects, the plasma concentrations of R-(-)-etodolac substantially
exceeded those of the active S-(+) enantiomer. The pharmacokinetic indices were not
reported for the study subjects. Less than 10% of the dose of each c.iantiomer was
excreted in the urine, as acyl-glucuronidated drug. The excretion of the S-(+)
enantiomer in urine was higher than the R-(-) enantiomer in both subjects.

In 1988 a second assay was published for the analysis of etodolac enantiomers

(Jamali er al. 1988). This was an HPLC assay, which involved a precolumn
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derivatization via formation of a mixed anhydride intermediate with
ethylchloroformate, followed by the formation of a diastereomeric amide with L-(-)-a
phenylethylamine. Unlike the gas chromatographic assay, this procedure permitted for
quantitation of both the unchanged etodolac and acyl-glucuronidated species.

The pharmacokinetics of etodolac were characterized in two healthy male
subjects after 200 mg etodolac every 12 h, for 7 doses. Similar to the results of Singh
et al. (1986), the plasma concentrations of the S-(+) enantiomer were much lower
than those of the inactive R-(-) enantiomer. Furthermore, pharmacokinetic data were
reported. The AUC were 12.3- and 8.9-fold higher for R than S etodolac, in the two
volunteers, respectively. In both subjects the S enantiomer had a much greater
distribution than its antipode, the Vd/F being 8.2 and 4.1 fold higher for S than R
etodolac. In the urine, an average of 23 and 11% of the dose of the § and R
enantiomers, respectively, were excreted. All of the drug recovered in urine was
derived from acyl-glucuronidated etodolac.

These preliminary data were of importance, because the concentrations of the
active S enantiomer represented only a small fraction of the total (S+R) plasma
concentrations of etodolac. For this reason, the relevance of the bulk of the previous
data generated on the pharmacokinetics of (§+ R)-etodolac could be questioned. As
stated above, the objective of performing a pharmacokinetic study should be to relate
the drug concentrations in blood, serum, or plasma, to the pharmacological activity
of the drug. If, in the place of the active entity, an inactive substance is measured,

such an objective cannot be achieved. Therefore, it was necessary to further evaluate
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the pharmacokinetics of etodolac, f-om a stereospecific perspective.

1.4. Hypotheses

1. The pharmacokinetic differences between the enantiomers of etodolac are due

to enantioselectivity in:

a. Metabolic clearance

b. Plasma protein binding

2. The rat is a suitable animal to study the underlying mechanisms for the

stereoselective pharmacokinetics of etodolac.

1.5. Specific objectives, and their rationale

1.5.1. Study the stereospecific pharmacokinetics of etodolac in the rat

Due to a limited availability of individual enantiomers of etodolac and ethical
issues involved in administration of individual enantiomers to humans (De Camp
1989), we sought to develop an animal model for the study of the stereospecific
pharmacokinetics of etodolac. For this purpose we chose to study the rat, and to

investigate the basis for any differences which might be seen in the pharmacokinetics
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of etodolac enantiomers. We also performed experiments to:

1.5.1.1. Determine if there is w. .- + “tion between the enantiomers of etodolac
Both individual enantiomers and racemic etodolac were administered to

determine if the enantiomers influence the pharmacokinetics of one another. Such an

interaction has been observed between the enantiomers of flurbiprofen (Berry &

Jamali 1989).

1.5.1.2.  Determine factors which might be involved in the distribution of etodolac
enantiomers

The distribution of NSAIDs, including etodolac, is highly dependent on

binding to plasma proteins (Lin er al. 1987). Therefore, the in vitro relative binding

affinities of etodolac enantiomers to plasma and tissues, and the in vivo tissue

distribution, were examined.

1.5.1.3. Determine if there is stereoselectivity in the excretion of etodolac enantiomers

In the rat, most of the dose of "“C-etodolac has been reported to be excreted
in the bile, as unchanged drug (Cayen er al. 1981). Consequently, the excretion of
etodolac enantiomers was studied in rats which were cannulated at the common bile
duct. Urinary excretion was also evaluated in rats with an intact or interrupted biliary

tract.
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1.5.1.4. Determine enantioselective aspects of biotransformation of etodolac

Most NSAIDs are extensively metabolised. Several metabolites of etodolac
have been characterized, in humans and rats. Therefore, the in vitro microsomal
metabolism of etodolac enantiomers was studied in the rat, to assess the relative

oxidative metabolism and acyl-glucuronidation of the etodolac enantiomers.

1.5.1.5. Study the effects of enzyme inhibition and induction

Etodolac and other NSAIDs are used in the long term treatment of arthritis,
which may subject patients to an increased risk of gastrointestinal disturbances (Taha
et al. 1989). To treat these complications, H2 histamine blocking agents such as
cimetidine are occasionally co-prescribed during therapy with NSAIDs (Verbeeck
1990). This could possibly influence the outcome of the treatment with etodolac,
because cimetidine can competitively inhibit the cytochrome P-450 mediated
metabolism of a number of drugs (Somogyi & Muirhead 1987). Alternatively, the co-
administration of anticonvulsant drugs such as phenobarbital or phenytoin can increase
the metabolism of NSAIDs, through their potent inducing effects on drug metabolism
(Hansten & Horn 1989).

The effects of enzyme induction or inhibition on the pharmacokinetics of
etodolac enantiomers have not been previously reported; hence, we sought to describe
the effects of an enzyme inducer (phenobarbital) and an inhibitor (cimetidine) on the

pharmacokinetics of etodolac enantiomers in the rat.
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1.5.2. Study the pharmacokinetics of etodolac enantiomers in humans

In the human studies, we sought to:

1.5.2.1. Confirm and elaborate on the enantioselective pharmacokinetics of
etodolac in humans

There is only limited data available which describe the pharmacokinetics of

etodolac enantiomers in humans. What is known has been derived from only four

subjects in two preliminary studies (Singh er al. 1986; Jamali et al. 1988). Therefore,

the stereospecific pharmacokinetics of etodolac were studied in a group of young,

healthy volunteers.

1.5.2.2. Determine the effect of aging on the stereoselective pharmacokinetics of
etodolac

In humans, etodolac is extensively metabolized, almost no intact drug being
recovered in the urine (Ferdinandi et al. 1986). Although most of a dose of etodolac
is eliminated by oxidative metabolism, 10-20% is eliminated as acyl-glucuronides
(Jamali et al. 1989; Ferdinandi e al. 1986). The plasma protein binding of etodolac
is extensive (Ferdinandi et al. 1986). Because aging can affect both the metabolism
and protein binding of drugs (Chapron 1988), it is possible that the pharmacokinetics

of the enantiomers of etodolac may differ between young and elderly subjects.
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1.5.2.3. Establish the extent of biliary excretion of etodolac

There is enterohepatic recirculation of etodolac in rats and dogs, because a
large fraction of the dose is excreted in the bile (Cayen ez al. 1981). Biliary excretion
of etodolac enantiomers, which has not been previously studied in humans, is of
clinical importance since it might play a significant role in their elimination and
because it has been speculated that enterohepatic recirculation increases the intestinal

toxicity of NSAIDs (Rainsford 1987).

1.5.2.4. Determine the relative concentrations of etodolac enantiomers in the
synovial fluid

One of the ultimate goals of conducting a pharmacokinetic study is to yield
information which can be used to establish a concentration-effect relationship. With
respect to the NSAIDs in rheumatoid arthritis, this is perhaps best facilitated by
relating concentrations in plasma to those at the site of action, namely the synovial
fluid (Wallis & Simkin 1983). This information can then be used to better understand
the plasma concentration vs antiinflammatory activity relationship.

The non-stereospecific disposition of etoc~ac in synovial fluid has previously
been reported by Kraml e al. (1988). They fou..i considerable concentrations of
etodolac in synovial fluid following oral administration to arthritic patients. That
study, however, did not provide insight into the concentrations of the

pharmacologically active S-enantiomer (Humber et al. 1986) of etodolac in synovial
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fluid. This is of particular concern, as it has been shown that plasma concentrations
of inactive R-etodolac greatly exceed those of S-etodolac following administration of
racemate (Singh et al. 1986; Jamali er al. 1988). Therefore, we sought to examine the
uptake of etodolac in synovial fluid from a stereospecific perspective, and examine
whether plasma concentrations of total (S+R) etodolac indeed reflects those of the

active enantiomer at the site of action.

1.5.2.5.  Determine the extent of protein binding of etodolac in plasma and synovial
Sluid

Because protein binding is an irapoitant factor in the disposition of NSAIDs,

binding of enantiomers to both plasma and synovia! fluid, and to hyaluronic acid, a

major component of synovial fluid, were also assessed.
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2. Experimental

2.1. Chemicals

Racemate and pure enantiomers of etodolac and internal standard
[(£)-2-(4-benzoylphenyl)butyric acid], were kindly provided by Wyeth-Ayerst
Laboratories (New York, NY), and Rhone-Poulenc (Montreal, Canada), respectively.
Ftodolac capsules (Lodine; Wyeth-Ayerst, New York, NY) were purchased
commercially. For microsomal incubations, all reagents were purchased from Sigma
Laboratories (St. Louis, MO). Injectable cimetidine (Tagamet, 150 mg/mL;
SmithKline & French, Mississauga, Canada) was purchased from a hospital pharmacy.
All reagents required for microsomal incubations, §-(-)-a-phenylethylamine, R-
(+)-a-phenylethylamine, kits for the determination of albumin and total protein
concentrations, human umbilical cord hyaluronic acid, and urethane, were purchased
from Sigma Laboratories (St. Louis, MO, USA).

Isopropyl alcohol, ethylchloroformate, iso octane, chloroform, HPLC grade
water, H,SO,, NaOH, NaH,PO,, Na,HPO,, NaCl, and diethyl ether were purchased
from BDH (Edmonton, Carada). Methoxyflurane (Metofane) was obtained from
Pitman-Moore Ltd (Mississauga, Canada), polyethylene glycol 400 from Fisher
Scientific (Edmonton, Canada), heparin (Hepalean) from Organon Teknika (Toronto,

Canada).
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2.2 Assays
2.2.1. Etodolac enantiomers

Concentrations of intact etodolac and its conjugated metabolites were
determined in plasma and urine using a normal-phase HPLC method (Jamali er al.
1988). Briefly, the method consisted of acidification of samples followed by extraction
with isopropyl alcohol:iso-octane (5:95). After transferring the organic layer to clean
tubes, the solvent was evaporated, and derivatization was performed using ethyl
chloroformate and S(-)-a phenylethylamine. The resultant diastereomers were
extracted into chloroform, which was then evaporated to dryness. The residue was
dissolved in 0.2 mL of mobile phase, and injected into the HPLC. To measure
conjugates, samples were hydrolysed with 1 M NaOH prior to extraction, then
acidified and treated as described above. The difference in etodolac concentrations
between hydrolysed and unhydrolysed samples was taken as being etodolac in its
conjugated form (Figs. 4-6). Inadvertent hydrolysis of conjugated drug was minimized
by pre-rinsing the storage vessels with IM HCI. All samples were stored at -20°C
until analyzed.

There was a change to the assay involving the use of the derivatizing reagent.
In the published description of the assay method, and early in the course of the
presently described studies, S(-)-a-phenylethylamine was used. However, when this
reagent is used, the diastereomer of the active S enantiomer of etodolac elutes later
than that of the R enantiomer (e.g., Fig. 4). Hence, the peak corresponding to the §

enantiomer is wider than the R enantiomer, and sensitivity could be compromised at
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lower concentrations. This is important, because the § enantiomer attains much lower
concentrations in human plasma than the R enantiomer of etodolac. Consequently, to
ensure for maximal assay sensitivity of S-etodolac, R-(+)-a-phenylethylamine was
tried as a derivatizing reagent.

A minor change was made in the composition of the extraction solvent (3%
isopropanol in iso-octane rather than 5%) when extracting etodolac from human bile.
This resulted in larger peak areas for the etodolac enantiomers. The volume of human
bile used for the analysis was 0.5 mL. For the assay of intact etodolac and its
conjugated metabolites in human plasma and synovial fluid, sample volumes of 0.5
mL were used for analysis.

Some modification of the assay was required for extraction of etodolac from
rat tissues. Two volumes of HPLC grade water were added to weighed tissue samples
(wet wt = 0.5-1.5 g). The mixtures were then homogenized using Potter-Elvehjem
tissue grinders driven by a T-Line Laboratory Stirrer (Talboys Engineering, Montrose,
PA). Internal standard was placed into the glass mortar during the homogenization
step. Samples were transferred to test tubes and acidified with 200 uL of 0.6 M
H,S0,. Etodolac was extracted with 6 mL of isopropanol/iso-octane (5:95). After
transfer of the organic layer to clean tubes, 6 mL of HPLC grade water was added
and, following mixing and centrifugation, the organic layer was discarded. The
aqueous layer was acidified with 0.6 M H,SO,, and chloroform was added. After
mixing and centrifugation the aqueous layer was removed, and the remaining

chloroform layer was evaporated to dryness. Derivatization was performed as for the
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plasma samples.

2.2.2. Protein concentrations

The human plasma albumin concentration was determined using the
bromocresol purple method with detection at 600 nm. The total protein concentrations
were determined using the method of Lowry et al. (1951).

2.3. Human subjects

All experimentation involving human subjects was perfor aed at the Clinical
Investigational Unit at the University of Alberta Hospital, in accordance with the
provisions of the Declaration of Helsinki. Signed informed consent was required of
all participants before the study.

The subjects involved in the pharmacokinetic studies were six young and six
elderly, ambulatory, non-arthritic, volunteers and three other patients who had
undergone cholecystectomy for cholelithiasis. These patients had a T-tube inserted in
the bile-duct for drainage and collection of bile. All subjects had normal renal and
hepatic functions; their characteristics are shown in Table V. Three elderly subjects,
and each of the cholecystectomy patients, took other drugs during the pharmacokinetic
studies (Table V). None of these medications was expected to alter the
pharmacokinetics of NSAIDs (Hansten & Horn 1989).

The disposition of etodolac into the synovial fluid was studied in six arthritic
patients (6216 y)(Table VI) requiring synovial fluid aspiration; none had taken

another NSAID for at least 24 h prior to ingesting etodolac.
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2.4 Dosing and sample collection
2.4.1. Human pharmacokinetic studies

All subjects fasted overnight before the study. On the study day a catheter was
inserted into a forearm vein for blood sampling. The subjects then took a single 200
mg capsule of etodolac with 200 mL of water at 0800 h. The subjects remained in a
sitting position for 2 h, then ate a breakfast of their choice. Blood (7 mL), from which
plasma was harvested by centrifugation, was obtained at 0.25, 0.5, 0.75, 1, 1.5, 2,
4, 6, 8, 12, and 24 h after the dose, in heparinized collection tubes. Between
collections, the catheters were flushed with 1 mL of a 100 U/mL solution of heparin.
In the cholecystectomy patients blood sampling was conducted for 12 h. Each
subject’s urine was collected at intervals of 0-3, 3-6, 6-12, and 12-24 h after dosing.
Bile was collected from the cholecystectomy patients at intervals of 0-2, 2-4, 4-6, 6-8,

8-12, and 12-24 h.

2.4.2. Human synovial fluid disposition

A single oral dose of 200 mg etodolac was taken by the patients from whom
synovial fluid was withdrawn. Five patients took the drug 12 h before the procedure;
a single patient took it 2 h before (Table VI). Blood, from which plasma was

separated, and synovial fluid from the knee joint, were obtained concurrently.
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2.4.3. Rat pharmacokinetic studies

2.4.3.1. Surgical procedures

A total of 21 male Sprague-Dawley rats were used. Body weight was 278 +48
g (range 210 to 367 g). All rats were catheterized by insertion of silastic tubing
(0.025" i.d. x 0.047" o0.d.; Dow-Corning, Midland MI) into the right jugular vein.
Three rats were also cannulated at the common bile duct using Tygon microbore
tubing (0.01" i.d. x 0.03" o.d.). The procedure included passage of the bile
duct-cannulation tubing from the abdominal cavity to the back of the neck through the
skin. The distal end of the cannula was then placed into a collection vial which was
attached to a harness fitted on each animal’s back. All surgical procedures were
performed with anaesthesia, using diethyl ether for induction, and methoxyflurane for
maintenance. An overnight rest was allowed before dosing, and all animals were
permitted freedom of movement for the duration of the experiments. Rats were housed
in plastic metabolic cages during experiments, and food and water was allowed ad

libitum.

2.4.3.2. Dosing and sample collection

Etodolac was dissolved in 100% polyethylene glyco! 400 and administered as
bolus doses into the jugular vein cannula. Three gioups of 6 rats received either 5
mg/kg of racemate, or 2.5 mg/kg of pure R- or S-etodolac. Bile duct-cannulated rats
received 5 mg/kg of racemic etodolac. Each cannula was flushed with 0.3 mL of 100

U/mL heparin after drug administration, and with 0.2 mL between blood sampling.
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Mean body weights between groups were not significantly different (one-way
ANOVA).

Blood (0.1-0.2 mL) was collected at 0, 0.25, 0.5, 1, 2, 3, 4,6, 12,and 24 h
after drug administration. Additional samples were obtained at 36, 48, 72, 96, and
120 h, when cannulae remained patent. Samples were taken post-dose at 24 hin 4
rats, 48 h in 10 rats, 72 h in 1 rat, 96 h in 1 rat, and 120 h in 2 rats. In bile duct-
cannulated rats, samples were obtained up to 24 h post-dose. Immediately following
collection, each blood sample was centrifuged using a Fisher model 235A
microcentrifuge (Fisher Scientific, Edmonton, Canada) for 3 minutes. Urine was
collected at 0-3, 3-6, 6-9, 9-12, 12-24, and 24-48 h post-dose. Total excreted bile was

collected at intervals of 0-3, 3-6, 9-12, 12-24, 24-36, and 36-48 h post-dose.

2.4.3.3. Tissue distribution

Etodolac was dissolved in 100% polyethylene glycol 400 (20 mg racemate/mL)
and administered as 10 mg racemate/kg bolus iv doses into the tail vein. A total of
thirty-two male Sprague-Dawley rats (wt = 308134 g) was killed by cervical
dislocation at 1, 3, 6, 12, or 24 h after dosing. Six rats were included in the 1, 3 and
6 h groups, whereas 7 rats were in the 12 and 24 h groups. Blood was collected and
plasma separated by centrifugation at 2600 rpm for 5 minutes. Selected tissues (liver,
kidney, perinephric fat, heart, and brain) were immediately excised and frozen at
-20°C until analyzed. Mean body weights between groups were not significantly

different.
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2.4.3.4. Drug interaction studies in the rat

A total of 25 male Sprague-Dawley rats, weighing between 265-321 g, was
studied. All rats were catheterized at the right jugular vein as described above. An
overnight rest was allowed before dosing, and all animals were permitted freedom of
movement for the duration of the experiments. Rats were housed in plastic metabolic
cages during experiments, and food and water was allowed ad libitum. All rats were
subjected to a 12 h day/night cycle throughout the course of the experiments.

Rats were divided into 4 groups; control, phenobarbital pretreated, low-dose
cimetidine (L-CIM), and high-dose cimetidine (H-CIM). Mean body weights between
groups were not significantly different. Phenobarbital (80 mg/mL) was dissolved in
100% polyethylene glycol 400 (PEG 400), and administered as 75 mg/kg ip doses
daily for 3 days prior to the experiment; all doses were given between 0900-1000 h.
Control and cimetidine pretreated rats were given ip doses of PEG 400, equal to those
received by phenobarbital rats, daily for 3 days prior to pharmacokinetic studies. The
L-CIM rats were given 50 mg/kg cimetidine iv 30 min prior to the adminisiration of
etodolac. In the H-CIM group, 120 mg/kg of cimetidine were given iv followed 5 min
later by etodolac, to increase the concentraiions of cimetidine in plasma. To assess the
effects of multiple doses of cimetidine (H-CIM-M), two rats were given 3 daily doses
of 120 mg/kg/day ip of cimetidine in place of PEG-400, and otherwise treated as the
H-CIM rats.

At 1000 h on the day following the surgery, etodolac (10 mg/mL in 100%

PEG 400) was administered as 5 mg/kg of racemate into the jugular vein cannula.
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Each cannula was flushed with 0.15 mL of 100 U/mL heparin after drug

administration, and between blood sampling. Blood samples (0.15-0.2 mL) were
collected at 0, 0.25, 0.5, 1, 2, 3, 4, 6, 12, and 24 h after administration of etodolac;
sampling was limited to 24 h, to ensure patency of the cannulae. Immediately
following collection, plasma was separated from blood by centrifugation for 3 min
using a Fisher model 235A microcentrifuge. The 24 h urine output was collected and
pooled. All samples were stored at -20°C until analyzed.

To study the influence of phenobarbital on the biliary excretion of acyl-
glucuronidated etodolac enantiomers, four male rats given phenobarbital (75
mg/kg/day ip for 3 days) in PEG 400, and 4 control rats pretreated with PEG 400,
were anesthetized with 1.2 g/kg urethane. A midline incision was made in the
abdomen, and a cannula was inserted in the bile duct, followed by cannulation of the
jugular vein, as described above. Under anaesthesia, each rat was then administered
5 mg/kg of racemic etodolac iv, and blood samples were collected at 0.25, 0.5, 0.75,
1, 1.5, 2, and 3 h. Bile samples were obtained during the intervals between the blood
sample collection times. Samples were stored and analyzed as described above for

etodolac and its conjugates.

2.4.3.5. Urinary excretion in female rats
Three female Sprague-Dawley rats (250-300 g) were given 3 mg of
(+)etodolac dissolved in 100% PEG 400 (10 mg/mL), via oral gavage. The urine was

collected for 24 h and stored at -20° until analyzed for etodolac enantiomers.
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2.5. Plasma protein and tissue binding studies
2.5.1. Apparatus and technique

In all of the protein binding studies, dialysis was performed using a Spectrum
(Los Angeles, CA, USA) apparatus, using Sigma Diagnostics (St. Louis, MO, USA)
dialysis sacks (molecular weight cut off = 12,000 daltons). One side of each cell was
filled with one mL of blank binding fluid, while the other contained one mL of
isotonic Sorensen’s phosphate buffer (pH 7.4) spiked with racemic etodolac. In all
cases the dialysis was conducted at 37°, and in preliminary studies it was shown that
a dialysis time of 4 h was sufficient for equilibrium; there were no significant
differences between the unbound fractions when samples were dialysed for 4 or 6 h.
In all studies, each side of the cell was analyzed for etodolac concentration after

dialysis.

2.5.2. Binding studies in the rat
2.5.2.1. Rat plasma

Samples of blank rat plasma (1 mL) were subjected to equilibrium dialysis for
4 h. One side of each cell was filled with blank rat plasma, while the other contair.

1 mL of buffer (pH 7.4) spiked with either 20 or 100 mg/L of (+)etodolac.

2.5.2.2. Rat tissue binding experiments.
The relative in vitro binding of etodolac enantiomc. .. o rat liver, kidney, heart

and brain tissues was assessed. Weighed tissue samples were first homogenized in 2
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volumes of isotonic phosphate buffer (pH 7.4). One mL of homogenate was dialysed

against an equal volume of isotonic phosphate buffer containing the equivalent of 20
mg/L (1)-etodolac. Drug losses were less than 10%, and no pertinent volume shifts

were seen, during the dialysis procedure.

2.5.3. Binding studies in human fluids
2.5.3.1. Plasma and Synovial Fluid

Due to inadequate assay-sensitivity and the possibility of hydrolysis of
conjugated etodolac during dialysis, it was not possible to determine the protein
binding of actual patient samples. Therefore, the binding studies were conducted using
spiked samples. Pooled specimens were obtained from young (44112 y) rheumatoid
arthritis patients (plasma, n=8; synovial fluid, n=4 subjects); these subjects had not
taken an NSAID within the 24 h prior to sample collection. The buffer was spiked
with racemic etodolac to provide for enantiomer concentrations of 5 or 5¢ mg/L.

The binding of etodolac was also studied in the plasma from healthy subjects
(<45 y). The buffer was spiked with etodolac to provide for racemic concentrations
of 20 mg/L.

The pH of both the plasma aud synovial fluid before dialysis was >8.1. In
order to achieve a post-dialysis pH of 7.4 to 7.5, the specimens had to be adjusted to
pH 7.35 before dialysis with 1 M HCI. If left unadjusted for pH, the post-dialysis pH
was 8.0-8.1.

In a competitive binding study (n=4 cells), plasma was dialysed vs synovial
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fluid. The time required to achieve equilibrium was > 19 h if the drug was initially
added to only one side. To reduce ihe equilibration time to 4 h, 65% and 35% of the
drug was added to the plasma and synovial fluid sides, respectively. This allocation
of drug was in accordance with the literature values for relative concentrations of
albumin known to be in each fluid (McCarty 1989).

The volume shift was assessed by the Lowry method (Lowry er al. 1951) for

determination of total protein concentration before and after dialysis.

2.5.3.2, Hyaluronic acid

Binding of etodolac to hyaluronic acid was assessed by dialysing one mL of
a 3 mg/mL solution of hyaluronic acid (source, human umbilical cord) in isotonic
Sorensen’s phosphate buffer vs one mL of drug-spiked buffer for 4 h. The

concentrations of (1 )etodolac initially in the buffer side were 1 and 20 mg/L.

2.6. In vitro metabolism

2.6.1. Rat studies
2.6.1.1. Preparation of microsomes

Freshly obtained rat liver, kidney, lung, and jejunum were excised and
immediately placed in ice-cold 1.15% KCl. Individual tissues from 4 rats were pooled
(wt = 350-450 g). Tissues were homogenized in ice-cold 100 mM phosphate buffer
(pH 7.4) containing 250 mM sucrose. Homogenates were centrifuged in a Beckman

model L855 centrifuge (Beckman, Palo Alto, CA) at 10,000 g for 20 min. The
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supernatant was then subjected to centrifugation at 105,000 g for 60 min. The
resultant pellet was suspended in phosphate-sucrose buffer and again centrifuged at
105,000 g for 60 min. The final pellet was resuspended in 2 volumes of

phosphate-sucrose buffer. Protein concentration was determined by the Lowry method

(Lowry et al. 1951).

2.6.1.2. In vitro acyl-glucuronidation

The net acyl-glucuronidation of etodolac was determined in triplicate at
racemic concentrations of 0.0017, 0.0087, 0.017, 0.085, 0.18, 0.44, and 0.65 mM;
these concentrations encompass the range expected in plasma after iv doses of 2.5 mg
enantiomer/kg. Reaction mixtures contained 15 mM uridine 5’diphosphoglucuronic
acid (UDPGA), 5 mM MgCl,, and 0.05% Triton X-100, in 100 mM
phosphate/sucrose buffer (pH 7.4). Reactions were started by the addition of 1.1-1.2
mg of liver microsomal protein; total incubation volume was 1 mL. Incubations were
run for 20 min at 37°. At the end of each incubation, aliquots (30-400 uL) were
transferred to tubes containing either 150 uL 0.6N H,SO, or 100 uL 2N NaOH. After
60 s, 300 uL of 0.6 N H,SO, was added to the tubes containing NaOH. The
difference between the acidified and basified/acidified tubes was taken as representing

etodolac which had been metabolized to glucuronide conjugates.

2.6.1.3. In vitro microsomal oxidation

Microsomal oxidation reactions were carried out using freshly prepared kidney
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and liver microsomes. Reaction mixtures contained S mM MgCl,, 10 mM glucose
6-phosphate, 0.75 mM NADP*, 2 U glucose 6-phosphate dehydrogenase, and either
4 mg of kidney or 8 mg of liver microsomes, in 0.05 M Tris-HCI buffer (pH 7.4).
The total volume of the incubation mixture was 3 mL. Samnples were spiked with 2
mg/L (7.0 uM) racemic etodolac, and incubated for 4 h at 37°. The reduction in the
concentration of etodolac enantiomer following incubation with microsomes was
determined; the rate of formation of oxidized metabolites was not studied, due to lack

of purified metabolites.

2.6.1.4. Effects of phenobarbital on in vitro metabolism

Eight rats were given ip doses of either PEG-400 (n=4), or phenobarbital in
PEG 400 (75 mg/kg/day; n=4). Rats weighed between 283-383 g. After three days,
the animals were anethesitized with diethyl ether, and the livers were excised and
immediately placed in ice-cold 1.15% KCI. The microsomal protein was then isolated
as described above, and the protein concentration was determined by the Lowry
method (Lowry et al. 1951).

The UDPGA-dependent net formation of glucuronidated etodolac enantiomers
was studied in each liver sample at enantiomer concentrations of 0.016, 0.080, 0. 16,
0.40, 0.60, and 0.8 mM. Reaction mixtures contained 12.7 mM UDPGA and 5 mM
MgCl, in 100 mM phosphate/sucrose buffer (pH 7.4). Reactions were started by the
addition of 1.1-1.51 mg of liver microsomal protein; total volume of each incubation

was 1 mL. Incubations were run for 20 min at 37°C.
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Over the 20 min incubation period there was no spontaneous hydrolysis of the
glucuronide conjugates in the reaction mixture; this was confirmed by adding 75 uL
of human urine containing glucuronidated etodolac to the reaction mixture in the
absence of microsomes. The concentrations of S- and R-etodolac in the incubation
mixtures were 21.3 and 13.2 mg of conjugated etodolac equivalents. This experiment
was repeated in the presence of microsomal protein with or without UDPGA, to assess
the presence of enzymatic hydrolysis of the acyl-glucuronides.

At the end of each incubation, aliquots (30-400 L) were transferred to tubes
containing either 150 gL 0.6N H,SO, or 100 xL 2N NaOH. After 60 s 300 uL of 0.6
N H,SO, was added to the tubes containing NaOH. The difference between the
acidified and basified/acidified tubes was taken as representing etodolac which had
been metabolized to acyl-glucuronide conjugates.

Microsomal oxidation was studied using freshly prepared liver microsomes.
The reaction mixtures (3 mL) contained 5 mM MgCl,, 10 mM glucose 6-phosphate,
0.75 mM NADP*, 2 U glucose 6-phosphate dehydrogenase, and 2.8-3.8 mg of liver
microsomes, in 0.05 M Tris-HCI buffer (pH 7.4). Samples were spiked with racemic
etodolac to provide enantiomer concentrations of 3.2 uM, and incubated for 4 h at
37°. The reduction in the concentration of etodolac enantiomer following incubation

with microsomes was determined.

2.6.2. Glucuronidation in human synovial membrane and fluid

Synovial membrane (7 g) was obtained from a man (66 y) with rheumatoid
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arthritis who had undergone synovectomy. The tissue was placed in ice cold 1.15%
KCl, then homogenized in ice-cold 100 mM phosphate buffer containing 250 mM
sucrose. Microsomal protein was isolated by centrifugation as described above.

Racemic etodolac (2 mg/L) was incubated with 7.5 mM UDPGA, 250 mM
sucrose, S mM MgCl,, 0.05% Triton X-100, and | mg microsomal protein, in 100
mM phosphate buffer. Total incubation volume was 1 mL; incubations were run for
1 h at 37°, The difference in concentration between acidified and basified samples was
taken as representing conjugated etodolac.

In order to assess for glucuroconjugative activity in synovial fluid, samples of
freshly obtained human synovial fluid were spiked with 10 mM of UDPGA and

incubated for 4 h at 37°.

2.7. Data analysis

2.7.1. Pharmacokinetic indices

The half-lives (t,)) of the terminal portion of the log plasma concentration vs
time curves of R-etodolac were measured by linear regression analysis. The terminal
elimination rate constant (8) was calculated by 0.693/t,.. The areas under the plasma
concentration vs time curves (AUC,) of unchanged and conjugated etodolac
enantiomers were determined using the linear trapezoidal rule for 0 h to the time of
the last measured plasma concentration (C,,,.). The AUC, .. (AUC) was calculated by
adding the AUC,, and C,,./8. Total body clearance (CL) was determined by CL =

Dose/AUC. The volume of distribution at steady-state was calculated by Vd, =
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dose - AUMC/AUC?, where AUMC is the area under the concentration x time vs time
curve from 0 h to infinity. The area volume of distribution (Vdg) was calculated by
CL/B (Gibaldi & Yerrier 1982).

In humans, the renal clearances (CLy) of conjugated enantiomers were
calculated by dividing the cumulative urinary excretion (EXu,,) by the AUC,, of
conjugated enantiomer. The clearance of etodolac through conjugation was calculated
using the expression CL, = LXu,, of conjugates/AUC. Because urine and plasma
were collected for less than 5-7 t,,, CL, was corrected for the amount of conjugates
remaining to be excreted by multiplying the expression by AUC./AUC,, ., where
AUC, is the area under the concentration vs time curve of conjugates. This calculation
assumes the renal pathway to be the main route of elimination of conjugates.

In the rat, the biliary clearance of etodolac as acyl-glucuronides (CL,) was
calculated as the cumulative amount of drug excreted in bile from time [0-t] divided
by AUC,, of unchanged etodolac. The fraction of the drug excreted in bile as acyl-
glucuronides which was reabsorbed (F,,) was calculated by (Tse ez al. 1982):

Fi. = (1-AUC/AUC)/F,:
where AUC, is the value for bile duct-cannulated rats, and F, is the fraction of the
dose excreted in bile. Correction of CL and Vd,, (CL,, and Vd,,,) was accomplished
by substitution of the expression [dose x (1+(F,, x Fy))] for dose in the respective
calculations (Kochak er al. 1985).
In the interaction studies in the rat, the AUC,..,, CL, and Vd; of S-etodolac

were not determined because of the difficulty, owing to the fluctuations in plasma
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concentrations caused by enterohepatic recirculation, in estimating t,. In the tissue
distribution studies, the areas under the plasma and tissue drug concentration vy time
curves from 0 to 24 h (AUC,,,) were estimated using the linear trapezoidal rule.
The Vmax and Km values of the net glucuronidation of etodolac enantiomers
by rat hepatic microsomes were estimated by fitting the data to the Michaelis-Menten
equation, V = (Vmax:C)/(Km+C), using a nonlinear least squares data-fitting
computer program (Yamaoka ez al. 1981). The apparent microsomal oxidative activity
was expressed as the decline in the concentration of etodolac enantiomer, per

concentration of microsomal protein.

2.7.2. Statistical analysis

Statistical significance was evaluated using Student’s paired or unpaired t test,
by one-way ANOVA, and by Duncan’s Multiple Range Test, as deemed appropriate.
Linear regression analysis and Pearson’s correlation coefficient was used to assess the
relationship between plasma and synovial fluid concentrations of unchanged and
conjugated etodolac enantiomers. The level of significance was set at a=0.05. Unless

otherwise indicated, values are expressed as mean+SD.
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3. Results

3.1. Assays

The only notable difference between using S-(-)-a- and R-(+)-a-
phenylethylamine as derivatizing reagents was in the elution order of the diastereomers
of the etodolac enantiomers, which was reversed (e.g., Figs. 6 & 7). Furthermore,
the chromatographic peak corresponding to ihe diastereomer of the S enantiomer,
owing to its earlier elution time, was slightly sharper. This probably resulted in an
improved sensitivity for the § enantioimer. Therefore, for most of the analyses
described in this thesis, R-(+)-a-phenylethylamine was used.

Standard calibration curves of etodolac extracted from human bile (Fig. S)
yielded r? values of over 0.99. Chromatograms of human and rat bile samples are
depicted in Figs. 5 and 6, respectively. The interday coefficients of variation in human
plasma at 0.05 mg/L and 0.1 mg/L of S-etodolac were 18.7 and 15.1%, and the  :an
measured concentrations were 0.052 and G.098 mg/L, respectively. The interday
coefficients of variation at concentrations equal to and high=r than 0.2 mg/L of both
enantiomers were less than 10% in human plasma, urine, and bile. The calibration
curves prepared using plasma were identical to those of synovial fluid. Excellent
linearity (r’>0.995) was observed between the peak area ratios (drug:internal
standard) in plasma and synovial fluid.

Calibration curves prepared using rat plasma (0.1 mL), urine (0.5 mL), and

bile (0.1 mL), were identical to those of human specimens. No peaks were seen in the
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Chromatograms of etodolac enantiomers in synovial fluid. Key: A, blank
synovial fluid; B, synovial fluid from a patient 12 h after 200 mg (£)-
etodolac; C, same as B, except alkali hydrolysed. Samples were
derivatized using S-(-)-a-phenylethylamine.
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Figure § Chromatograms of etodolac enantiomers in human bile collected from a

cholecystectomy patient , 0 h, or 10-12 h, after a single oral 200 mg
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bile; C, 0-2 h bile sample, alkali hydrolysed. Samples were derivatized
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Chromatograms of rat specimens, befose, and after 10 mg/kg iv doses
of (+)-etodolac. Key: A, pre-dose rat liver; B, 24 h post-dose rat liver;
C, pre-dose rat perinephric fat; D, 24 h post-dose rat perinephric fat.
Samples derivatized using S-(-)-a-phenylethylamine.
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blank rat plasma (Fig. 7), bile (Fig. 6) and urine samples which could interfere with
etodolac or the internal standard. Ex.zllent linearity (r> 0.993) was observed between
the peak area ratios (drug:internal standard) and corresponding plasma, bile, and urine
concentraticns of etodolac.

Calibration curves prepared using rat plasma and tissues yielded excellent
linearity (r2>0.99) between the peak area ratios (drug:internal standard) and
corresponding rat plasma and tissuc concentrations of etodolac. The intra-day
coefficients of variation at 1 pg/g of tissue ranged from 3.9-10.2%; for brain and fat,
whore lower concentrations were observed in vivo, at 0.25 ug/g of tissue the
coefficients of variation were 8.1 and 5.8%, respectively. No interfering peaks were

present in the chromatograms of the deriv:i.ized tissue extracts (Figs. 7-9).

3.2. Studies in the rat

3.2.1. Pharmacokinetic studies

Plasma concentration-time profiles (Figs. 10 and 11) indicate that marked
qualitative and quantitative differences exist between S§- and R-etodolac.
Concentrations of inactive R-etodolac were much greater than those of S-etodolac
(Tables VII, VIII, IX). In all rats given racemate or S-etodolac, plasma concentrations
of S-etodolac feli for 3-4 h, at which time a secondary peak developed between 3-6
h post-dose (Fig. 10). This was followed by a slow terminal elimination phase, which
was interrupted by sporadic increases in plasma concentrations. These pronounced

fluctuations were not seen in bile duct-cannulated rats (Fig. 11). Indeed, when
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Figure 10  Plasma concentration-time profiles (see Table VII) of representative
rats given etodolac enantiomers iv as S mg/kg racemate (rat 4), or 2.5
mg/kg of S- (rat 11) or R-etodolac (rat 20).
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Table IX:  Pharmacokinetic parameters of etodolac enantiomers after iv
administration of 2.5 mg/kg of individual enantiomers to rats.
t',  AUC, mg-WL CL:. mL/minckg  __Vd.. L/kg
Rat h. 024 Qo CL CL. Vd, Yduo
S-etodolac* |
10 27.7 6l 135 0.310 0.531 0.614 1.05
11 46.0 <3 124 0.338 0.576 0.724 1.23
12 143 107 156 0.267 0.455 0.252 0.43
13 23,0 &0 84 0.497 0.847 0.621 1.06
14 254 45 76 0.551 0.937 0.637 1.08
s d 91 d d d d d
Mean 27.3% 09" 113 0.393*' 0.669° 0.570° 0.97
SD 1. 23 34 0.124 0.210 0.183 0.31
R-etodolac*
16 17.9 315 509 0.088 0.105 0.087 0.111
17 7.3 223 329 0.125 0.158 0.1499 0.190
18 149 272 392 0.105 0.133 0.116 0.147
19 163 369 606 0.068 0.087 0.074 0.094
20 89 196 229 0.182 0.231 0.140 0.155
z1 7.2 234 255 0.163 0.207 0.090 0..15
Mean 13.8 268 387 0.122 0.154 6.109 0.135f
SD 4. 64 147 0.044 0,057 0.031 0.035

~oaoo

Due to considerable entercnepatic recycling, this calculation provides only a
rough estima’  of the t,, of S-etodolac; this is also true of AUC, ., CL, and Vd,,,

which are u.rived from 8.
CL and Vd,, corrected for enterohepatic recycling.

No significant differences from enantiomer when given as racemate (Table VII).
Could not be determined due to fluctuation in plasma concentrations.

Significantly different from R-etodolac.
Significantly different from bile duct-cannulated rats (Table VIII).
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recirculation was prevented by cannulation of the bile duct (Tables VII & VIIl), the
AUC and t, of S-etodolac were significantly reduced, and CL was significantly
increased. The pattern for R-etodolac was different, as the rapid decline in
concentration was not followed by the substantial secondary peaks evident for
S-etodolac (Fig. 11), and the AUC and CL were not significantly changed after Lile
duct-cannulation (Tables VII & VIII).

The calculated pharmacokineﬁé parameters further reflect the marked
differences between the enantiomers. Wiien administered separately, S and R-etodolac
significantly differed in all parameters, with higher t,,, CL, Vd,,, and lower B and
AUC for S-etodolac than R-etodolac (Table IX). The mean S:mean R ratio for AUC, 5,
in these rats was 0.26. Similarly, in rats dosed with racemate. significant differences
between enantiomers were seen in AUC,,, (mean §:R ratio = 0.2610.05). In two
rats the final plasma concentrations coincided with a period of upward trend ir
concentration, which prevented estiration of terminal phase t, and derived values.
Even in those rats where the final plasma c. ncentrations did allow for an estimate of
t,,, some degree of error is inhcrent due to enterohcpatic recirculation, particularly for
S-etodolac.

Using a non-linear least squares analysis computer program (Multi) (Yamaoka
et al. 1981), the patterns of both enantiomers in bile duct-cannulated rats could best
be described by a three-compartment open model. This was not assessed in other rats
due to the fluctuations which were present in the plasma time courses.

The excreted bile contained 106.0+11% of the dose of S-etodolac and only
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Figure 12  Mean (+SD) cumulative excretion (% dose) of etodolac in rat bile
(n=3).
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33.249.8% of the dose of R-etodolac (Fig. 12). Of this, hydrolysable conjugates
accounted for 95.140.5 and 93.6+0.9% of the S and R enantiomers, respectively.
The small amount of unchanged drug found in bile could have been generated from
hydrolysis of conjugates during storage and handling. The fractions of § and
R-etodolac in bile which were reabsorbed (F,,) were 0.70 and 0.73, respectively.
Biliary clearances (conjugated + unchanged drug) of §- and R-etodolac were
1.7940.45 and 0.050+0.036 mL/min/kg, respectively (Table VIII). Although
conjugates of etodolac were extensively excreted in bile, none could be detected in
plasma. Less than 1% of the dose was found in urine, as conjugated etodolac.

With respect to plasma protein binding of etodolac (Table X), there were 3.1
and 5.1 fold greater free fractions of S than R-etodolac at low and high concentrations,
respectively. In addition, for S, but not R-etodolac, the differences between the
unbound fractions were significantly greater at 100 mg/L than at 20 mg/L of (+)-

etodolac.

3.2.2. Tissue distribution and binding

The concentrations of both etodolac enantiomers were greater in plasma than
in any of the tissues studied (Fig. 13, Table XI). The S:R ratio of AUC,,, in plasma
(0.31) was similar to that seen in rats given 5 mg/kg of racemate (0.26; Table VII).
in tissues, the S:R AUC,,, ratios were higher than in plasma, and were somewhat
tissue specific (Table XI). The S:R concentration ratios in liver, kidney, heart, and fat

were significantly different from those in plasma at all time points (Fig. 13). Brain
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Table X: Etodolac protein binding in rat plasma.

Enantiomer
concentration, %_Unbound
mg/L S R SR

10 (n=13) 1.1610.44*" 0.3940.12  3.1241.13"

350 (n=12) 2.22+1.04 0.52+0.35 5.0641.69

a. Significantly different from R-etodolac.

b. Significantly different from value at 50 mg/L.
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Table XI:  Plasma and tissue-specific AUC,,, of etodolac enantiomers following
10 mg/kg racemic bolus iv doses given to rats. Plasma AUC,,, is
expressed as ug-h/mL; tissue AUC,,, as pug-h/g.

Specimen AUC,,, Tissue:Plasma

S R S:R S R
Plasma 167 546 0.306 - -
Liver 73.0 64.2 1.14 0.43 0.12
Kidney 65.0 67.7 1.01 0.39 0.12
Heart 74.8 97.8 0.765 0.45 0.18
Fat 28.6 36.9 0.775 0.17 0.068

Brain 7.70 17.0 0.453 0.046 0.031
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differed, however, as only the 3 h S:R ratio was significantly different from the
corresponding ratio in plasma (Fig. 13). For both enantiomers, concentrations were
highest in heart, followed by kidney and liver, then fat and brain. The S enantiomer
had a greater tissue distribution than R-etodolac relative to plasma (Table X1). With
the progression of time, thc ¥:R ratio increased in all tissues and in plasma (Fig. 14)

There was marked stercoselectivity reflected in the tissue binding results (Fig.
15), particularly in kidney and hear: tissues. Because of phase separation upon dilution
and homogenization, fat tissue could not be studied. The S:R ratios for unbound
enantiomer were 1.15+0.09, 2.1440.26, 3.69+0.23, and 1.23+0.03, in brain, heart,
kidney, and liver tissues, respectively. In each tissue, binding of the R-enantiomer was
significantly greater than S-etodolac (Fig. 15). With respect to order of binding,
kidney and liver bound S-etodolac to a significantly greater extent than did brain and
heart tissue. For R-etodolac, the order of binding was kidney > heart and liver >

brain tissue.

3.2.3. In vitro metabolism
3.2.3.1 Acyl-glucuronidation

Preliminary studies indicated that, at the concentration used, UDPGA was not
a rate limiting factor, and that the rate of net acyl-glucuronidation was linear with
respect to time and protein concentration (Fig. 16). Microsomal protein recovered
from hepatic tissue displayed pronounced glucuronidation activity, in favour of the

S-enantiomer (Fig. 17). The Vmax values obtained for each enantiomer (1.15+40.27
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Each bar represents the mean+SD of 5 determinations.
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and 0.337+0.11 mmol/h/mg protein, for S- and R-etodolac, respectively) ditfered
significantly (Fig. 17), with S-ctodolac having a 3.4 fold greater Vmax than
R-etodolac. The Km values (0.47+40.11 and 0.4540.15 mmol, for S- and R-etodolac,
respectively), however, were not significantly different. No glucuronidation activity
was seen in microsomes prepared from lung, jejunal, or kidney tissues, despite the
positive result seen in concurrently incubated liver microsomes.
3.2.3.2. Microsomal oxidation

Microsomal oxidative activity was apparent in both liver and kidney
microsomes (Tabie XII). Concentrations of both enantiomers were significantly
reduced by liver microsomes after 4 h of incubation. Moreover, this decrease was
stcreoselective, based on the significantly greater S:R ratio of etodolac enantiomer
concentrations in liver microsomal incubations. In kidney microsomes, the
concentrations of R-etodolac did decline, although not significantly. A significant
increase, however, was observed in the S:R ratio after 4 h. No in vitro oxidative or
glucuronidation activity was observed in microsomes obtained from lung or gut

microsomes.

3.2.4. Drug interaction studies
3.2.4.1. Effect of phenobarbital on the pharmacokinetics of etodolac enantiomers

A significant reduction of 23.9% was seen in the mean AUC,,, of S-etodolac
after phenobarbital (Table XIII, Fig. 18); after phenobarbitai the AUC were

significantly lower at earlier time intervals as well. Specifically, the AUC,; of
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Table X111: Pharmacokinetic parameters of etodoluc enantiomers in control rats, sfter pretreatiment with
78 mg/kg/day (n=3 days) phenobarbital, single doses of SO mg clmetidine, and single or
riuktiple (n =4 days) dores of 120 mg/kg/day of cimetidine.

R-stodolag” —
AUC, ;, AUC, . ty CL Vd,
Rat —agchll g bk _h_ mlhks  Lkg
S B
Controls
| 56.5 290 426 15.4 5.87 0.1
2 7.8 277 a7s 12.8 6.66 0.123
3 64.8 258 I8 10.5 7.86 0.119
4 62.9 29§ 523 21.9 4.78 0.151
5 61.1 305 528 22.2 4.76 0.152
6 86.5 261 311 9.52 8.04 0.111
7 5.9 244 366 18.0 6.84 0.178
Mean 66.4° 276 406 15.8 6.42 0.138
SD 10.5 223 89.1 5.16 1.32 0.0236
Phenobarbital
8 42.9 181 213 9.17 11.7 0.155
9 53.2 143 157 7.23 159 0.166
10 42.6 198 246 .1 10.2 0.163
11 55.4 273 379 13.5 6.60 0.129
12 50.3 249 280 7.98 8.94 0.103
13 58.7 178 189 6.00 13.3 0.114
Mean 50.5** 204* 244" 9.16° 1. 0.138
SD 6.61 48.5 78.8 2.78 3.% 0.0268
14 81.8 404 522 11.8 .79 0.0810
15 §7.0 228 259 8.21 9.66 0.114
16 67.9 310 515 18.5 4.86 0.130
17 74.1 218 283 1.7 8.88 0.149
Mean 70.2° 290 398 12.6 7.02 0.119
SD 10.5 86.5 143 4.3 2.58 0.0288
Cimetidine, 120 mg/kg
18 86.6 306 586 25.8 4.27 0.159
19 65.9 299 475 18.3 5.26 0.139
20 110 545 864 17.3 2.89 0.0722
21 98.6 393 472 9.60 5.30 0.0734
22 50.3 232 294 11.3 8.52 0.138
23 46.8 249 327 12.3 7.68 0.136
Mean 76.3* kk¥j 503 15.8 5.65 0.119
SD 259 116 207 6.0 2.09 0.0372
Cimetidine, 120 mg/kg/day x 4 days®
24 105 466 605 12.3 4.13 0.0733
25 74.0 295 339 8.70 7.38 0.0926
Mean 89.5 as1 472 10.5 5.7 0.0830

a. Significantly different from R-etocolac. b. Significantly different from control rats.

c. Due to the small numbers, statistical analysis was not performed. d. Sampling was conducted for only 24
h; consequently, the t,, AUC,., CL and Vd, of S-etodolac were not calculated due to enterohepatic
recirculation.
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S-etodolac were¢ 19.143.25 and 13.942.64 mg-L/h, and the AUC,,, were
42.3+6.14 and 34.94580 mg-h/L, in the control and phenobarbital groups,
respectively, The mean 24 h plasma concentration (Fig. 18) of S-etodolac in the intact
phenobarbital rats (1.1240.31 mg/L) was noticeably and significantly lower than in
the intact control rats (2.23+0.70 mg/L).

Phenobamital resulted in significant decreases in the t,, (23.9%), AUC,.,,
(26.1%) and AUCo.« (40.0%), and an increase in CL (72.9%) of R-etodolac (Table
XIII); the Vd, Was Not influenced by phenobarbital. The AUC,, of R-etodolac were
72.7+4.5 and 62.0110.4 in the control and phenobarbital groups, respectively; this
difference was Significaat,

The percentage of the dose of S-etodolac excreted in urine as glucuronide
conjugates was 0.0544-0.048% and 2.5+1.4%, in the control and the phenobarbital
treated rats, réSpectively (p<0.05). Little or no glucuronidated or unchanged
R-etodolac was Seen in the urine of either groups of rats.

After bile duct-cannulation there were no significant differences between
phenobarbital a1d €Ontro] rats (Table XIV) in the 3 h cumulative biliary recoveries of
glucuronidated €todolac epantiomers. The AUC,; of the enantiomers also did not
significantly differ between the bile duct-cannulated phenobarbital and control rats,
although there Seemed to be a trend towards a lower AUC,,; of S-etodolac in the
phenobarbital rats (Table XIV). Compared to the intact rats, the AUC,,; of S-etodolac
were significantly Teduced by 44.5 and 42.4% in the phenobarbital and control

groups, respectiVely, after bile duct-cannulation. There were no significant differences
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Table XIV: Pharmacokinetics of etodolac in bile duct-cannulated rats (n=4
each group) given 5 mg/kg racemate iv. Phenobarbital treated rats
were given 3 daily doses of 75 mg/kg ip prior to study.

IXbys' AUC,, Bile flow
Group % _of dose mg-h/L pL/min/kg
S R S R

Control 59.0+16.4* 7.72+2.80 11.0+5.12° 60.9+15.3 39.4+11.8

Phenobarbital 59.1+15.8° 11.1+3.01  6.03+3.23"°55.0+28.3 47.8+13.1

a. Cumulative biliary excretion from 0 to 3 h.
b. Significantly different from corresponding R enantiomer.
c. Significantly different from AUC,; of intact rats.
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between the AUC,, of R-etodolac between intact and bile duct-cannulated rats.

3.2.4.2. Effect of phenobarbiial on in vitro metabolism by liver microsomes

Between control and phenobarbital treated rats, there was no significant
difference in the amount of conjugate formed at any of the concentrations studied.
Therc were also no significant differences between the phenobarbital treated and
control rats in either Vmax or Km of net glucuronidation (Fig. 19; Table XV). The
Vmax for the net glucuronidation of S-etodolac was significantly higher than that of
R-etodolac in both groups of rats.

After incubating 75 uL of human urine containing glucuronidated etodolac with
the incubation mixture and microsomal protein for 20 min, 36.3 and 24.3% of the $-
and R-etodolac glucuroconjugates were hydrolysed, respectively; in the presence of
UDPGA, the net hydrolysis was 10.8 and 20.2% for S- and R-etodolac glucuronides,
respectively.

Microsomal protein from the phenobarbital rats possessed significantly greater
apparent oxidative activity than those from control rats (Table XV). The mean
apparent oxidative activities of microsomes from phenobarbital treated rats were
82.9% and 44.1% greater for the S- and R-enantiomers, respectively. In both groups,

microsomes had greater apparent oxidative activity in favour of the R-enantiomer.

3.2.4.3. Effect of cimetidine on the pharmacokinetics of etodolac enantiomers

Administration of cimetidine, either in low or higher doses, had no effect on
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Figure 19  Rate of net glucuronidation vs concentration of etodolac enantiomers,
in vitro, in control and phenobarbital treated rats.
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the pharmacokinetics of the etodolac enantiomers (Fig. 18; Table XIII). In the two
rats given multiple doses of cimetidine the pharmacokinetic parameters were within
the ranges of the rats given single doses; consequently, no further rats were studied.

Because cimetidine did not influence the pharmacokinetics of the enantiomers
of etodolac, the effects of cimetidine on the in vitro metabolism of etodolac

enantiomers, and on the biliary excretion of conjugates, were not assessed.

3.2.5. Urinary excretion of etodolac in female rats

In the three female rats given racemic etodolac, there was virtually no
enantiomer excreted as unchanged drug. However, after the addition of alkali (1 N
NaOH) to the urine samples, 6.32, 9.22, and 13.1% of the administered dose of S-
etodolac was seen, as acyl-glucuronidated enantiomer. There was no measurable

excretion of the R enantiomer as unchanged or acyl-glucuronidated drug.

3.3. Human studies

3.3.1. Pharmacokinetic studies
3.3.1.1. Young subjects

In the young subjects (Fig. 20 & 21; Table XVI), plasma concentrations of
S-etod Slac were several-fold lower than those of R-etodolac (S:R AUC = 0.0910.03).
There were significant differences between enantiomers in AUC (S<R), C,,, (S<R),
CL/F (S$>R), and Vd/F (S>R) (Table XVI). No differences were seen between

enantiomers in ty, 8, or t,,,. The AUC,, comprised 89+7% and 91 +6% of AUC, .,
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of the S and R enantiomers, respectively.

The absorption of both enantiomers was rapid in most subjects, t,,, being 2 h
or less, with drug being detected in plasma within 1S min (Fig. 21; Table XVI).
However, in subject 3 there was a delayed absorption.

Only 9-22% of the dose of ctodolac enantiomer was recovered as conjugated
etodolac enantiomer in the urine, and there was no significant stereoselectivity in the
24 h urinary recovery (Table XVII), virtually no unchanged drug being recovered.
However, at 3, 6, and 12 h, but not at 24 h, the ZXu,, of conjugated S-etodolac was
significantly greater than that of conjugated R-etodolac (Fig. 24). In terms of ranking,
the S:R ratio of EXu,, was significantly highest at 3 h, followed by 6 h, then 12 and
24 h. In most subjects, conjugates of both enantiomers had a longer t, than the
unchanged etodolac. However, only for S-etodolac was the mean significantly
different. There was a significant difference between the conjugated enantiomers in
CL./F, which was 0.7740.43 and 0.058+0.022 mL/min/kg, for S- and R-etodolac,
respectively. There was no difference between enantiomers in mean CL, (Table
XVII). The AUC,, of conjugated etodolac enantiomers comprised 86+6% and

87111% of AUC,,,, of the S and R conjugated enantiomers, respectively.

3.3.1.2. Elderly subjects
The pharmacokinetics of etodolac in elderly vol. :teers (Table XVI; Figs. 20
& 22) paralleled those in the young subjects, with no significant differences being

present between the young and the elderly subjects. As in the younger volunteers, the
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absorption of the enantiomers of etodolac was rapid, t,,, being 2 h or less, and drug
was detected in the plasma of all volunteers within 15 min. The AUC,, comprised
89+12% and 93+2% of AUC,.,,, of the S and R enantiomers, respectively.

The kinetics of conjugated etodolac in the elderly volunteers (Table XVII) were
similar to those in the younger subjects. The CL./F was 0.84+0.71 and 0.0921+0.076
mL/min/kg, for S- and R-etodolac, respectively (p <0.05). There were no age related
changes in CL/F.

Although renal fu..ction was good to excellent in both groups (Table V), there
was a significant difference in CL.; between the young and the elderly. No
differences were seen between CLp of conjugated enantiomers in the elderly
volunteers (Table XVII). Also, similar to young subjects, EXu,, at 3, 6, and 12 h
were significantly greater for S-etodolac than R-etodolac, wi' no difference at 24 h
(Fig. 24). However, unlike the young subjects, the S:R ratios of £Xu,, did not
significantly differ between the collection times. This was due to the high LXu,, S:R
ratios observed in subject 10. When this subject was excluded from the analysis, the
mean S:R ratios became significantly greatest at 3 h followed by 6 h, then 12 and 24
h.

In the elderly, the AUC,, of conjugated enantiomers were 93+2 % and 86+9%
of the AUC,..,, of the S and R conjugated enantiomers, respectively.

Although this study was not specifically designed to examine sex differences,
2 women were included in each of the elderly and young groups. In both groups,

women had the lowest CLg (Table V). With respect to the AUC of the R enantiomer
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in the women, subject 3 had the highest value in the young group, and both elderly
women (subjects 7 & 8) had the highest values in their group (Table XVI). However,
the women also had the lowest body weight (Table V); when normalized to body
weight, no gender related differences seemed to be present in the CL/F or Vdg/F of

R-etodolac (Table XVI).

3.3.1.3 After cholecystectomy

Because only three subjects were studied, differences between S§- and
R-etodolac in cholecystectomy patients were not tested. However, there were
similarities in the S:R ratios of pharmacokinetic parameters in these and other
subjects, with the exception of absorption, which appeared to be delayed (Figs. 20 &
23; Table XVI).

Biliary excretion of the conjugated enantiomers of etodolac was a minor route
of elimination in all three patients. Only in subject 15 was any notable amount of
etodolac recovered in bile as conjugate (Table XVII).

Urinary excretion of conjugated drug in the cholecysteciomy patients was
variable. In patient 13 a high percentage of the dose of S-etodolac (48.5%) was
recovered in the urine in 24 h; this coincided with a very high 24 h urine output (5.73
L; Table V) because of a high fluid intake (4 L). In the same subject the lowest

biliary recoveries of conjugates were found (Table XVII).
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3.3.2. Disposition into synovial fluid

The disposition of etodolac enantiomers in synovial fluid was stereoselective.
As reflected by the S:R ratios in Table XVIII, in both synovial fluid and plasma, the
concentrations of inactive R-etodolac greatly exceeded those of S-etodolac.
Concentrations of S-etodolac were significantly greater in synovial fluid than in plasma
(p<0.027); no such difference was seen for R-etodolac. Although the synovial
fluid:plasma concentration ratio for R-etodolac (0.9110.3) was not different from
unity, it was significantly lower (p <0.026) than that of S-etodolac (1.98+0.8). There
was no relationship between albumin concentration and etodolac enantiomer
concentrations in either plasma or synovial fluid.

Following alkaline treatment of samples, concentrations of etodolac increased
considerably, due to hydrolysis of glucuronide conjugates. Conjugated etodolac was
found, not only in plasma, but also in synovial fluid (Table XVIII; Fig. 4). As
reflected by the unchanged drug:conjugated drug ratios (Table XVIII), the relative
proportion of metabolite to unchanged drug was greater for §- than for R-etodolac. No
other metabolites could be detected in plasma or synovial fluid with the assay used.

Unchanged R- and S-etodolac, and conjugated S-etodolac, all showed excellent
and significant correlations betwcen their respective concentrations in plasma and
synovial fluid (fig. 25). Conjugated R-etodolac, however, displayed a poor,
insignificant, correlation between plasma and synovial fluid concentrations. The slopes
determined between the synovial fluid and plasma concentrations of both unchanged

R-enantiomer (0.99) and conjugated S-enantiomer (1.25) were close to unity.
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However, for unchanged S-etodolac, a slope of 2.4 was seen. When the 2 h sample
from patient 3 was omitted, r? values became 0.67, 0.84, and 0.95, and slopes became
1.5, 0.72, and 1.26, for the S, R, and conjugated S enantiomers, respectively. Each

of these slopes were significantly different from zero.

3.3.3. Protein binding studies

The synovial fluid:plasma ratios of mean albumin and total protein
concentrations were 0.67 and 0.60, respectively. The albumin concentrations in pooled
plasma and synovial fluid used for the in vitro protein binding experiments were 45.4
and 21.3 g/L, respectively. The total protein concentrations of the pooled blank
plasma from healthy volunteers used in binding experiments was 65 g/L respectively.

In the in vitro binding experiments, no pertinent volume shift was noted
(<5%), and no binding of etodolac to the membrane was seen. In both plasma and
synovial fluid, the unbound fractions of S-etodolac was significantly greater than that
of R-etodolac (Tables XIX & XX). Also, both enantiomers were bound to a greater
extent by plasma than synovial fluid. Over a ten-fold range of arthritic plasma
concentrations of etodolac, the unbound fraction increased 2.0 fold for S-etodolac, and
2.7 fold for R-etodolac (Table XIX).

There was a small but significantly higher unbound fraction of S-etodolac in
pH adjusted synovial fluid (Table XX). There was no difference in the binding of the
enantiomers between unadjusted plasma from arthritic (5 mg enantiomer/L; Table

XIX) and healthy (10 mg enantiomer/L; Table XX) subjects. When synovial fluid was
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competitively dialysed vs plasma, 49.31+2.8% of S-etodolac and 48.8+6.0% of

R-etodolac were found in synovial fluid, respectively. This difference was not
statistically significant.

No binding of etodolac to hyaluronic acid was seen. The ratio of etodolac in
the buffer side vs that in the hyaluronic acid side was approximately one, at both 1

and 20 mg/L.

3.3.4. In vitro glururonidation activity
No glucuronidation of etodolac enantiomers was present in microsomes from

synovial membrane, or in synovial fluid.
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Table XIX: Percent unbound etodolac enantiomer (mean+SD) following in vitro
equilibrium dialysis of spiked isotonic phosphate buffer vs fluids from

patients with arthritis.

Plasma_ Synovial Fluid
5 mg/L 50 mg/L 5 mg/L
S 0.723+0.074*>< 1.4840.087"¢ 4.83+1.7
R 0.28540.093%¢ 0.750+40.19° 3.26+1.5

Significantly different from corresponding R enantiomer.
Significantly different from SO mg/L in plasma.
c. Significantly different from synovial fluid.

S
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Table XX: Percent unbound etodolac enantiomer (meantSD) following in vitro
equilibrium dialysis of spiked (20 mg/L racemic etodolac) isotonic
phosphate buffer vs samples.

pH adjusted pH unadjusted
Plasma Synovial fluid Plasma Synovial fluid
Enantiomer (n = 11) (n = 11) (n = 6) (n=295)
S 1.2840.51** 3.8541.7* 0.848+0.20** 1.96+0.29"
R 0.851+40.48" 2.3641.4 0.472+0.34° 1.10£0.28

Significantly different from R enantiomer in same fluid
Significantly different from synovial fluid
c. Significantly different from unadjusted synovial fluid

op
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4. DISCUSSION

4.1. Disposition studies in the rat
4.1.1. Pharmacokinetics of etodolac in the rat

The disposition of etodolac in the rat differs from that reported for humans in
several ways. It is known that in humans etodolac is metabolized to a significant
extent by phase 1 metabolism to oxidized metabolites (Ferdinandi et al. 1986). In the
rat, however, >75% of tn- racemic dose is recovered in bile as conjugated drug.
Human urinary excretion of conjugates accounts for 10-20% of elimination of etodolac
(Table XVII; Fig. 24), while in the rat, urine is a negligible route of elimination. The
elimination of conjugates in rat bile is apparently so rapid that none could be detected
in plasma. Humaus (iffer in this respect, as conjugates are found in plasma in
considerable concentrations (Jamali et aql. 1988; Figs. 20-23; Table XVII).
Nevertheless, in both species plasma concentrations of S-etodolac are greatly exceeded
by R-etodolac. This makes the rat a suitable model for study of certain aspects, such
as tissue distribution and plasma protein binding, of etodolac enantiomers in humans.

The considerably greater free fraction of S-etodolac in plasma (Table X)
probably contributes substantially to the differences between enantiomers.
Furthermore, the higher unbound fraction of S-etodolac at 100 mg/L suggests that the
binding of S-etodolac is saturable at higher plasma concentrations. These findings may
help to explain the greater initial rapid decline in S-etodolac plasma concentrations

(Fig. 10), as a greater free fraction is available for distribution to tissues and sites of
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metabolism at higher plasma concentrations. The initial phase of rapid decline in the
plasma time courses of S-etodolac is also due to its rapid rate of metabolism, as
reflected in the biliary excretion of etodolac as acyl-glucuronides (Fig. 12) and the
values for biliary clearance of etodolac as conjugates (Table VIII).

The lack of significant differences in the pharmacokinetics of enantiomers
administered individually (Table IX), and as racemate (Table VII), indicates that an
enantiomeric interaction, such as that reported for flurbiprofen (Berry & Jamali 1989),
is absent.

The bile (Fig. 12) and urine analyses suggested stereoselective phase I
metabolism of R-etodolac to the oxidized and ureide metabolites previously described
in the rat (Ferdinandi et al. 1987), because > 65% of the administered R-etodolac was
not recovered, either as intact drug or conjugate. With the assay used here, we were
unable to detect these oxidized and ureide metabolites.

Enterohepatic recirculation exerts considerable influence on the
pharmacokinetic pattern of S-etodolac. This is exemplified in comparing AUC,,,
between bile duct-cannulated and non-bile duct-cannulated rats (Tables VII & Vi),
as >70% of the AUC,,, of non-bile duct-cannulated rats is attributable to recirculated
drug. In contrast, only 26% of the R-etodolac AUC,,, can be attributed to recirculated
drug. As the enantiomers shared similar values for F,,, no stereoselectivity in
deconjugation and subsequent reabsorption from the intestine seems to exist. The
longer t,, of the S enantiomer caused by enterohepatic recirculation is reflected in the

increase in the S:R concentration ratio in tissues and plasma over time (Fig. 14).
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The extensive enterohepatic recirculation of S-etodolac complicates data
analysis to an appreciable degree. The elimination rate constant 8 normally describes
first order elimination processes, such as those seen in bile duct-cannulated rats.
However, under conditions of recycling, 8, as determined for S-etodolac, is an
apparent 8 in the sense that it reflects the average decline of the fluctuating plasma
concentrations over time. Furthermore, the increases in plasma concentration that
result from recycled drug cause values such as CL and Vd, to lose their defined
meaning. Therefore the values for CL,, and Vd,,, are more representative of the true
values. This is reflected in their closer agreement with the values obtained from bile
duct-cannulated rats.

Pharmacokinetic models are available which predict and describe the
disposition of drugs which recycle in bile. Several of these models attribute
fluctuations in plasma concentrations to periodic emptying of the gall bladder (Colburn
1984). However, because the rat does not possess a gall bladder, other intermittent
processes must be responsible for the fluctuations seen in the plasma
concentration-time courses of S-etodolac. One alternate model developed for
phenolphthalein (Colburn ef al. 1979) may be useful for describing the plasma-time
course of S-etodolac in the rat, as it incorporates an intestinal-transit lag time rather
than a gall bladder. This could help explain the characteristic peak at 3-6 h in the
plasma-concentration profiles of rats given S-etodolac, as within 2-4 h almost the
entire dose was recovered in the bile.

In accordance with our results, a previous non-stereoselective study by Cayen
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et al. (1981) also indicated extensive excretion (80% of the dose) of etodolac in rat
bile, and a significant reduction in AUC following bile duct-cannulation. However,
they reported that aimost all etodolac was excreted as unchanged druz. This
discrepancy may be explained on the basis of differences in methodology. They
incorporated a digestion step in their bile-sample preparation, which might have
caused inadvertent hydrolysis of conjugates. Moreover, 8-glucuronidase was used to
hydrolyse the conjugates. As has been previously demonstrated, the rearrangement
products of acyl-glucuronide conjugated NSAIDs are not readily susceptible to
cleavage by 8-glucuronidase (Verbeeck et al. 1988; Loewen e? al. 1)88). In our study
alkaline conditions were employed, which allowed for hydrolysis of the conjugated
etodolac metabolites when desired (Fig. 6).

Etodolac is unique amongst the NSAIDs administered as racemates, because
the concentrations of the active enantiomer following a dose are much lower than
those of the inactive enantiomer. The differences between the enantiomers cannot be
attributed to chiral inversion, as no antipode was detected in plasma or urine following
administration of individual enantiomers. This is eapected, as unlike the
2-arylpropionic acids, the chiral centre in etodolac is located within an alicyclic ring
(Fig. 1). The observed differences in the pharmacokinetics of etodolac enantiomers,
therefore, can be attributed to stereoselectivity in plasma protein binding, conjugation
and elimination in bile, and perhaps in oxidative phase I metabolism of enantiomers
of etodolac.

In the preliminary study involving female Sprague-Dawley rats, we observed
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9.55+3.41% of the given dose of S-etodolac in the urine, as the acyl-glucuronidated
species. This was in contrast to that seen in the urine of male rats, in which typically,
less than 2% of the dose of the S enantiomer is excreted as unchanged and acyl-
glucuronidated drug, even after phenobarbital administration. A sex difference in
urinary excretion of ketoprofen enantiomers has also been observed in the Sprague-
Dawley rat (Palylyk & Jamali 1992). This observation, with respect to etodolac,

would seem to warrant more study.

4.1.2. Tissue distribution

The greater S:R ratios of etodolac concentrations in tissues as compared to
plasma indicate that in the rat, the enantiomeric ratio in plasma is not indicative of
that present in the tissues, where pharmacological and toxic effects primarily occur.
Plasma concentrations, especially of R-etodolac, were considerably higher than those
in the tissues (Fig. 13; Table XI). To some extent this may be explained by the
binding of etodolac enantiomers to rat plasma, which is extensive for both
enantiomers, but stronger for R- than S-etodolac (Table X). This is thought to be a
contributing factor for the difference in Vd,, between etodolac enantiomers, which was
5.4 fold greater for S- than R-etodolac (Table VII). The lower tissue concentrations
of enantiomers relative to plasma are in line with those of Cayen et al. (1981), who
studied the nonstereospecific tissue distribution of racemic etodolac in rats given 10
mg/kg orally. From their results, we calculated AUCg,, in serum, liver, heart,

kidneys, fat, and brain to be 494, 208, 162, 160, 68, and 9.2 ug-h/g, respectively.
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Both those and the present results may be explained, in part, by a relatively low
degree of tissue binding, as seen in the present study. However, tissue binding does
not appear to fully explain why the S:R distribution ratio in tissues was generally
higher than that seen in plasma. For example, although the S:R ratio for AUC,,, in
kidney was close to unity (Table XI), marked stereoselectivity was seen in kidney
binding (S:R unbound fraction = 3.3)(Fig. 15). This apparent paradoxicz -esult can
be explained, at least partially, by the greater binding of R- than S-etodolac in plasma,
which balances the greater binding of R-etodolac in tissues.

If it is assumed that the amount of drug that can enter tissues is dependent on
the concentration of free drug in plasma (C,), and that the unbound fraction in plasma
is fairly constant, then the enantiomeric ratio of tissue concentrations normalized for
plasma concentrations (i.e., tissue AUC:plasma AUC) should be similar to the
corresponding ratio of C,. The S:R ratios (Table XI) of the tissue AUC,,,, when
normalized to plasma AUC,,,, were calculated to be 3.6, 3.3, 2.5, 2.4, and 1.7 in
liver, kidney, heart, fat, and brain tissues, respectively. Interestingly, with the
exception of brain, these values appear to be in line with the S:R ratio of C, of
etodolac in rat plasma, w hich was 3.124-1.13 at 20 mg/L (Table X). This observation
seems to support the notion that free drug concentrations in plasma are the major
controlling factor in the distribution of etodolac to the tissues.

Some of these findings parallel those seen in the disposition of etodolac into
the synovial fluid of 5 arthritic subjects (Table XVIII). Twelve h after receiving 200

mg of etodolac, concentrations of S-, but not R-etodolac, were significantly greater
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in synovial fluid than in plasma. In both etodolac spiked human synovial fluid and in
rat tissues there were greater S:R concentration ratios than in plasma, and a greater
binding of R- than S-etodolac. There was, however, a greater binding of enantiomers
to drug-spiked human synovial fluid (96 and 97% for S- and R-etodolac, respectively
at 10 mg/L enantiomer) than to the diluted rat tissue homogenates. This may be due
to the presence of considcrable concentrations of albumin, the major plasma protein
implicated in binding of NSAIDs, in synovial fluid.

The tissue binding results should be viewed with some degree of caution,
because the dilution step might have altered the binding characteristics of the tissues.
Although dilution might compromise the ability of the binding experiments to
determine the absolute degree of binding of etodolac to tissues, the experiments do
reflect the relative binding affinity of enantiomers to tissues. Another confounding
variable in the tissue studies is the presence of residual blood in the tissues. Although
this undoubtedly influenced the results by some degree, it did not appear to have a
profound influence; the S:R concentration ratio of drug in plasma was quite dissimilar

to that present in the rat tissues (Table XI).

4.1.3. In vitro metabolism I the rat microsomal fractions

With respect to in vitro glucuronidation, a good parallel was seen between the
maximal rate of glucuronidation by hepatic-microsomal glucuronyl transferases, and
the data on the biliary excretion of conjugates in the rat (Figs. 12 & 17). With the Km

values seen, glucuronidation of neither enantiomer is saturated at the concentrations
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seen in plasma during the post-distributive phase following a 10 mg/kg iv dose. The
mean S:R ratio for cumulative excretion of conjugates in bile was 3.2. A similar S:R
ratio in Vmax for in vitro glucuronidation (3.461+0.45) was seen. These similarities
appear to suggest that the differences in biliary excretion of enantiomers as conjugates
are due to enzymatic velocity, and not to secretion of conjugates into bile.

Virtually the complete dose of S-etodolac is recovered as conjugated
enantiomer in rat bile following iv administration (Fig. 12). However, only 33% of
the R-enantiomer is likewise recovered. Etodolac had previously been reported to
undergo microsomal oxidative metabolism in the rat (Ferdinandi et al. 1987; Fig. 3);
hence it seemed likely that the R-enantiomer is predominately biotransformed to those
metabolites. Although we were unable to assay these metabolites, and pure oxidized
metabolites were not available for assay d~-' pment, we nevertheless felt that by
determining the disappearance of etodolac enantiomers in the presence of an NADP*
microsomal oxidizing system, insight could be gained into the oxidative metabolism
of etodolac. As hypothesized, the concentrations of R-etodolac fcll to a significantly
greater extent than the corresponding concentrations of S-etodolac after 4 h incubation
in the presence of hepatic microsomes (Table XII). Concentrations of S-etodolac were
also significantly reduced after 4 h, suggesting that it too was capable of being
metabolized by hepatic microsomes. Given the high rate of formation of
glucuroconjugated S-etodolac, however, which is further enhanced by a lower extent
of plasma protein binding, glucuronidation is the major metabolic fate of the

S-enantiomer. This is confirmed by the virtual complete recovery of S-etodolac in bile
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as conjugated drug (Fig. 12).

An unclear situation appeared in the kidney oxidative microsomal incubations
(Table XII), in which a significant increase in the S:R concentration ratio, and a
non-statistically significant reduction in the mean concentrations of R-etodolac, were
seen. It is likely that there was some oxidation of R-etodolac by kidney microsomal
protein, because use of S:R ratios involves a statistical pairing of the R- with
S-etodolac concentrations, which in turn normalizes the variation present amongst both
sets of data. The S enantiomer does not appear to be metabolized by the kidney
microsomal fraction. Confirmation of the findings from both liver and kidney
microsomes, using an assay which can measure the formation of the oxidized

metabolites, would be most desirable.

4.1.4. Drug interaction studies

Phenobarbital caused increases in the CL of both etodolac enantiomers (Fig.
18; Table XIII) in the rat. This barbiturate is known to induce the cytochrome P-450
catalyzed oxidation of many substrates (Hansten & Horn 1989), and oxidation seems
to be primarily responsible for the elimination of R-etodolac. Indeed, there was an
increase in the apparent oxidative activity in vitro for both enantiomers (Table XV).
Acyl-glucuronidation, which accounts for over 90% of the dose of S-etodolac which
is recovered in the bile of bile duct-cannulated rats (Fig. 12), was not influenced by
phenobarbital (Table XIII, XIV & XV; Fig. 19). In rats with an intact biliary system,

oxidation may be a more important pathway of metabolism than expected based on
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bile recovery studies. This is due to hydrolysis of conjugates and enterohepatic
recycling of the liberated etodolac, which allows repeated exposures of recycled drug
to the cytochrome P-450 oxidative enzymes. When the latter process is interrupted by
biliary cannulation, the amount of drug exposed to the cytochrome P-450 enzymes is
expectedly less than in the intact animals. There is some evidence in the literature
supporting this proposition. The elimination of pirprofen, a non-steroidal anti-
inflammatory drug which has recently been withdrawn from the pharmaceutical
markets due to hepatotoxicity, has been studied in Wistar rats with intact and
cannulated bile ducts (Thompson et al. 1979). In intact animals, 77.4% of the dose
of "C-pirprofen was recovered in the urine within 48 h after a 5 mg/kg iv dose of
racemate. However, within only 4 h after giving the same dose {v bile duct-cannulated
rats, over 40% of the dose is recovered in the bile, mostly as acyl-glucuronidated
drug.

The upward incline in the 24 h plasma concentration of S-etodolac in control
rats (Fig. 18), which was absent in the phenobarbital group, may be attributed to
enterohepatic recycling of S-etodolac. The noticeably lower mean concentration at 24
h in the phenobarbital group might be explained by an increase in the proportion of
S-etodolac metabolized via the oxidative pathways, and to the increase in urinary
excretion of S-etodolac acyl-glucuronides, each of which results in less drug being
available for enterohepatic recycling.

Although urinary excretion was a minor route of elimination of conjugated

S-etodolac, it was nevertheless almost 5-fold greater in the intact phenobarbital treated
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rats than in the control rats. Therefore, a small part of the reduced AUC in the
phenobarbital rats can be attributed to this change. An increase in renal conjugative
activity could also explain the increased renal excretion of acyl-glucuronides in rat
urine; renal glucuronidation has been reported for other NSAIDs, including ketorolac
and ibuprofen, in rabbit (Mroszczak et al. 1987) and rat (Ahn et al. 1991) kidneys,
respectively. Another possibility is that phenobarbital causes a shift in the route of
excretion of etodolac acyl-glucuronides from bile to urine, as is seen for
glucuronidated acetaminophen (Gregus et al. 1990).

The microsomal preparations used in this study appeared to possess (-
glucuronidase activity. Therefore, the Vmax values for net glucuronidation (Table
XV) may be underestimates of the true Vmax for glucuronidation. The hydrolytic
enzymes present in the microsomal fraction are derived from the smooth endoplasmic
reticulum, and/or they represent impurities derived from other cellular organelles such
as lysosomes (Dutton 1980). Regardless, the net microsomal glucuronidation of the
etodolac enantiomers may still provide a valid reflection of the in vivo glucuronidation
activities, because in vivo the conjugates can also be expected to be exposed to the
same hepatic hydrolytic enzymes as those present in the microsomal preparations.

There is ample evidence that cimetidine can interfere with drug metabolism
mediated by the cytochrome P-450 mixed function oxidase system (Hansten & Horn
1989), although it does not seem to interfere with UDP-glucuronyltransferase
(Somogyi & Muirhead 1987). We had anticipated a possible effect of cimetidine on

the pharmacokinetics of R-etodolac, because it seems to undergo oxidation as its
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primary route of elimination in the rat. Nevertheless, the tack of an interaction
between cimetidine and etodolac is consistent with results of other studies in which
cimetidine failed to interfere with the metabolism of most other NSAIDs (Verbeeck
1990; Tonkin & Wing 1988). It would therefore appear that cimetidine does not bind
to the isoenzymes of cytochrome P-450 which are responsible for the metabolism of
etodolac enantiomers, or that the binding of etodolac enantiomers to cytochrome P-450
is much stronger than binding of cimetidine.

A recent report (Gumbleton & Benet 1991) showed that urethane causes a
reduction in hepatic blood flow, which in turn lowers the intrinsic hepatic CL of
antipyrine in the rat, presumably by reducing oxygen transport to the hepatocytes. In
our bile recovery study, we might have expected a smaller recovery of acyl-
glucuronides of the etodolac enantiomers after phenobarbital, since a higher proportion
of the dose would have been biotransformed to oxidized metabolites. However, in the
event that urethane caused a reduction in oxidative metabolism of ctodolac, a reduced
recovery of etodolac as acyl-glucuronides after phenobarbital may not have occurred
in the bile duct-cannulated rats.

In recent reports, the hepatic in vitro glucuronidations of (+)-pirprofen
(Magdalou er al. 1990), (£)-flurbiprofen (Magdalou et al. 1990), (+)-ibuprofen
(Magdalou e al. 1990), and (1)-naproxen (El Mouelhi & Bock 1991) were all
increased after the administration of phenobarbital to rats. Although the induction of
NSAID metabolism in humans has received little attention, it has been said to be of

minor clinical significance because of a lack of an established concentration-effect
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relationship (Tonkin & Wing 1988). There is, however, some evidence for a
relationship between anti-inflammatory activity and plasma concentrations of
S-ketoprofen in the rat (Jamali et al. 1989; Jamali & Brocks 1990). Positive serum
concentration-response relationships have also been described for carprofen and for
naproxen in patients with rheumatoid arthritis (Furst et al. 1988; Day et al. 1982).
There are also reports that the analgesic effects of ketoprofen (Kohler es al. 1985;
D’Arienzo et al. 1984), and ibuprofen (Laska er al. 1986) may be related to plasma
concentrations in humans. These observations may therefore give the phenobarbital-

induced metabolism of NSAIDs some measure of clinical importance.

4.2. Disposition studies of etodolac enantiomers in humans

4.2.1. Pharmacokinetics

The stereoselectivity in the kinetics of the enantiomers of etodolac have been
confirmed. The results also agreed well with those of non-stereoselective studies of
etodolac in humans. The data for mean CL/F, AUC,,, and C,,, of (R+S)-etodolac
in young healthy volunteers given oral doses of 200 mg of the racemate were 0.68
mL/min/kg (tablets; Cayen et al. 1981), 72 mg-h/L (capsules; Kraml e al. 1984),
and 16 mg/L (capsules; Kraml et al. 1984), respectively; in the present study the
corresponding values for (R+S)-etodolac were 0.67 mL/min/kg, 70 mg+h/L, and 14
mg/L.

The stereoselectivity of the pharmacokinetics of etodolac may be attributed to

differences in absorption, protein binding, or metabolism of enantiomers. Absorption
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for most drugs is presumed to be a passive process (Jamali er al. 1989), which renders
it as an unlikely contributor to the stereoselectivity observed in the kinetics of
etodolac. In humans the unbound fraction (f,) of S-etodolac in pH unadjusted plasma
is 2 to 2.5-fold higher than that of R-etodolac (Table XIX & XX). This may
contribute to the lower C,,, of S-etodolac. However, the difference in f, cannot by
itself explain the ten-fold greater AUC of S-etodolac (Table XVI). Alternatively,
higher intrinsic metabolic clearance of S-etodolac may explain the difference. Our
calculations of CL /F support this suggestion, where the CL/F of S-etodolac was 11.9
fold greater than R-etodolac in the young subjects, and 9.3 fold greater in the elderly
subjects. The observed differences may also be due to stereoselectivity in the oxidative
clearance of the enantiomers of etodolac. Etodolac is known to be extensively
metabolized through oxidation to 6- and 7-hydroxyetodolac, 8- 1’-hydroxyetodolac, and
4-ureidoetodolac (Fig. 3), each of which is pharmacologically inactive (Ferdinandi et
al. 1986, Humber et al. 1988; Ferdinandi et al. 1987). These metabolites account for
most (67%) of the radioactively labelled material recovered in urine in 24 h
(Ferdinandi er al. 1986). Unfortunately, stereoselective oxidative clearance could not
be studied, because we did not have any purified oxidized metabolite.

The absolute systemic availability (F) of racemic etodolac in humans has not
been established. However, in other species (e.g., dogs and rats), the
nonstereospecific F of etodolac has been estimated to be over 0.94 (Cayen er al.
1981). Assuming passive gastrointestinal absorption, coupled with a relatively low CL

and CL/F in all three species, it is likely that the F of (R+S)-etodolac in humans is
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also near 1. However, whether both enantiomers share the same F is unclear.
Estimates of F in young subjects can be made by using values of 331 mL/min and 26
mL/min (from Table XVI) as mean intrinsic hepatic CL (CL,) of §- and R-etodolac,
respectively, and by assuming mean hepatic blood flow (Q,) of 1500 mL/min, and
haematocrit (HCT) to be 0.4. Using the relationship F=Q, (1-HCT)/{[Q,(1-
HCT)]+CL,} (Gibaldi & Perrier 1982), F is estimated to be 0.73 and 0.97 for
S-etodolac and R-etodolac, respectively. These calculations, which are valid assuming
complete absorption of each enantiomer, negligible extra-hepatic metabolism,
negligible extra-renal excretion of conjugates, and linear pharmacokinetics (Gibaldi
& Perrier 1982), show that S-etodolac is less bioavailable than R-etodolac in humans.
This 24% difference in F may also contribute to the stereoselectivity in AUC of the
enantiomers of etodolac.

The Vdy/F of the § enantiomer of etodolac in humans is higher than that of the
R enantiomer, and is greater than that of most other NSAIDs (Lin ef al. 1987). A
similar finding was also seen in the rat with respect to the Vd,, of the enantiomers.
A lower degree of plasma protein binding of the S enantiomer as compared to its
antipode, in both humans (Tables XIX and XX) and the rat (Table X), may be
responsible for the observed stereoselectivity. The larger distribution of S-etodolac
than R-etodolac is reflected by its greater concentrations in the synovial fluid, relative
to plasma (Table XVIII). Furthermore, in the rat, despite a low ratio of S:R
concentrations in plasma, ratios of close to unity were observed in most of the

examined tissues (Table XI; Fig. 13). Another contributing factor in humans is the
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lower apparent F of S-etodolac as compared to the R enantiomer, which may cause
the Vdy/F of S-etodolac to be overestimated in humans.

The lack of change in unchanged and conjugated etodolac enantiomers in
plasma or urine of the elderly subjects corroborates the finding that the
pharmacokinetics of (S+R)-etodolac are not affected by aging, in the presence of
normal renal and hepatic function (Scatina er al. 1986).

The EXu,, of conjugates of S- and R-etodolac differed significantly over the
first 12 h, but not at 24 h, in both young and elderly subjects (Fig. 24). Because
there were no differences between conjugated enantiomers in CL, (Table XVII), it
appears that once formed, the conjugates of both enantiomers are cleared from the
plasma at the same rate. However, differences in CL, of enantiomers may have gone
undetected due to the large interindividual variation in the AUC of conjugates in the
plasma (Table XVII). The mean CL/F of S-etodolac was substantially different from
R-etodolac in both the elderly and in the young groups, suggesting that the differences
between LXug, of conjugated enantiomers at different times is primarily due to a
difference in CL /F.

The validity of the calculation of CL/F requires that the renal pathway is the
predominant route of elimination of conjugates. This condition appeared to be met,
as little conjugated etodolac was excreted in bile over 24 h in our cholecystectomy
patients. However, CL./F may be underestimated, as 1) biliary excretion of conjugates
in cholecystectomy patients may not reflect that of normal subjects, and 2) hydrolysis

of conjugates back to parent drug is possible; this has been speculated to occur with
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ketoprofen in the elderly (Verbeeck et al. 1984). The extent of deconjugation of the
conjugated etodolac enantiomers, however, appeared to be small, as the t, of
conjugates were longer than those of the corresponding unchanged enantiomers in the
majority of our subjects (Tables XVI & XVII). In the presence of considerable in vivo
hydrolysis of conjugates (i.e. reversible metabolism), the t, for conjugated and
unchanged drug should nave been similar (Jamali et al. 1988).

Bile was a minor route of excretion of conjugates (Table XVII). This is in
contrast to rats, in which biliary excretion and enterohepatic recycling (Cayen et al.
1981), particularly of S-etodolac (Figs. 8 & 9), is extensive. Although the bile output
seen in our subjects (Table V) was within the range reported in humans (1.5-15.4
uL/min/kg; Erlinger 1982), the biliary excretion of the enantiomers of etodolac may
still be underestimated, because of incomplete collection of bile from T-tubes and
surgically-induced alterations in bile flow (Rollins & Klassen 1979). Nevertheless,
biliary elimination is unlikely to contribute to the gastrointestinal toxicity of etodolac
in humans. The low C,,, and long t,,, seen in the cholecystectomy patients may have
been due to decreased gastrointestinal motility secondary to surgery and post-surgical
medications.

Non-arthritic subjects were studied, which eliminated many of the variables
which might affect drug handling in arthritic ; .itients. The arthritic diseases may by
themselves cause changes in renal and hepatic function (McCarty 1989), and years of
administration of other anti-arthritic medications, most notably NSAIDs, may have

deleterious effects on renal, gastrointestinal, and perhaps hepatic function. Although
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a previous report showed that hepatic cirrhosis had no effect on the pharmacokinetics
of (§+R)-etodolac, the data did not necessarily reflect the time course of the active
enantiomer (Lasseter et al. 1988). Hence, studies of the time courses of etodolac
enantiomers in patients with arthritis, and in those with hepatic and/or renal

dysfunction, are warranted.

4.2.2. Uptake into synovial fluid

Stereoselectivi* in the disposition of etodolac is evident by the preponderance
of the pharmacolieica' . inactive R-enantiomer in both synovial fluid and plasma.
The observed 16.1 _ - 17.5043.5 R:S concentration ratios in plasma and synovial
fluid, respectively (Table X VIII), are consistent with previous works reporting relative
plasma concentrations of etodolac enantiomers (Singh et al. 1986; Jamali e al. 1988).
Differences were also present in the relative concentrations of each enantiomer in the
two body fluids studied. Specifically, concentrations of S-etodolac were found to be
almost 2-fold greater in synovial fluid than in plasma. In contrast, the synovial fluid
levels of the R enantiomer were approximately equal to those in plasma. These
observations have clinical relevance as the therapeutic benefits of etodolac are mainly
ascribed to the S-enantiomer (Humber et al. 1986) which, despite its relatively low
plasma concentration, tends to concentrate in synovial fluid, the proposed site of
antiinflammatory action (Wallis & Simkin 1983).

Most other NSAIDs studied for their disposition into synovial fluid have

yielded synovial fluid:plasma or serum ratios of less than 1 (Netter et al. 1989). This
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might be expected, because NSAIDs are highly bound to albumin, which attains

higher concentrations in plasma than synovial fluid. The influence of protein
concentration on extravascular fluid uptake is illustrated by comparing concentrations
of ketoprofen in plasma and cerebrospinal fluid (Netter et al. 1985). Total ketoprofen
concentrations in the cerebrospinal fluid, which is a protein-poor medium,
approximate those of unbound-drug plasma concentrations. However, no relationship
was seen between albumin concentrations and the in vivo concentrations of the (bound
+ unbound)-etodolac enantiomers in synovial fluid. Similar to S-etodolac, some other
NSAIDs such as meclofenamic acid (Koup et al. 1988) and diclofenac (Fowler et al.
1986) also have synovial fluid:plasma ratios (3.3 to 5.5 at 12 h post-dose) greater than
unity. Ketoprofen also shows a progressive increase in synovial fluid:serum level with
time (Netter et al. 1987; Foster et al. 1989). When synovial fluid was dialysed against
etodolac-spiked plasma, the concentration of each etodolac enantiomer did not differ
between plasma and synovial fluid, despite the 2-fold higher concentration of albumin
in plasma than in synovial fluid. This finding can be explained by the high degree of
binding of etodolac enantiomers to albumin in both fluids (range 95.2-99.7%, Table
XIX). Interestingly, it has been shown that the binding of racemic ketoprofen, at 1
and 10 mg/L, is independent of albumin concentrations > 10 g/L (Netter et al. 1987).
Protein concentration, therefore, cannot wholly explain the synovial fluid dispositional
characteristics of all NSAIDs.

Other drugs also provide examples of the inde;: dence between synovial fluid

drug concentration and protein binding. For example, methotrexate has a 24 h
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post-dose synovial fluid:plasma concentration ratio of 3.3 (Tischler er al. 1989),
despite its limited extent of binding (50%) to proteins (Benet & Sheiner 1985).
Furthermore, because gastrointestinal absorption of L-methotrexate is active (Hendel
& Brodthagen 1984), it is not inconceivable that the uptake of methotrexate into
synovial fluid might also be mediated by an active process. It is of interest that
synovial cells appear to possess specialized systems for intrasynovial transport of
small molecules such as glucose (Ropes et al. 1953; Simkin & Pizzorno, 1974).
Stereoselective binding to macromolecules other than albumin might also
explain the disposition of etodolac enantiomers in synovial fluid. Consequently, we
probed the possibility of binding to hyaluronic acid. With the exception of this
glycoprotein, which is present in normal synovial fluid in concentrations of 0.3 g/100
mL (McCarty 1989), the composition of synovial fluid is qualitatively similar to
plasma. Nevertheless, binding of etodolac to hyaluronic acid was not seen, and
therefore does not appear to contribute to the relatively slow exit of S-etodolac from
synovial fluid. Another suggestion that has been made to explain the low rate of exit
of NSAIDs from synovial fluid is related to the large volume:surface area ratio of
synovial fluid (Koup et al. 1988). This had previously been used to explain the high
concentrations of 8-lactam antibiotics attained in blister fluid (Fleishaker & McNamara
1985). However, because enantiomers share the same physico-chemical properties,
and synovial transport of NSAIDs is thought to largely involve diffusion, this cannot
by itself explain the relatively larger concentrations of S-etodolac, than R-etodolac, in

synovial fluid relative to plasma.
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In the other study involving the synovial fluid uptake of etodolac, it was found
that despite comparable total (bound+unbound) AUC, the AUC of unbound drug was
significantly greater in synovial fluid than in serum (Kraml ef al. 1988). On this basis
they speculated that unbound etodolac is actively transported into synovial fluid. This
should be viewed cautiously, however, because unbound concentrations in their patient
samples were determined by equilibrium dialysis of synovial fluid vs buffer: The free
concentration of drug in an extravascular fluid separated from plasma by a membrane
should be equal (Gibaldi & Perrier 1982; Wise 1986). Likewise, in vivo, equilibrium
is achieved only when the unbound concentration between the two fluids becomes
equal. When synovial fluid is dialysed vs buffer, the influence of the plasma
components on free-drug concentration in synovial fluid is absent (Fig. 26). Hence,
free drug concentrations derived from plasma or serum vs buffer binding experiments
may more closely reflect the true, in vivo, free-concentration in synovial fluid, and
as such, synovial fluid equilibrium dialysis binding experiments should be limited to
the determination of relative binding capacity of drug to the fluid.

Considerable concentrations of conjugated S-etodolac, and smaller
concentrations of conjugated R-etodolac, were seen in both plasma and synovial fluid.
Due to their inherent instability, these metabolites may represent a potential reservoir
frt botih enaniiomers, particularly as arthritic synovial fluid is known to contain
considerable 8-glucuronidase activity (Bartholemew 1972). Consequently, hydrolysis
of only a small fraction of the conjugated S-etodolac may yield considerably greater

concentrations of pharmacologically active enantiomer at the site of action. The
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Figure 26:  Relationship between concentrations of unbound drug (D), protein-bound
drug (D-P), and plasma synovial transport. Panel A depicts the in vivo
situation, in which the unbound drug concentration is determined by the
protein binding of the drug on both sides of the membrane. During the
post-absorptive and post-distributive phase, the unbound drug
concentration should be equal in the plasma and synovial fluid. When
plasma and synovial fluid are removed (Panel B), the influence of trans-
synovial distribution is removed. During subsequent dialysis, a
redistribution of the unbound species may occur, which may result in
unbound concentrations different from those actually present in vivo.
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presence of substantial concentrations of alkaline hydrolysable conjugated NSAID in
synovial fluid, as seen here, has not been previously reported. It is of note, however,
that considerable concentrations of hydroxylated diclofenac metabolites have been
detected in synovial fluid (Fowler et al. 1986).

The concentrations of acyl-glucuronidated etodolac enantiomer seen in the
arthritic patients (Fig. 25; Table XVIII) were somewhat higher than seen in the young
and elderly subjects at 12 h post-dose (Fig. 20). Unfortunately, we did not have the
data for the renal function of the arthritic patients. Due to the severity of their disease,
which likely included years of therapy with other nonsteroidal antiinflammatory drugs,
it is possible that some degree of diminished renal function was present. This could
explain the higher concentrations of acyl-glucuronides in the arthritic plasma.

A question arises as to the source of conjugates in synovial fluid. On the basis
of their relatively high polarity, it might be hypothesized that conjugates do not cross
the synovial membrane, but are rather formed by the synovium itse!f. This seems
unlikely, as no glucuronidation activity was seen in isolated microsomes from synovial
membrane. Alternatively, the presence of acyl-glucuronides may be secondary to the
disease process, in which inflammatory changes in the synovial membrane lead to
altered synovial permeability. The possibility of trans-synovial diffusion of conjugates
is supported by the strong correlation between plasma and synovial fluid
concentrations of S-etodolac conjugates (Fig. 25).

The strength of our results may be weakened by our inability to administer it

as multiple doses to patients. This was due to the present investigational status of
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etodolac in Canada, which in turn limited our access to sufficient quantities of
etodolac. Nevertheless, our results of concentrations of (R+S)-etodolac at 12 h
post-dose agreed well with those of Kraml es al. (1986), who administered etodolac
as multiple doses to S patients. It was also beyond our means to collect serial samples
of synovial fluid and plasma, such that a concentration-time relationship for synovial
fluid disposition of etodolac enantiomers could have been derived.

Due to assay sensitivity constraints, it was not possible to determine free drug
concentration in our patient samples. Also, because considerable concentrations of
conjugated etodolac were found in plasma and synovial fluid, the possibility of
inadvertent hydrolysis of conjugates existed with equilibrium dialysis. Despite these
obstacles, it was felt that by using etodolac-spiked blank samples, some estimate of
relative enantiomer binding could be achieved. Because the etodolac concentrations
used in binding studies were higher than those observed in cur patient samples, the
unbound fractions may be an overestimate of the values actually observed with the
lower concentrations present in vivo. The extent of this may be minimal, however,
because the unbound fraction of both enantiomers increased only 3 fold with a 10 fold
increase in enantiomeric concentrations (Table XIX).

It should also be noted that the enantiomeric concentration ratios in vivo were
substantially different from unity. Therefore, because the binding of R-etodolac was
greater than S-etodolac in the presence of equal concentrations of the 2 enantiomers
(Table XIX & XX), the difference between the binding of the 2 enantiomers in vivo

might be even greater, assuming displacement of S-etodolac by the greater
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concentrations of R-etodolac.

§. Conclusions

The stereoselectivity observed for etodolac in humans and rats can be attributed
to differences between the enantiomers in their binding to plasma proteins, and to
enantioselective metabolic clearance. There are several similarities between the species
in their dispositional handling of the enantiomers of etodolac (Table XXI). In the
plasma of both species, the binding of the R enantiomer is higher than that of the §
enantiomer; this coincides with a higher Vd for S- than R-etodolac. The difference
between the enantiomers in plasma protein binding is accompanied by a greater
metabolic clearance of the S than the R enantiomer. Due to the almost complete
metabolism of both enantiomers, the total body clearance, which is much greater for
S- than R-etodolac in humans and rats, is mostly reflective of metabolic clearance. In
the rat this is supported by a faster rate of in vitro hepatic microsomal acyl-
glucuronidation of §- than R-etodolac, and by the rapid and nearly complete biliary
excretion of S-etodolac as the acyi-glucuronidated species.

The distribution of etodolac enantiomers to the tissues and extravascular fluids
is a reflection of the enantioselective plasma protein binding. In rat tissues, the S
enantiomer achieves similar concc: ' acions to the R enantiomer, despite a =~4-fold

lower total (bound +unbound) S-etodolac concentration in the corresponding plasma.
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Table XXI: Summary of the pharmacokinetic and metabolic differences between
humans and rats.

Humans Rats

Unbound fraction in plasma:
S>R S>R

Volume of distribution:

S>>>R S>>R
AUC:

S<<<R § << R
CL:

S>>R S << R

Major metabolic fate:
1. S-etodolac
Oxidized Acyl-glucuronidated

2. R-etodolac
Oxidized Oxidized

Major route of excretion of metabolites:
Urine "3ile and feces
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In contrast, the unbound fraction of S-etodolac is =4-fold higher in plasma, which
explains the similar concentrations of the enantiomers in tissues. In human synovial
fluid, the concentrations of the $ enantiomer, which were higher than in plasma, also
seems to be explainable to some degree by its higher unbound fraction in plasma.

The enantiomers of etodolac are differentially metabolised in the rat. Most of
the S enantiomer is eliminated from plasma via acyl-glucuronidation, whereas
oxidative metabolism is largely responsible for most of the elimination of R-etodolac.
We studied the elimination of the enantiomers as acyl-glucuronides, and found almost
100% of the S enantiomer recovered in bile. After phenobarbital administration the
AUC of the S enantiomer decreased to the same degree as that of its antipode,
aithough there was no increase in the acyl-glucuronidation activity of S-etodolac. This
leads us to believe that bile duct-cannulated rats eliminate more of the § enantiomer
as acyl-glucurorides than occurs in intact rats, in which enterohepatic recycling
permits a larger percent of the dose of S-etodolac to be eliminated as oxidized
metabolite. This should be viewed as a caution in the interpretation of drug excretory
results obtained from bile duct-cannulated animals.

The metabolism of etodolac was not influenced in the rat by cimetidine, which
might alleviate to some degree concerns about higher etodolac concentrations with
cimetidine coadministration. However, in humans a larger percentage of the dose is
eliminated as oxidized etodolac; this might be cause for a drug interaction study in
humans.

Between the species there were only a few qualitative differences in the drug
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metabolism and pharmacokinetics of the enantiomers of etodolac. These differences
mostly involved the pathways of metabolism, and the route of elimination of the
metabolites. In humans, the clearance of both enantiomers is heavily dependent on the
formation of oxidized-etodolac metabolites; acyl-glucuronidation only accounts for 10-
20% of the elimination of each enantiomer. In contrast, in the rat the S enantiomer
undergoes a high degree of acyl-glucuronidation as opposed to the R enantiomer,
which, like humans, undergoes primarily oxidative metabolism. The acyl-glucuronides
of the enantiomers are primarily excreted in the urine in humans, in contrast to the
rat, where almost all of the enantiomer is excreted in the bile. Female rats appear to
excrete more of the S-etodolac acyl-glucuronides in the urine than male rats. This may
have some importance in considering the use of the rat as an animal model. The
female rat may be somewhat more comparable to humans than the male rat, when one
considers that humans seem to preferentially excrete the acyl-glucuronides of both
etodolac enantiomers in the urine.

In the studies described in this thesis, there were some findings which were
somewhat unexpected based on previous works. For example, it had not been
previously reported that acyl-glucuronides can transverse into synovial fluid. Acyl-
glucuronides were also found in bile from rats, which was in disagreement the data
reported in a previous study.

Our studies have illustrated the importance of considering stereoselectivity with
respect to the pharmacokinetics of etodolac, because concentrations of inactive

R-etodolac account for the majority of the drug found in plasma following a racemic
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dose. Studies which have used non-stereospecific techniques to measure etodolac
concentrations yield plasma-time courses that essentially reflect those of inactive
R-etodolac; unfortunately, information derived from such studies may be of little use
and/or potentially misleading. Indeed, because stereoselectivity was not considered,
the predisposition of pharmacologically active S-etodolac to the proposed site of action
(i.e., synovial fluid) was not previously elucidated.

We have established that in healthy elderly subjects with normal hepatic ana
renal function, there does not seem to be a need for dosage adjustment. It might be
anticipated that concentrations of conjugated etodolac enantiomers accumulate in
patients with renal disease. Also, in patients with hepatic diseases, an elevated
concentration of S-etodolac could easily be obscured by the already high
concentrations of the R enantiomer. Consequently, there is a need to study the
pharmacokinetics of etodolac enantiomers in patients with compromised renal or
hepatic function. Our human pharmacokinetic study involved only single doses; it
would be informative to see the effects of multiple dosing on the pharmacokinetics of
etodolac enantiomers and its acyl-glucuronide metabolites. In light of these
possibilities and unanswered questions, it is clear that additional studies are warranted
for etodolac. Moreover, it is essential that a stereospecific approach be incorporated
into the experimental designs of any future studies which investigate the

pharmacokinetics and pharmacodynamics of etodolac.
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