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ABSTRACT: Data from sustained-release and enteric-coated oral formulations, and the suppository
formulation of diclofenac sodium are fitted simultaneously using NONMEM® and the general linear
model, ADVAN 5. Absorption and disposition parameters, serum levels, and absorption profiles were
determined. The in vivo absorption profiles were determined using the program TOPFIT®. The in vivo
absorption for the sustained-release formulation is slow first order and follows a flip-flop model since
disposition rate constants are greater than absorption rate constants. Absorption from the enteric-coated
form is essentially complete (>95%) at about 7.5 h, while it is 95% complete at 24 h from the
sustained-release formulation. This suggests likely absorption from the colon in the case of the sustained-
release formulation since absorption is only 75% complete during the first 10 h. The sustained-release
relative bioavailability is 90-99%. Absorption from the suppository is essentially complete at about 4.5 h.
However, the relative bioavailability of the suppository formulation is low (55%), since defecation may
remove the drug from the absorption site before complete absorption. © 1998 John Wiley & Sons, Ltd.
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Introduction

Diclofenac sodium is a non-steroidal anti-inflamma-
tory, analgesic, and antipyretic agent with a good
gastrointestinal tolerability [1]. It is effective in the
treatment of rheumatoid arthritis and other arthritic
conditions [2]. The drug has been marketed interna-
tionally since 1973 and is currently available in oral,
rectal, parenteral, and topical preparations. An oral
enteric-coated tablet and eye solution are the only
formulations available commercially in the United
States [3,4].

Diclofenac sodium is rapidly and completely ab-
sorbed following oral administration of the conven-
tional formulation. However, the bioavailability of
the unchanged drug is about 54% [5]. Absorption in
man is very rapid from oral drug solution with a
fmax Of 5—10 min after administration of a buffered
aqueous solution to fasted healthy subjects [6]. In
the absence of disease or other interacting drugs,
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diclofenac absorption, metabolism, and excretion do
not appear to be influenced by age [7].
Sustained-release formulations offer several ad-
vantages over conventional (enteric-coated) delivery
systems. These include controlling the dose release
and hence decreasing the possible incidence of toxic
effects, and reducing the dosing frequency and
therefore improving patient compliance. However,
it has been reported that sustained-release formula-
tions are less bioavailable than conventional formu-
lations [8]. Other studies indicated that both types
of formulations have the same bioavailability [9].
Diclofenac sodium is a weak acid with a pk, of 4.0
[10] and an octanol-buffer (pH 7.4) partition coeffi-
cient of 134 [1]. It is poorly soluble in acidic
medium, 0.003 mg mL ' in simulated gastric fluid,
and highly soluble in basic medium, 13 mg mL ~ ' in
simulated intestinal fluid, suggesting that the pH
affects the solubility and absorption of diclofenac
sodium [3]. In addition, buffering or increasing the
fluid intake volume will increase its absorption,
which may be due to pH-dependent solubility of
the drug or the effect of gastric content volume on
gastric emptying [3]. It has been reported that for a
sustained-release formulation, pellets (multiple
units) are superior to matrix tablets (single units)
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in the context of intestinal passage because they
allow better distribution in the intestine with re-
duced risk of local reactions [11]. Another study
in animals showed that a diclofenac sodium sup-
pository has a similar bioavailability as an oral
formulation with an irritative effect on rectal mu-
cosa [12].

To date, no detailed data analysis has been per-
formed on diclofenac sodium on a large scale to
have accurate inferences about its population
pharmacokinetics. Therefore, the aim of this re-
search is to determine the population pharmacoki-
netics of diclofenac sodium by simultaneous data
fitting of three different drug formulations, includ-
ing sustained-release and enteric-coated oral for-
mulations, and the suppository formulation.
Another aim 1is to determined the relative
bioavailabilities of the sustained-release and the
suppository formulations as compared to the en-
teric-coated conventional formulation and hence
their suitability as drug formulations.

Materials and Methods

Experimental Design

Two separate studies were performed in the Jor-
dan University of Science and Technology, Irbid,
Jordan. All subjects were healthy male non-smok-
ers with no history of major diseases. Volunteers
were given single doses of either the sustained-re-
lease or the enteric-coated formulation of diclofe-
nac sodium, Inflaban®, with 250 mL water after an
overnight fast of at least 10 h [13]. Food and bev-
erages were withheld for 4 h after the administra-
tion of the dose [13]. A third separate study on
the diclofenac sodium 100 mg suppository, Infl-
aban®, was performed in Amman Islamic Hospi-
tal, Amman, Jordan. Volunteers were asked to
administer the drug after overnight fasting. Food
was served at 0.5, 5, and 11 h after dose adminis-
tration. All the volunteers were asked to abstain
from taking any medication for at least 1 week
prior to the study [14].

The enteric-coated formulation study consisted
of 23 subjects who were given a (2 x 50 mg) sin-
gle oral dose of diclofenac sodium as enteric-
coated tablets. Serum concentrations were
measured at 0, 0.5, 1, 1.5, 2, 25, 3, 3.5, 4, 5, 6, 8,
and 10 h after dose administration [16]. The sus-
tained-release formulation study consisted of 31
subjects who were given a 100 mg oral dose of
diclofenac sodium as film-coated matrix tablets.
Serum concentrations were measured at 0, 0.5, 1,
15,2,25,3, 35, 4,5 6,8 10, 12, and 24 h after
dose administration [16]. The suppository formula-
tion of 100 mg drug was given to 30 subjects.
Serum concentrations were measured at 0, 0.25,
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0.5,075,1,15,2,25,3,35,4,5, 8, and 10 h after
administration [16].

Assay

Approximately 10 mL of venous blood samples
were drawn into vacutainers. One sample was
taken before dosing and the other samples were
taken after dosing at timed intervals. After cen-
trifugation at 3000 rpm for 15 min, serum samples
were frozen at —20°C until the time of analysis,
which was at most 2 weeks [13,14].

Serum samples were assayed for diclofenac
sodium using a sensitive and specific high-perfor-
mance liquid chromatographic procedure [15]. In
brief, the assay involves protein precipitation of
the serum samples with acetonitrile, followed by
elution from a 5 pm C-8 reversed phase column
with a mobile phase consisting of acetonitrile—
water (50:50, v/v) adjusted to pH 3.3 with glacial
acetic acid, at a flow rate of 2 mL min~—!, with
ultra-violet detection at 280 nm. Quantitation was
performed by the measurement of the peak-height
ratio of diclofenac sodium to the internal standard
flufenamic acid. The limit of detection was 20 ng
mL ' with a concentration range of 0.02-7.0 pg
mL 1.

Model Building

One-, two-, and three-compartment models were
evaluated in each individual using TOPFIT. One-
compartment and three-compartment models did
not fit the data adequately for all individuals.
However, two-compartment model fitting was
much better and fitted the data for all individuals.
The criteria used for our decision involved the
following: examining the fitted curves, examining
the improvement in statistical tests provided by
TOPFIT (i.e., Akaike test, Schwarz test and Im-
bimbo test in addition to correlation coefficient of
the fitted curves), and examining the improvement
in relative residuals vs. data points plots. We
found that the two-compartment model was the
only model that adequately fit the data for all
individuals and for all formulations, and that is
what is needed for simultaneous data fitting with
NONMEM. In contrast, one-compartment and
three-compartment models were not adequate.
Models having one lag time for one depot did not
fit all the data points in each individual, and hence
two lag times for two depots were utilized. This
approach seemed feasible based on drug release
from the dosage form and/or physiological depen-
dence of absorption upon gastric emptying or intes-
tinal motility. However, NONMEM still has the
option of assigning an essentially zero lagtime and
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Figure 1. The pharmacokinetic model for simultaneous data
fitting

zero fraction absorbed values for the first depot
compartment and, hence, that individual will have
essentially one depot.

This model evolution was supported by NONMEM,
in which the two-compartment model gave a better
goodness of fit statistic (minimum value of objective
function, MVOF = 11 690, lf) than the one-compart-
ment model (MVOF =11 860, [,). This decrease was
statistically significant using the Likelihood statistic
[17].

[(C?) = (1, — 1) = 1701 > [qFy os(q, 11 — )
= gFy05(17, 942 — 24)
= gF05(15, 0) = 31.11]
and also > [y§0s5(q) = 27.6]
For the three-compartment model, no convergence

occurred in NONMEM due to numerical difficulties.

Table 1. NONMEM pharmacokinetic results

Data Analysis

The simultaneous data fitting of the enteric-coated
formulation, the sustained-release formulation, and
the suppository formulation, was performed using
the NONMEM (double precision, version 1IV) with
the NM TRAN preprocessor running on a Silicon
Graphics minicomputer. The model giving the best
fit of the data were a two-compartment model with
two depot compartments, Figure 1 (general linear
model; ADVAN 5 subroutine), with nine basic
parameters, four of which are common to all forms
while others vary with each form, and four inter-in-
dividual variabilities form which K,; varies between
two forms as appears in Table 1. All inter-individ-
ual variabilities are modelled according to a com-
bined additive and proportional error model.
NONMEM has the ability to fit large numbers of
individual data (942 data observations from 84 indi-
viduals in this study) even though the three studies
were independent [17]. The pharmacokinetic model
used for simultaneous data fitting consists of two
depot compartments, one central, and one periph-
eral compartment. The three formulations have the
same disposition compartments (3 and 4) and
parameters. However, they have different absorp-
tion parameters as shown in Table 1.

Parameter Sustained Enteric coated Suppository
Kia(h™Y) 0.234 0.437 2.01
(0.065)2 (0.095) (0.78)
Kosth™h) 0.106 0.509 0.667
(0.0265) (0.0723) (0.0593)
Kayu(h™1h) 5.36 5.36 5.36
(1.68) (1.68) (1.68)
Kyh™h) 0.70 0.70 0.70
(0.088) (0.088) (0.088)
Ky(h 1) 7.20 7.20 7.20
(1.99) (1.99) (1.99)
Veonwatlf (L) 470 4.70 4.70
(0.588) (0.588) (0.588)
Lag time; (h) 0 0.30 0
(2.73x109) (2.45x 10~ 19) 1.71x10-9)
Lag time, (h) 2.77 191 0.251
(0.156) (0.033) (7.79 x10~7)
Fraction absorbed from depot 1 (A1) 0.58 0.568 0.394
(0.14) (0.18) (0.095)
Inter-individual variability
Ky —P 3.53 0.72
(2.34) (0.0835)
K, 0.172 0.172 0.172
(0.715) (0.715) (0.715)
Lag time, — 37.12 —
(53.4)
A, — — 14.51
(16.1)
Intra-individual variability
Residuals 0.205 0.071 0.171

?Values within parenthesis are S.E.M.
b Variability was not modelled.
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Table 2. Derived pharmacokinetic parameters

Parameter Sustained Enteric Suppository
Coated
AUC,_.*? 6404, 7065° 7134 3955
(ng h mL~ 1)
Cl/f (mL min—)° 260, 236 234 421
V,/f (L)¢ 36 36 36
Valf (L)® 40.7 40.7 40.7
MAT (h)f 6.99 3.14 1.26
p (h1)s 0.392 0.392 0.392
a(h=1)8 12.868 12.868 12.868
t1B ()P 1.768 1.768 1.768
t, ,depotl (h)" 2.962 1.586 0.345
ty,depot2 (h)" 6.54 1.361 1.04
Crnax (ng mL ™) 582 1810 2050
Fnax () 3 2 0.5
Sretative (%) 90, 99 100 55
A) 0.370 0.432 0.606

@ Calculated using the linear and logarithmic trapezoidal rules for ascend-
ing and descending parts of the curve, respectively.

P AUGC,,_., for the sustained release is calculated first using f assuming
no more absorption is taking place and hence elimination is rate limiting
in the serum profile after 24 h, then using K,; assuming the absorption is
still occurring and is hence the rate limiting step. This was done since no
samples were taken after 24 h.

“Dose/AUC.

Veentral(Ks4/Kss)

°Veentrai + V2

fA; [(1/Ky5) +lag time, ]+ A5[(1/Kys) +lag time,], reference [18].

8 f+o =Ky +Kys + Kzp; for =Ky5Ksp

"0.693/K.

! As predicted by NONMEM.

J1-A; (0.95 — A, for the sustained release formulation).

Results and Discussion

Fitted and derived population parameters are sum-
marized in Tables 1 and 2. The micro-rate constants
(K34 and K,3) and volume of distribution (Vcnpai/f),
where F is the absolute bioavailability, are esti-
mated by NONMEM without L.V. data due to the
simultaneous data fitting of the three forms and the
assumption that disposition is unchanged between
dosage forms. The population serum level profiles
(Figure 2) are determined by NONMEM. The popu-
lation absorption profiles (Figure 3) are character-
ized using the program TOPFIT [18]. We noted
essentially complete absorption (>95%) within
about 7.5 h after the enteric-coated formulation and
essentially complete absorption after the supposi-
tory formulation within about 4.5 h. However, ab-
sorption lasts for up to 24 h in the sustained-release
formulation, suggesting absorption of the drug from
the colon during its transit through the large intes-
tine. The sustained-release product shows a flip-flop
model of slow first-order release in vivo because
alpha and beta disposition constants are greater
than K;; and K,; in this formulation.

For the enteric-coated conventional tablet, little or
no release takes place in the acidic medium of the
stomach. However, as the drug leaves the stomach
and enters the small intestine, it is subjected to the
intestinal fluids of pH 5.5-6.8. At this pH, the

© 1998 John Wiley & Sons, Ltd.

enteric coat commences to expose the drug to the
action of the intestinal pH in which the solubility of
diclofenac sodium is fairly high, which results in
high dissolution and hence higher absorption into
the blood stream. The release from enteric-coated
tablet can have a large variability since it is affected
by the weak acid polymer pK,, polymer thickness,
diclofenac pK,, diclofenac concentration, and pH at
the site of absorption. The apparent double-peak
phenomenon in the population serum level profile
(which is not observed in individual curves) is due
to the large differences in individual ¢, values.
This phenomenon was reported previously [19]
where composite curves were made.

The absorption and serum profiles of the sus-
tained-release formulations can be correlated to the
mechanism of drug release from the film-coated
matrix tablet. The release from such a formulation is
not dependent on pH, enzymes, or drug location in
the GIT [20]. The drug is thought to be leached out
by a slow first-order diffusion process through the
homogeneous matrix (ethylcellulose derivative) into
the GIT fluid [20,21]. The insoluble polymer shell is
excreted with little change in its shape. The film
coating is not acid resistant and hence no lag time is
observed. Then a gradual release through the ho-
mogenous matrix occurs slowly throughout the
drug intestinal residence time.

The relative bioavailabilities of diclofenac sodium
sustained-release and suppository formulations
compared to the immediate-release formulations are
90-99% and 55% respectively as shown in Table 2.
It is worthwhile noting that fractional absorption for
the sustained-release formulation during the first 10
h is 70-75%, so about 25-30% of the drug is ab-
sorbed from the large intestine.

For the suppository formulation, absorption is
essentially complete ( > 95%) within 4.5 h as shown
in Figure 3. However, it is only 55% bioavailable
compared to the immediate-release product. This
may be due to the low colonic surface area as well
as reduced residence time in the colon due to in-
duced defecation by the suppository matrix (syn-
thetic fats). This suggests that the suppository
formulation may not be suitable for many patients
due to psychological and/or physiological factors.
However, the onset of action is faster than the
enteric-coated formulation because a gastric emp-
tying lag time prior to absorption is not a factor.
The release from the suppository base follows ap-
parent first-order kinetics and the rectal absorption
of drug is suggested to be by simple diffusion of the
ionized lipophilic (high diffusion in the unstirred
aqueous layer and high membrane permeability)
molecules in the rectum, pH~7, where the drug
partition coefficient is around 14. In addition, the
mucosal irritation to the rectum caused by the drug
can increase drug permeation [12].

Biopharm. Drug Dispos. 19: 169-174 (1998)
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Figure 2. Population serum level profiles for the enteric-coated oral formulation, the sustained-release oral formulation, and the

suppository formulation of diclofenac sodium after a 100 mg dose

As shown in Table 1, a high inter-individual
variability exists in the absorption (release) rate of
the enteric-coated form due to pH-dependent solu-
bility of diclofenac sodium throughout the small
intestine, pH-dependent dissolution of the enteric
coating polymer, and possible variability in coating
thickness. The high inter-individual variability in
the lag time of the enteric-coated form is due to
gastric emptying differences. However, little vari-
ability exists in the disposition parameter Ks,, which
supports the assumption of the similarity of disposi-
tion among all forms. Also, little variability is ob-
served in the absorption rate from the suppository
since pH is fairly stable in the colon. On the other
hand, there is high inter-individual variability in the
fraction absorbed, A;, from the suppository due to
variability in colonic residence times.

Conclusions

Diclofenac sodium population absorption and dis-
position parameters were determined by simulta-
neous data fitting using NONMEM. The sustained
release from the matrix in vivo is a slow first-order
process that is independent of pH, gastric emptying,
and GI motility. However, diclofenac sodium is
more highly soluble at basic pH (about 4000 times)
as compared to acidic pH. This explains the double
peaks in the plasma profile of the sustained-release
formulation. The absorption of nonionized drug
from the sustained release in the stomach is de-
creased by drug precipitation, which is responsible
for the smaller first peak. Then, once the drug is
emptied to the intestine, continuous release and
direct absorption takes place over 24 h throughout
the rest of the GIT. This suggests absorption of the
drug from the colon takes place since the drug is
highly lipophilic. Overall, its relative bioavailability
as compared to the enteric-coated formulation is
90-99%, suggesting its suitability as an alternative

© 1998 John Wiley & Sons, Ltd.

formulation to the enteric-coated product. Only 70—
75% of the sustained release bioavailable dose is
absorbed within the first 10 h. This suggests that for
a drug to have good bioavailability as a sustained-
release formulation, it should have good permeabil-
ity and lipophilicity so that it is absorbed
throughout the small intestine and colon.

The enteric-coated formulation is absorbed
rapidly and eliminated rapidly which explains the
necessity of the sustained-release formulation. Its
release mechanism arises from drug leaching
through the dissolving enteric coat as the tablet
enters the basic intestinal pH. Then, complete disin-
tegration takes place causing continuous and essen-
tially complete absorption throughout the small
intestine. The double-peak phenomenon is due to
large differences in individual f,,, values.

The suppository formulation provides advantages
of faster onset of action due to higher permeability
in the colon, and of lower gastric irritation to pa-
tients with gastric sensitivity to NSAIDs. The high
permeation may be due to the local irritation of the
rectal mucosa by the drug and/or the drug’s high
passive diffusion since its concentration is high in
the rectum compared to the small intestine. How-
ever, it is only 55% bioavailable compared to the
enteric-coated oral formulation, which may be due
to incomplete absorption, since the suppository base
induces defecation that results in removal of the
drug product prior to complete absorption. This
suggests that the suppository formulation is not
suitable for many patients.
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