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Abstract 

Zileuton is an active 5-1ipoxygenase inhibitor which has been shown to be useful in the treatment of asthma. 
However, it requires dosing four times per day. In order to investigate the feasibility of developing sustained-release 
formulations of zileuton, two multiparticulate matrix formulations (A and B) with different in vitro release rates were 
prepared using extrusion/spheronization techniques. Oral absorption from the two formulations was compared with 
a solution formulation in a three-way crossover study using fed beagle dogs. The results indicated sustained release 
of zileuton from both multiparticulate formulations with prolonged Tma x (4.72 h for formulation A and 3.67 h for 
formulation B vs. 1.21 h for the oral solution) and decreased Cma x (1.21 #g/ml for formulation A and 4.14 #g/ml for 
formulation B vs. 9.07 #g/ml for the oral solution). Based on 90% confidence intervals, both matrix formulations were 
less bioavailable than the solution in terms of  the extent of absorption. The estimates of relative bioavailability were 
15 + 3% and 48 + 7% for formulation A and B, respectively. It is possible that these formulations may offer better 
bioavailability in humans due to inherent physiological differences between humans and animals. In vivo drug release 
from the sustained-release matrix formulations in dogs was estimated by deconvolution based on data of both 
formulations and correlated well with in vitro dissolution data. 
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1. Introduction 

* Corresponding author. Tel.: + 1 847 9387807; fax: + I 
847 9378688. 

5-Lipoxygenase is an enzyme which converts 
arachidonic  acid to 5-hydroperoxy-eicosa-6,8,11, 
14-tetraenoic acid (5 -HPETE)  in the pa thway 
leading to the p roduc t ion  o f  leukotrienes. Inhi- 
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bition of leukotriene synthesis has many 
potential therapeutic benefits for conditions 
in which leukotriene synthesis is elevated. Zileu- 
ton, N-(1 -(benzo[b]-thein-2-yl)ethyl)-N-hydroxy- 
urea (Scheme 1), is a 5-1ipoxygenase inhibitor 
which has been shown to be a potent inhibitor 
of leukotrienes for alleviating airway constriction 
in asthma (Hui et al., 1991). The compound is 
very slightly soluble in aqueous medium (170 
/~g/ml) with no ionizable functional groups. It is 
expected to be highly permeable through gas- 
trointestinal membranes due to its high 
lipophilicity (log PC =2.1). However, this com- 
pound has a relatively short elimination half-life 
in humans (group mean estimates: 2.8-4.5 h for 
R- and 1.8-3.1 h for S-enantiomers), requiring a 
four-times daily dosing regimen (Braeckman et 
al., 1992). 

The present study was undertaken to help in 
the development of a sustained-release formula- 
tion of zileuton with reduced dosing frequency 
and improved patient compliance. A multipartic- 
ulate dosage form was chosen for development 
because it offers the convenience of administra- 
tion as a ready-to-use suspension (after suspend- 
ing in a suitable media), sprinkle, and capsule. 
Due to the relatively low aqueous solubility of 
zileuton and high dose (up to 600 mg four-times 
a day), development of a matrix type of multi- 
particulate formulation was initiated for sustain- 
ing the release rate of the drug. This report 
summarizes the results of in vitro and in vivo 
studies on two prototype sustained-release multi- 
particulate formulations of zileuton. In vitro/in 
vivo results were correlated to facilitate further 
product development and/or optimization ef- 
forts. 

OH 

I 

CH3 

Scheme 1. The structure of zileuton 
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2. Materials and methods 

2.1. Materials and equipment 

The following materials were used in the 
study: Zileuton, lot no. 65-337-AL and Abbott- 
66649 (internal standard), lot no. 40-036-AL 
(Pharmaceutical Products Division, Abbott Lab- 
oratories). All other chemicals and reagents were 
either AR or HPLC grades and used as re- 
ceived. A Hobart mixer, a LUMA marumarizer 
(model Q5-400) and a LUMA extruder (model 
EXDCS-100) were used for preparation of mul- 
tiparticulate formulations. A Spectra Physics 
HPLC pump (model SP8800), a Hitachi auto 
sampler (model 655A-40), a ABI Spectroflow 
783 programmable absorbance detector and a 
ABI integrator (model 429A) were used for ana- 
lytical assay of the samples. 

2.2. Formulations 

Two multiparticulate matrix formulations, A 
and B, containing 72-78% zileuton were pre- 
pared by extrusion/spheronization. The final 
dosage forms consisted of spherical beads in the 
size range of 0.42-0.59 mm in diameter filled in 
a hard gelatin capsule. The release rate was 
slowed by embedding the drug in insoluble and/ 
or erodible, pH-insensitive matrices. The refer- 
ence oral product, C, was a 2.5 mg/ml solution 
of zileuton containing water/ethanol/propylene 
glycol (4:3:3, v/v/v) as a solvent. 

2.3. In vitro release 

The in vitro release rates of zileuton from the 
multiparticulate formulations were investigated 
using the USP apparatus II, i.e. paddle method. A 
dissolution medium consisting of 900 ml of 50 
mM sodium dodecyl sulfate (SDS) solution, pH 
7.5, was used and a temperature of 37_  0.5°C 
was maintained. Initial results at 50 rpm demon- 
strated incomplete drug release; hence, in the sub- 
sequent testing, the paddle rotation speed was 
maintained at 100 rpm. SDS was used in the 
dissolution medium in order to maintain sink 
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conditions during the release testing. Dissolution 
samples (5 ml) were withdrawn at predetermined 
time intervals up to 6 h, and replaced with an 
equal volume of the fresh medium to maintain the 
volume constant. Samples were assayed spec- 
trophotometrically at 2 = 260 nm. 

2.4. In vivo studies 

Nine beagle dogs of either sex, weighing 9.0- 
13.6 kg, were used for the study. Earlier studies 
indicated improved absorption of zileuton in the 
fed state. In addition, fed state was anticipated to 
provide slightly longer G I  residence time. Hence, 
all dogs were fasted overnight and then fed with a 
half can of dog food before dosing. A randomized 
crossover design with 1-week dosing intervals was 
used to test the formulations. Drug was orally 
administered at a dose of 100 mg with 40 ml of 
water. Water was provided ad libitum throughout 
the study. Serial blood samples were collected 
from a jugular vein for up to 24 h after single 
dosing. Plasma samples were immediately frozen 
at - 20°C until assayed for drug concentration by 
a validated HPLC method briefly described be- 
low. 

2.5. Sample processing and analytical procedure 

2.5. I. Liquid-liquid extraction 
For liquid-liquid extraction 0.5 ml of plasma 

sample was combined with 50 /zl of the internal 
standard solution (2/~g/ml Abbott-66649 in 0.2M 
phosphate buffer, pH 7.2) and then mixed with 6 
ml of methylene chloride:ethanol (9:1). The mix- 
ture was shaken at low speed for about 5 rain and 
centrifuged at 2500 rpm for 5 min. Then the 
aqueous layer was aspirated to waste and 3.5 ml 
of the organic phase was transferred to a test- 
tube. Thereafter, the sample was evaporated to 
dryness with a gentle stream of dry air over low 
heat ( <  40°C) and reconstituted with 0.3 ml of 
methanol:water (l:l) for HPLC analysis. 

2.5.2. H P L C  method 
A reversed-phase HPLC assay was used to de- 

termine the total concentration of zileuton in the 
plasma. A Waters Nova-Pak ® C-18 column 

(150 x 3.9, 4 /zm) and a Guard-Pak ® precolumn 
insert were used for the assay. Buffer:aceton- 
itrile:tetrahydrofuran:methanol (14:3:2:1, v/v/v/v) 
at a flow rate of 1.0 ml/min was used as the 
mobile phase. The buffer contained 40 mM 
NaH2PO4, 7.5 mM H3PO 4 and 5.0 mM NAHA 
(acetohydroxamic acid). The UV detection wave- 
length was set at 260 nm. The limit of quantita- 
tion and detection were 0.2 and 0.05 /Lg/ml, 
respectively. The method was validated per inter- 
nal guidelines for sensitivity, specificity and repro- 
ducibility prior to implementation. In order to 
minimize the day-to-day variability, a calibration 
curve was constructed everyday when the samples 
were assayed. 

2.6. Data analysis 

The area under the blood concentration-time 
curve (AUC) from time zero to the last sampling 
time point 't' (AUCt) was calculated by the trape- 
zoidal rule. The AUC's were normalized on the 
basis of dog weights. Peak drug concentration 
(Cmax) and the time to peak drug concentration 
( T m j  were obtained directly from the data with- 
out interpolation. Analysis of variance (ANOVA) 
was carried out on the parameter AUC using 
JMP 2.0.5 (SAS Institute, Cary, NC). Formula- 
tion, subjects, sequence and time period were 
included as the sources of variation in the model. 
Bioequivalence between the test and reference for- 
mulations was assessed by a two one-sided test 
procedure via 90% confidence intervals (Westlake) 
from analysis of AUC values. 

3. Results and discussion 

3.1. In vitro release 

The release of a dispersed drug from an insolu- 
ble and/or erodible matrix system is controlled by 
relative contributions of surface erosion and diffu- 
sion mechanisms. The fractional release (F) can 
generally be related to time according to the 
equation: Mt/M: ~ = kt n, where 'k' is a constant 
that incorporates characteristics of the matrix, 
the drug and the geometry of the dosage form 
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Fig. 1. In vitro release of zileuton from sustained-release 
multiparticulate formulation A (O) and multiparticulate for- 
mulation B (O) using USP apparatus II, 100 rpm. Bar repre- 
sent S.D. of six experiments. 

(Hogan, 1989). Depending upon the predominant 
release mechanisms, the drug release profiles gen- 
erally fit well to F = kt n where n = 0.5-1.0. The in 
vitro drug release profiles from the two sustained- 
release formulations tested in this study are shown 
in Fig. 1. About 16% of the drug was released in 
vitro from formulation A in 2 h as opposed to 
76% release from formulation B over the same 
time period. In 6 h, the formulation A released 
only about 40% drug, and as displayed in the 
figure, the release appeared to follow zero-order 
kinetics. Indeed, the visual observation of the 
particles from formulation A in dissolution media 
indicated slow matrix erosion and mass loss. In 
addition, no burst drug release was observed with 
this formulation. These observations are indica- 
tive of matrix erosion as the main mechanism of 
drug release from formulation A. On the other 
hand, the drug release profile from formulation B 
was better described by a square-root-of-time re- 
lationship, suggesting diffusion as the primary 
release mechanism (Table 1). The difference in the 
drug release mechanisms is believed to be a result 
of different rate controlling materials used in ma- 
trix formulations A and B. Since a limited number 

Table 1 
Comparison of the in vitro release rates of zileuton from two 
formulations 

Formulation a Zero-order model Square-root-of-time 
model 

Ko (%/h) R 2 K (%~/h) R 2 

A 6.5 0.997 19,3 0.985 
B 32.1 0.946 64.6 0.991 

aFormulation identification: A, slower-release multiparticulate 
formulation; B, faster-release multiparticulate formulation. 

of data points were available for model fitting in 
this study, no attempt was made to further inves- 
tigate the drug release mechanisms. 

3.2. In vivo absorption 

The plasma concentration profiles of zileuton 
following single dose administration of the three 
formulations to beagle dogs are shown in Fig. 2. 
The mean bioavailability parameter values for 
the three treatments are summarized in Table 2. 
For formulations A and B, the estimates of 
bioavailability relative to C were 1 6 + 3 %  and 
48 +_ 7%, respectively. Both multiparticulate for- 
mulations demonstrated prolonged drug absorp- 
tion with extended T,~ax (4.72 h for formulation A 
and 3.67 h for formulation B vs. 1.21 h for 
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Fig. 2. Mean plasma concentration-time profiles after a single 
oral dose of zileuton multiparticulate formulation A (O), 
multiparticulate formulation B (e), and a solution formulation 
(A) to Beagle Dogs. Bar represents S.D. of nine dogs. 
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Table 2 
Average bioavailability parameters after a single oral dose of zileuton formulations to dogs (n = 9) 

183 

Parameter (units) A U C  b (h* /zg/ml) 

Formulation a A B C 

Cmax (pg/ml) T,n~x (h) 

A B C A B C 

Mean 19.06 62.31 130.42 1.21 4.14 9.07 4.72 3.67 1.21 
SD 4.56 I 1.14 14.28 0.28 0.79 1.34 1.64 1.80 0.76 
CV 0.24 0.18 0.11 0.23 0.19 0.15 0.35 0.49 0.62 

~Formulation identification: A, slower-release multiparticulate formulation; B, faster-release multiparticulate formulation; C, oral 
solution. 
bAUC through 24 h dosing, normalized to 10 mg/kg dog body weight. 

formulation C) and decreased Cma x (1.21 /~g/ml 
for formulation A and 4.14/~g/ml for formulation 
B vs. 9.07/tg/ml for formulation C). The analysis 
of variance on the AUC indicated significant ef- 
fects of individual subject (P--0.031) and formu- 
lation (P = 0.001) while the effects of sequence 
and period were found to be insignificant. Based 
on classical t-based 90% confidence interval with 
an acceptable range of __+ 20%, both multiparticu- 
late matrix formulations were found to be less 
bioavailable than the reference formulation in 
terms of the extent of drug absorption. 

Results from animal models can help design 
and guide preliminary development of sustained- 
release dosage forms. However, differences be- 
tween human and animal anatomy and physio- 
logy, as well as variances in biological and physic- 
ochemical properties of compounds in human and 
animal gastrointestinal tract, can often have ap- 
preciable impact on data interpretation (Dress- 
man and Yamada, 1991). For example, due to the 
shorter intestinal residence time and/or altered 
metabolism, sustained-release dosage forms have 
been shown to yield incomplete drug absorption 
in dogs (Dressman and Yamada, 1991). Relatively 
short residence time in the dog GI tract could be 
responsible for significantly lower relative drug 
bioavailability from two multiparticulate formula- 
tions tested in this study. Other factors contribut- 
ing to this observation may include incomplete 
drug release from dosage form (40-80% in 24 h, 
in vitro), either due to formulation characteristics 
and/or low fluid volume for dissolution in lower 
GI tract, and decreased absorption in lower GI 
tract due to comparatively smaller surface area. 

While the rank order of the rate of drug absorp- 
tion among formulations may be similar between 
dogs and humans, it is quite possible that sus- 
tained-release formulations exhibiting low relative 
bioavailability in dogs may demonstrate higher 
bioavailability in humans. Indeed, this phe- 
nomenon has been observed with other sustained- 
release zileuton formulations (data on file, Abbott 
Laboratories). Therefore, the dog model may be 
more useful in estimating control of the rate of 
drug absorption rather than the extent of drug 
absorption from sustained release formulations. 

In order to evaluate the rate of in vivo release 
from the two multiparticulate formulations tested 
in this study, deconvolution based on linear sys- 
tem analysis was carried out. The latter is a model 
independent method useful in the initial design of 
sustained-release formulations and evaluation of 
drug absorption processes (Cutler, 1978). Plasma 
concentration data obtained following oral ad- 
ministration of the solution were fitted to poly- 
exponentials (RSTRIP, Micromath ®, Salt Lake 
City) and used as the unit impulse response. Drug 
plasma data for the two sustained-release multi- 
particulate formulations were then deconvoluted 
using the Program PCDCON (W.R. Gillespie, 
FDA) to estimate in vivo drug release. The rank 
order of in vivo release rate of the drug was found 
to be comparable to the in vitro drug release 
profiles. However, the release rate of the drug in 
vitro was found to be higher than the in vivo 
release rate (see Fig. 3). This observation could be 
attributed, in part, to higher hydrodynamic flow 
in vitro compared to the conditions of low hydro- 
dynamic flow in the GI tract (Katori et al., 1995). 
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It should be noted that the effect of  hydrody- 
namic conditions on drug release can be more 
pronounced on formulations with large surface 
area, such as particles tested in this study, as 
opposed to that on a single unit of  a non-disin- 
tegrating tablet. Higher in vitro drug release 
observed in this study could also be a result of  
the use of sodium dodecyl sulfate in the disso- 
lution medium which may potentially interact 
with certain formulation components. The 'GI 
relative bioavailability' of  both multiparticulate 
formulations, as estimated from the plateau val- 
ues of the respective drug release profiles in 
vivo, was found to closely match the relative 
bioavailability estimated based on AUC's, i.e. 
16% vs. 16% for formulation A, and 49% vs. 
48% for formulation B (see Fig. 3). 

3.3. In vitro~in vivo correlation 

Exploration and development of correlation 
between in vitro drug release and in vivo drug 
release/absorption are important during the de- 
velopment of a sustained-release dosage form. 
An established in vitro/in vivo correlation can 
be useful in final development and optimization 
of sustained release formulations (Leeson, 1995; 
Shah and Lesko, 1995). In this study, deconvo- 
tution results were used to establish a correla- 
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Fig. 3. In vivo drug release in dogs following administration of 
a single oral dose of multiparticulate formulation A (©) and 
multiparticulate formulation B (O) estimated by deconvolu- 
tion. 
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Fig. 4. In vitro/in vivo correlation based on pooled results 
from rnultiparticulate formulations A (©) and B (O). 

tion between in vitro and in vivo drug release 
profiles (see Fig. 4). For  the two multiparticu- 
late sustained-release formulations tested in this 
study using USP apparatus II at 100 rpm, the 
correlation between in vivo drug release and in 
vitro dissolution could be described using the 
following linear relationship ( R 2 =  0.994): 

Fin v ivo  = 0"412*Fin v i t ro  + 0 . 0 2 1  (1) 

where Fin vivo and F i n  v i t r o  are fractional drug 
release in vivo and in vitro, respectively. The 
initial slight curvature observed in the data is a 
result of non-linear drug release observed in 
vivo for the formulation A. A good correlation 
between in vivo and in vitro drug release was 
obtained in the present study; however, a slope 
of less than one in the above equation suggests 
a higher in vitro drug release rate than that in 
vivo. Although the dissolution method used in 
this study was found to be effective in discrimi- 
nating the release performance of formulations 
with minor changes in composition, size and 
other characteristics (data not included), the 
correlation described by Eq. (1) and displayed 
in Fig. 4 suggests a need for modification in 
this method so that the in vitro and in vivo 
drug release rates are comparable. 

4. Conclusions 

The results of this study demonstrate that the 
release rate of zileuton can be controlled using 
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small multiparticulate matrix systems. The in 
vivo study in dogs demonstrated prolonged 
drug absorption from the two test formulations 
with good in vitro/in vivo correlation. However, 
the in vitro release method overestimated the in 
vivo release of drug from the matrix formula- 
tions. The results demonstrate potential utility 
of in vitro/in vivo correlation in the develop- 
ment of sustained-release multiparticulate for- 
mulations. 
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