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Abstract

In order to develop a suitable beagle dog model for evaluating the bioavailability of a sustained-release dosage
form, we tried to control the gastrointestinal (GI) transit time in beagle dogs so as to make it similar to that in
humans by means of pharmacological modification of GI motility using loperamide hydrochloride, an antidiarrheal
drug. Acetaminophen showed greater absorbability from jejunum and ileum than that from colon in rats. Relative
bioavailability of acetaminophen from a sustained-release dosage form after oral administration (31%) in beagle
dogs, compared with a solution as reference dosage form, was obviously lower than that (90%) in humans, probably
because of the shorter GI transit time. The bioavailability was significantly increased (2-fold) in beagle dogs treated
with loperamide hydrochloride (0.12 mg/kg). Treatment with loperamide did not exert any significant effects on the
clearance of acetaminophen, but did increase the GI transit time from 3.5 to 5.0 h. In this study, it was suggested
that GI transit controlled-beagle dog would be effective enough to avoid the underestimation of the bioavailability of
a sustained-release dosage form containing a drug with site-specific GI absorption, such as acetaminophen.

Keywords: Acetaminophen; Sustained-release dosage form; Bioavailability; Human; Beagle dog; Animal model;
Gastrointestinal transit

1. Introduction are generally used as an animal model for evalu-
ating the bioavailability of drugs in place of hu-

Recently, numerous sustained-release dosage mans. However, the bioavailabilities in beagle
forms have been developed in order to reduce dogs do not always show a high correlation with
dosing frequency, maintain stable therapeutic ef- those in humans (Barr, 1972). It has been demon-
fects and decrease adverse effects. Beagle dogs strated that some discrepancies in drug bioavail-

ability after oral administration between humans
and beagle dogs are mainly ascribed to differ-
* Corresponding author. ences in GI physiology, such as gastric acidity
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(Aovagi et al., 1985; Ogata et al., 1983, 1986),
and/or agitating ability in the gastrointestinal
tract (Aoyagi et al, 1982; Ogata et al., 1984)
and /or GI transit time (Aoyagi et al., 1982; Ogata
et al., 1982) between the two species. In particu-
lar, GI transit is thought to be the most important
factor determining the bioavailability of a sus-
tained-release dosage form, since a drug is de-
signed to be released from the dosage form dur-
ing the period of GI transit. Dogs often showed
lower bioavailability in comparison with humans,
such as in the case of aminorex fumarate (Cress-
man and Sumner, 1971), valproic acid (Bialer et
al., 1984a,b, 1985, 1986), molsidomine (Yashiki et
al., 1985; Morimoto et al., 1986) and ampicillin
(Uchida et al., 1986), which seemed to be as-
cribed to a shorter GI transit time in dogs com-
pared with humans. On the other hand, a com-
paratively good correlation of bioavailability be-
tween the two species was recognized with chlor-
phenesin carbamate (Akimoto et al., 1993),
phenylpropanolamine hydrochloride (Dressman
and Yamada, 1991) and theophylline (Hussein et
al., 1987), which are sufficiently absorbed from an
entire region of the GI tract, including the colon.
Acetaminophen showed a poor correlation be-
tween the two species probably because of the
shorter GJ transit time in beagle dogs (Dressman
and Yamada, 1991). The purpose of this study
was to develop a suitable beagle dog model for
evaluating the bioavailability of a sustained-re-
lease dosage form of acetaminophen by means of
prolonging the GI transit time to a duration simi-
lar to that in humans.

2. Materials and methods

2.1. Materials

Acetaminophen (APAP) was obtained from
Iwaki Pharmaceutical Co., Ltd (Japan). Lop-
eramide hydrochloride, salicylazosulfapyridine
(SASP), sulfapyridine (SP), B-glucuronidase and
sulfatase were purchased from Sigma Chemical
Co. (USA). All other reagents used were of ana-
lytical grade.
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Fig. 1. Dissolution profiles of APAP from the sustained-re-
lease granules and immediate-release granules using the pad-
dle method in JP X1 2nd fluid (pH 6.8). (00) Sustained-release
granules; (W) immediate-release granules. Each point repre-
sents the mean+ S.E.

2.2. Dosage forms

The immediate-release spherical granules con-
taining 90% by weight of APAP were prepared
by the wet granulation method. To obtain sus-
tained-release granules, the granules were placed
in the prewarmed chamber of a centrifugal granu-
lator. A coating solution of Eudragit RS® (Roechm
Pharma, Germany) was sprayed onto the granules
and coated to a 15% weight increase. The gran-
ules were dried at 70°C for 1 h using a fluidized
bed drying machine. The dissolution rates of
APAP from these dosage forms were determined
at 37 &+ 1°C using the paddle method (JP XI) in
pH 6.8 phosphate buffer. The dissolution profile
of sustained-release granules was apparently
slower than that from immediate-release granules
(Fig. 1).

2.3. Bioavailability studies in humans

20 male adult volunteers, aged between 20 and
24 years and weighing 48.0-79.5 kg, participated
in the present study. The volunteers were con-
firmed in advance to be normal regarding blood
pressure, pulse rate, electrocardiogram, profiles
of hematology and serum chemistry and urinaly-
sis. Written informed consent was obtained from
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each volunteer. Subjects were randomly divided
into two groups of 10 subjects. Subjects in both
groups were orally administered the solution (30
ml) containing 300 mg of APAP or the
sustained-release granules containing 450 mg of
APAP with 150 ml of water. Solution instead of
immediate-release granules was used in consider-
ation of coherence with dog study I carried out
before the human study. The subjects were fasted
from at least 12 h before and until 4 h after
taking the drug. Blood samples were collected
from the subjects at the designated time intervals
after administration, and plasma samples were
stored in a freezer (—20°C) until assay. Plasma
concentrations of APAP were analysed using
high-performance liquid chromatography
(HPLO).

2.4. Bioavailability studies in beagle dogs

13 male beagle dogs, weighing 9.4-13.8 kg,
were used. The beagle dogs were randomly di-
vided into three groups for the following four
studies. All studies except study IV were carried
out after overnight fasting according to a cross-
over design with a period of at least 1 week.
Blood samples were taken at the designated time
intervals after the administration of the drug.
Plasma samples obtained were stored in a freezer
(—20°C) until assay.

Study I: The same solution and sustained-re-
lease granules as used in the human study were
orally administered with 20 ml of water to four
beagle dogs at a dose of 37.5 mg/kg of APAP.
Plasma concentrations of APAP were determined
using HPLC.

Study II: 30 min after the oral administration
of loperamide hydrochloride as an aqueous sus-
pension at different doses of 0, 0.03, 0.12 or 0.3
mg/kg (loperamide treatment), 25 mg/kg of
SASP powder was orally administered with 20 ml
of water to four beagle dogs. The oral-caecal
transit time was determined as the time taken for
the first detection of SP in plasma after the oral
administration of SASP (SASP method; Kennedy
et al., 1979). Plasma concentrations of SP were
analyzed using HPLC.

Study III: Sustained-release granules of 37.5

mg/kg as APAP were administered with 20 ml of
water to five beagle dogs with or without lop-
eramide treatment (0.12 mg/kg oral dosing 30
min before administration of the granules).
Plasma concentrations of APAP and total APAP
(unchanged APAP plus its glucuronide and sul-
fate conjugate forms) were evaluated using HPLC.

Study 1V: A solution of 37.5 mg/kg as APAP
was orally administered to the same beagle dogs
as used in study I after loperamide treatment
(0.12 mg/kg oral dosing 30 min before adminis-
tration of the solution). Plasma concentrations of
APAP were analyzed using HPLC.

2.5. GI absorption of APAP in rats

The regional absorbability of APAP from the
GI tract was investigated in three male Wistar
rats, weighing 200-250 g. Rats fasted overnight
were anesthetized with urethane (i.p., 1.5 g/kg).
After abdominal incision, both ends of a chosen
GI part, viz., stomach, jejunum, ileum or colon
(each 5 cm in length), were ligated to make a
loop. The solution (0.25 ml) containing 2.5 mg of
APAP was introduced into the loop. Blood sam-
ples were collected from the jugular vein at the
designated time intervals to determine the plasma
concentrations of APAP.

2.6. Assay of APAP

The plasma concentration of APAP was deter-
mined by HPLC according to the method re-
ported by Black et al. (1978). To 0.5 ml of plasma
were added 0.5 ml of B-hydroxytheophylline (40
ug/ml) aqueous solution as an internal standard,
5.0 ml of ethyl acetate and about 0.5 g of anhy-
drous sodium sulfate. The mixture was vigorously
shaken for 10 min and centrifuged for 10 min at
3000 rpm (2000 X g). 4 ml of the organic layer
was evaporated to dryness under reduced pres-
sure at 40°C. The residue was dissolved with 0.5
mi of the mobile phase. After centrifugation for 5
min at 12000 rpm (15000 x g), 20 ul of the
supernatant was analyzed by HPLC. The HPLC
system consisted of a TSK Gel LS-410 (ODS)
column (5 um, 4 mm X 150 mm; Toyo Soda),
pump (Shimadzu LC-6A), variable UV detector
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Fig. 2. Plasma concentrations of APAP after oral administration of solution (O) and sustained-release granules (®) in humans (a)

and dogs (b). Each point represents the mean + S.E.

(Shimadzu SPD-6AV) and integrator recorder
(Shimadzu C-R4AX). The mobile phase, a mix-
ture of 10 mM phosphate buffer (pH 4.0) and
tetrahydrofuran (100:1, v/v), was pumped at 1.0
ml/min and monitored at 245 nm. The lower
limit of the assay was 0.05 pwg/ml of APAP in
plasma. To determine the plasma concentration
of total APAP, 0.1 ml of enzyme solution contain-
ing B-glucuronidase (10000 U/ml) and sulfatase
(10 U/ml) was added to 0.5 ml of plasma. After
incubation at 37°C for 2 h, APAP in the plasma
was analyzed under the same condition as de-
scribed above.

2.7. Assay of SP in plasma

The plasma concentration of SP was deter-
mined by HPLC according to the method of
Mizuta et al. (1989). 1 ml of 0.5 M phosphate
(Na,HPO,-KH ,PO,) buffer (pH 7.4) and 2 ml of
ethyl acetate were added to 0.1 ml of plasma. The
mixture was vigorously shaken for 10 min and
centrifuged at 3000 rpm for 10 min. 1 ml of
organic layer was evaporated to dryness under
reduced pressure at 40°C. The residue was dis-
solved with 0.2 ml of mobile phase containing 0.4
g of 8-chlorotheophylline as an internal stan-
dard, and 20 ul of the solution was analyzed by

Table 1
Pharmacokinetic parameters of APAP following oral administration in humans and dogs
Species Dosage Dose Number of ‘max T ox AUC (ug Relative
form animals (ug/mb (h) hml™1) BA (%)
Human solution 300 mg 10 5.43 £ 0.487 0.7 £ 0.27 14.54 + 1.417 (100)
a,d e N.S. ab
sustained- 450 mg 10 2.41 £ 0.30- 3.3+ 0.3 19.64 + 1.594 90.0
release
granules
Dog solution 37.5 mg/kg 4 26.60 + 3.40 0.5+ 0.2 5422 +2.210 (100)
e d c,e
sustained- 37.5 mg/kg 4 5.42 +2.23 2.6+ 0.4~ 16.89 + 5.16- 31.1
release
granules

# Statistical analysis was performed for C,,,, and AUC normalized for dosing; 0> ;024 h.
4 Difference in the pharmacokinetic parameters of APAP after administration of solution and sustained-release granules is
significant (¢ p < 0.05, ¢ p < 0.01). N.S,, difference is not significant ( p > 0.05). Each data represents the mean + S.E.
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HPLC. The HPLC system consisted of the same
equipment as used in the assay of APAP, except
that the column was Nucleosil C,3 (ODS, 4 mm
x 250 mm; M. Nagel). The mobile phase, a mix-
ture of water, acetonitrile and acetic acid (89:10:1,
v/v), was pumped at 1.5 ml/min and monitored
at 270 nm. The lower limit of the assay was 0.1
pg/ml of SP in plasma.

2.8. Pharmacokinetic and statistical analyses

The maximum plasma concentration (C,,,)
and the time to reach C_,, (T,,,) were observed
values. The area under the plasma
concentration-time curve from 0 to 24 h
(AUC,_,,) was calculated based on the trape-
zoidal rule. The percent absorbed-time profile of
APAP was calculated according to a previously
reported method (Wagner and Nelson, 1964). The
pharmacokinetic parameters were statistically an-
alyzed by analysis of variance (ANOVA), and
Dunnet’s multiple range test was carried out
where necessary.

3. Results

3.1. Comparative bioavailability of APAP between
humans and beagle dogs

The mean plasma concentrations of APAP af-
ter oral administration of solution and sustained-
release granules to humans and beagle dogs are
shown in Fig. 2. Table 1 summarizes the mean
pharmacokinetic parameters. In humans, the ex-
pected sustained-release characteristics were ob-
served, as indicated by the considerably lower
C...x and longer T'max compared with those of
the solution. Its relative bioavailability to the
solution, calculated from the ratio of the dose-
normalized AUC, was sufficient, i.e., 90%. On
the other hand, as shown in Fig. 2b, the plasma
concentration of sustained-release granules in
beagle dogs was apparently lower than that of the
solution, and its relative bioavaliability was signif-
icantly lower in comparison with that in humans,
being only 31%.
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Plasma concentration of APAP (ug/ml)

Time(h)
Fig. 3. Absorption of APAP from four parts of the gastro-
intestinal tract in rats (dose: 10 mg/kg). (0) Stomach; (O)
jejunum; () ileum; (a) colon. Each point represents the
mean + S.E.

3.2. GI absorption of APAP

The regional absorbability of APAP was evalu-
ated in rats. Fig. 3 displays the plasma concentra-
tions of APAP obtained after introduction into
the stomach, jejunum, ileum and colon. Although
the absorbabilities of APAP from the jejunum
and ileum were rapid and sufficient, that from
the colon was relatively low and was very poor
from the stomach.

3.3. Effects of loperamide on GI transit

Fig. 4 shows the relationship between dose of
loperamide hydrochloride and the resulting oral-
caecal transit time in beagle dogs. The oral-caecal
transit time was 3.5 h without drug treatment,
and was dose-dependently delayed to 5.0 h at
more than 0.12 mg/kg of loperamide hydrochlo-
ride.

3.4. Effect of loperamide on bioavailability of APAP
from sustained-release granules

Fig. 5 demonstrates the mean plasma concen-
trations of APAP and total APAP after oral
administration of sustained-release granules of
37.5 mg/kg as APAP to beagle dogs with and
without treatment of loperamide (0.12 mg/kg).
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Fig. 4. Oral-caecal transit time in dogs. Each point represents
the mean+S.E.

The mean pharmacokinetic parameters for APAP
are listed in Table 2. When loperamide was ad-
ministered, the mean plasma concentrations of
both APAP and total APAP were obviously higher
in comparison with those for no treatment. The
AUC,_,, of APAP and total APAP with lop-
eramide treatment were significantly increased,
being about 2-fold as much as those without
treatment.

3.5. Effect of loperamide on clearance of APAP

Fig. 6 shows the plasma concentrations of
APAP after oral administration of APAP solu-
tion with and without loperamide treatment (0.12
mg/kg oral dosing). The plasma concentration-

40

unchanged APAP
@ : treatment
O : no treatment
total APAP

A : reatment
A : no treatment

Plasma concentration of APAP (ug/mi)

Time(h)

Fig. 5. Plasma concentrations of APAP and total APAP after
oral administration (dose: APAP, 37.5 mg/kg) of sustained-
release formulation with and without treatment with lop-
eramide hydrochloride (0.12 mg/kg, p.o.). Each point repre-
sents the mean + S.E. of five dogs.

time curves were almost the same, regardless of
the treatment. There were no significant differ-
ences in the pharmacokinetic parameters be-
tween loperamide treatment and no treatment
(p > 0.05).

4. Discussion
Since the GI transit time in beagle dogs is

shorter than that in humans (mean small intesti-
nal transit time of 1114+ 17 min in dogs, and

Table 2
Pharmacokinetic parameters of APAP following oral administration (37.5 mg/kg) to dogs
Treatment ° Cnax (ng/mb Tonax () AUCy_ o4y,
(ughml™1)
APAP no treatment 533+ 1.73 24404 16.27 + 4.05
]N.S. ]N.s. :]b
treatment 9.85 + 2.55 34+05 32.78 + 4.81
Total APAP no treatment 17.88 + 5.167 2.6 + O.Z:Ib 101.16 + 19.10]b
b
treatment 35.23 + 6.31 4240.6 205.47 + 20.90

# Treatment with loperamide hydrochloride (0.12 mg/kg).

® Difference in the pharmacokinetic parameters of APAP after administration of sustained-release granules is significant
(® p <0.05). N.S., difference is not significant ( p > 0.05). Each data represents the mean + S.E. of five dogs.
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Fig. 6. Plasma concentrations of APAP after oral administra-
tion of solution (dose: 37.5 mg/kg) in dogs. (O) No treat-
ment; (M) treatment with loperamide hydrochloride (0.12
mg/kg, p.o.). Each point represents the mean+S.E. in four
dogs.

234 + 14 min in humans (Dressman, 1986)), a
sustained-release dosage form orally adminis-
tered may pass through the absorption site of the
GI tract with incomplete drug release, and conse-
quently with relative poor bioavailability in beagle
dogs as compared with humans (Bialer et al.,
1988). This phenomenon may be dependent on
the absorption characteristics and site specificity
of the drugs administered. Chlorphenesin carba-
mate is well absorbed from the entire intestine,
including the colon, and showed similar relative
bioavailability from a sustained-release dosage
form compared with an immediate-release dosage
form in both species, humans and beagle dogs
(Akimoto et al., 1993). On the other hand, reduc-
tion of the bioavailability from a sustained-re-
lease dosage form in dogs has been reported with
aminorex fumarate (Cressman and Sumner, 1971),
valproic acid (Bialer et al., 1984a,b, 1985, 1986),
molsidomine (Yashiki et al., 1985; Morimoto et
al., 1986) and ampicillin (Uchida et al., 1986). In
APAP studied in this report, the relative bioavail-
ability from sustained-release granules was 31%
in beagle dogs as compared with solution, which
was obviously lower than in humans (90%). The
regional absorbability estimated using the loop
method in rats indicated that the most efficient

absorption of APAP occurred in the entire small
intestine, in accordance with the report of Bag-
nall et al. (1979). From these observations, the
lower relative bioavailability in beagle dogs might
be ascribable to a suggested shorter transit time
in the small intestine as compared with humans.
Therefore, the prolongation of the GI transit
time of beagle dogs so as to make it comparable
to that of humans may improve relative bioavail-
ability in beagle dogs. Atropine has been used as
a potent inhibitor of GI motility (Mizuta et al.,
1990; Sagara et al., 1992), however, delayed gas-
tric emptying has been reported by Nimmo (1976)
and Gambile et al. (1976). Loperamide is an orally
active antidiarrheal drug, the action of which
results from a direct effect on the nerve endings
and/or intramural ganglia of the intestinal wall
(Niemegeers et al., 1974; Heel et al., 1978). Lop-
eramide significantly delayed small intestinal
transit, but had no significant effect on gastric
emptying in contrast with atropine (Sninski et al.,
1986). From these findings, it was confirmed that
loperamide would be a suitable drug for delaying
the GI transit time.

In order to investigate the effects of lop-
eramide on GI transit, SASP was used for esti-
mating the oral-caecal transit time (Kellow et al.,
1986; Mizuta et al., 1989). The optimum dose of
loperamide hydrochloride for delaying the Gl
transit time in beagle dogs was established as
being 0.12 mg/kg. The mean oral-caecal transit
time of SASP in beagle dogs at 0.12 mg/kg oral
dose of loperamide hydrochloride was favourable
at 5.0 h, which is almost the same as the period of
4.5 h for humans (Kennedy et al., 1979).

When treated with loperamide hydrochloride
(0.12 mg/kg), the bioavailability of APAP calcu-
lated from the AUC,_,, was significantly in-
creased, being about 2-fold greater than that
without treatment. As shown in Fig. 7, the ab-
sorption profile, calculated by the Wagner-Nel-
son method, was suspended only for 3 h and was
incomplete in beagle dogs without treatment,
whereas in beagle dogs treated with loperamide,
absorption was prolonged up to 5 h and showed a
similar rate and extent of bioavailability as com-
pared with humans. The AUC,_,, of the total
APAP was also comparably increased. Since
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Fig. 7. Percent absorbed-time plot (mean+S.E.) of APAP in
humans and dogs after the administration of sustained-release
granules.

APAP absorbed orally exists in dog plasma as
unchanged APAP or its conjugate forms (Sample
et al., 1968), total APAP would indicate the ex-
tent of absorption. Moreover, loperamide treat-
ment did not exert any significant effects on the
clearance of APAP. This result does not support
the possibility of avoidance of the first-pass effect
of APAP by loperamide and suggests an increase
in absorption. The delay of small intestinal transit
time due to loperamide treatment probably pro-
vided sufficient time for release and absorption
of APAP from the sustained-release granules.
Although the relative bioavailability (about 60%
from Tables 1 and 2) of APAP from sustained-re-
lease granules in gastrointestinal transit con-
trolled-beagle dogs did not necessarily reach that
(90%) in humans, this difference might be related
to the antisecretory effect of loperamide (Sandhu
et al., 1981) which would reduce the intestinal
fluid and consequently be disadvantageous to ab-
sorption of APAP. With regard to Fig. 7, the rate
of absorption of the absorbed-time plot in 2 or 3
h after dosing in dog without treatment was more
than 2-fold lower than that in humans. This dif-
ference in absorption rate between dogs and hu-
mans might be caused by the dosing amount of
APAP and the volume of GI fluid. The dosing
amount (37.5 mg/kg) in dogs was 5-fold more
than that (7.5 mg/kg = 450 mg/man) in humans.
The volume of GI fluid in dogs would be less

than that in humans. These findings would be
disadvantageous for dogs to the dissolution of
APAP from sustained-release granules in GI
tract. Consequently, it is thought that the absorp-
tion rate in dogs would be limited by a slower
dissolution rate. Furthermore, Fig. 7 also shows
that the absorption rate for 2-3 h in dogs would
be increased by loperamide treatment vs the re-
sult in Fig. 6. This fact suggests that loperamide
treatment may have some effect on GI permeabil-
ity and the improvement of bioavailability by lop-
eramide treatment cannot be completely ex-
plained only by the prolongation of GI transit
time.

From the results obtained in the present study,
we concluded that the reduction of bioavailability
of APAP from sustained-release granules in bea-
gle dog studies would result from the shorter
transit time in the small intestine compared with
human, and treatment with loperamide hydro-
chloride (0.12 mg/kg, oral dosing) improves the
bioavailability mainly as a result of the prolonga-
tion of GI transit time. The gastrointestinal tran-
sit controlled-beagle dog developed in this study
may be a useful animal model for predicting the
human bioavailability of a sustained-release
dosage form containing a drug such as APAP of
which the absorption is restricted mostly from the
small intestine. In addition, it is believed that this
beagle dog model may also be applicable for
evaluating the bioavailability of dosage forms
containing a drug with poor solubility and poor
absorption from the colon which may lead to the
possibility of underestimation of the bioavailabil-
ity in beagle dogs as compared with humans, as
has been observed in sustained-release dosage
forms.
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