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bstract

Mean plasma concentration–time profile of griseofulvin, a BCS class II drug, orally administered as powders into rats, was predicted based on
ITA model. However, it was very difficult to predict the individual plasma profile because of large inter-individual difference. As the absorption
f griseofulvin would be rate-limited by the dissolution process, we tried to analyze the in vivo dissolution kinetics of griseofulvin by focusing on
astric emptying and intestinal transit as physiological factors influencing the in vivo dissolution kinetics. After oral administration of griseofulvin,
heophylline and sulfasalazine into rats, gastric emptying and intestinal transit were simultaneously estimated by analyzing the absorption kinetics
f theophylline and observing the appearance of sulfapyridine in plasma, respectively. Gastric emptying kinetics was not significantly correlated
ith absorption or dissolution behavior of griseofulvin. On the other hand, the cecum-arriving time reflecting the intestinal transit was significantly
orrelated with both AUC and total dissolved amount of griseofulvin. Tmax of griseofulvin also increased with the increase of cecum-arriving time.
hese results clearly indicate that the longer residence time could lead to the higher dissolution and absorption of griseofulvin and that the variance
f intestinal transit could be responsible for the inter-individual difference of the in vivo absorption behavior.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Recently, the candidate compounds for new medicines
hat were selected by combinatorial chemistry and/or high-
hroughput screening often show very poor suitability as a

edicine in terms of ADME properties. Especially, insolubility
r poor solubility in water is one of the most serious problems in
he subsequent processes of drug development. As drugs need to
e dissolved in the gastrointestinal (GI) tract for the absorption,
oor solubility leads to the low bioavailability and very often the
arge variability in the absorption kinetics after oral administra-
ion (Rowland et al., 1968; Hägermark et al., 1976; Dressman

nd Reppas, 2000; Emara et al., 2002).

Absorption behavior after oral administration is influenced
y physicochemical properties of the drug substance (solu-
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ility, lipophilicity and molecular size), physiological factors
composition, volume and hydrodynamics of the GI fluids,
nd GI transit) and dosage form (solution, powder and tablet).
mong these many factors, the solubility in water and per-
eability of intestinal membrane have been focused, and the

iopharmaceutics classification system (BCS), classifying drugs
nto four classes according to their solubility and permeability,
as been proposed (Amidon et al., 1993, 1995). On the other
and, the absorption behavior after oral administration is highly
ariable time-dependently because of site dependency of per-
eability, time-dependent GI transit and variable dissolution

nvironment due to the change in components and pH of GI-
uminal fluid (Higaki et al., 2001; Kimura and Higaki, 2002).
articularly, focusing on the segment-dependent absorbability
f drugs and GI transit, we have reported the successful analy-

is and prediction of oral absorption behaviors of drugs, dosed
s solution, with various characteristics based on GI-transit-
bsorption (GITA) model (Kimura and Higaki, 2002; Yokoe et
l., 2003).

mailto:kimura@pharm.okayama-u.ac.jp
dx.doi.org/10.1016/j.ijpharm.2007.10.008
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We have also succeeded in predicting the in vivo absorption
inetics of theophylline, classified into class I of BCS (high sol-
bility and high permeability), orally administered as powders
nto rats (Kadono et al., 2002). Furthermore, we have shown
hat the mean plasma concentration–time profile of griseoful-
in, BCS class II (low solubility and high permeability), was
lso predictable to some extent by utilizing a more suitable
edium for in vitro dissolution study, MREVID (Fujioka et

l., 2007). However, it was very difficult to predict the individ-
al plasma profile of griseofulvin by utilizing pharmacokinetic
arameters describing a typical profile of GI transit (Kadono et
l., 2002) or in vitro dissolution (Fujioka et al., 2007) because
f large inter-individual difference. As the absorption of grise-
fulvin is rate-limited by the dissolution process, the in vivo
issolution behavior could be responsible for the large variance
f absorption behavior.

In the present study, we tried to analyze the in vivo dissolution
inetics of griseofulvin after oral administration as powders, and
o investigate the relationship among the in vivo dissolution, gas-
ric emptying and intestinal transit by assessing the absorption
inetics of theophylline, a marker for gastric emptying (Kadono
t al., 2002), and the plasma appearance of sulfapyridine, a
arker for cecum-arriving of drugs after oral dosing (Yamaguchi

t al., 1994).

. Materials and methods

.1. Materials

Theophylline was purchased from Tokyo Chemical Industry
o. (Tokyo, Japan). Griseofulvin, sulfapyridine, aminophylline
nd 7-(2-hydroxyethyl)theophylline, an internal standard for
heophylline and sulfapyridine, were purchased from Sigma
hemical Co. (St. Louis, MO, USA). Sulfasalazine and p-
henyl phenol, an internal standard for griseofulvin, were
urchased from Nacalai Tesque Inc. (Kyoto, Japan). Parti-
le sizes of theophylline, griseofulvin and sulfasalazine were
7.53 ± 2.70, 3.87 ± 0.19 and 12.56 ± 0.32 �m, respectively,
hich were determined by laser particle sizer (LDSA-1500A,
ohnichi Computer Applications Co. Ltd., Tokyo). Gelatin
ini-capsules (length 8.4 mm; o.d. 2.6 mm) were obtained

rom Shionogi Quolicaps Co. (Osaka, Japan). All other
hemicals and reagents were analytical grade commercial prod-
cts.

.2. Animals

Male Wistar rats (Japan SLC, Hamamatsu, Japan), main-
ained at 25 ◦C and 55% humidity, were allowed free access
o standard laboratory chow (Clea Japan, Tokyo) and water.
hey were fasted for 24 h prior to and during the experi-
ent, but were allowed free access to water. Rats weighing

30–290 g were randomly assigned to each experimental group.

ur investigations were performed after approval by our local

thical committee at Okayama University and in accordance
ith “Principal of Laboratory Animal Care (NIH publication #
5-23)”.
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.3. In vivo oral and intravenous administration studies

One day before drug administration, the jugular vein of a
at was cannulated with vinyl tubing (i.d., 0.5 mm × 0.8 mm;
ural Plastics & Engineering, Australia) under ether anesthe-

ia. In the case of oral administration, griseofulvin, theophylline
nd sulfasalazine powders were intragastrically administered
n a gelatin mini-capsule at a dose of 20 mg/kg for each
rug, and then immediately 6.4 mL/kg of water was ingested.
or intravenous administration, griseofulvin and aminophylline
theophylline ethylenediamine) were dissolved into the mix-
ure of polyethylene glycol 400:water (1:1), and the resultant
olution was administered into the tail vein at 2 mg/2 mL/kg
or griseofulvin and 23.3 mg/2 mL/kg for aminophylline equiv-
lent to 20 mg/2 mL/kg of theophylline. The dosed rats were
llowed free moving and free access to water. Blood samples
ere periodically taken from the cannulated jugular vein. Plasma
btained by centrifugation was deproteinized by methanol and
he resulting supernatant was introduced into HPLC for the anal-
sis of griseofulvin, theophylline and sulfapyridine, which is
enerated from sulfasalazine by the cleavage of azo-bond due to
icroflora around the cecum and is absorbed there (Yamaguchi

t al., 1994).

.4. Analytical method

Griseofulvin, theophylline and sulfapyridine were deter-
ined by HPLC, which consists of a model LC-6A HPLC

ump (Shimadzu, Kyoto), a model SIL-6A system controller
Shimadzu), and a model SPD-6A UV detector (Shimadzu) set
t 293 nm for griseofulvin, or set at 272 nm for theophylline
nd sulfapyridine. A Inertsil® ODS-3 (300 mm × 4.6 mm i.d.,
L-Sciences Inc., Tokyo) was used at room temperature. The
obile phase for griseofulvin was 0.1 M acetic acid:acetonitrile

55:45, v/v) delivered at 1.0 mL/min, and that for theophylline
nd sulfapyridine was 5 mM acetate buffer (pH 4.8):acetoni-
rile (90:10, v/v) delivered at 1.0 mL/min. The concentration
ange of standard curves was 0.04–2, 1–50 or 0.2–10 �g/mL
or griseofulvin, theophylline or sulfapyridine, respectively. The
quared correlation coefficient for standard curves was over
.993. The coefficient of variation (CV) ranged from 0.63 to
0.52%.

.5. Pharmacokinetic analysis

Area under the plasma concentration–time curve (AUC) and
ean residence time (MRT) for plasma concentration were

alculated by following the trapezoidal rule. The highest con-
entration observed was employed as Cmax and the time for
max was defined as Tmax. The absorption rate profile was calcu-

ated by following Loo–Riegelman method (Loo and Riegelman,
968) because the pharmacokinetics after intravenous admin-
stration was described by two-compartment model for both

riseofulvin and theophylline.

Pharmacokinetic model shown in Fig. 1(A) was assumed to
nalyze the in vivo dissolution behavior of griseofulvin after
ral administration as powders. Gastric emptying rate–time
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Fig. 1. Pharmacokinetic model (A) and outline (B) for analysis of absorption,
dissolution and gastric emptying for griseofulvin after oral administration as
powders into rats. ks, gastric emptying rate constant; ka, absorption rate constant;
kel, elimination rate constant; kdis, dissolution rate constant; Xsoln, dissolved
drug amount remaining in the small intestine; Xsolid, drug amount remaining as
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phylline (1.10 ± 0.56 h) was within 2 h for all of the subjects,
compared with the values ranged from 2 to 8 h for griseoful-
owders in the small intestine; Xs, drug amount remaining in the stomach.

rofile and dissolution rate–time profile were calculated by
ollowing the procedure shown in Fig. 1(B). Briefly, the
mount of drugs existing as solution–time profile, an out-
ut function, and the first-order absorption process, a weight
unction, were utilized to perform the deconvolution to obtain
he dissolution rate–time profile for griseofulvin or the gas-
ric emptying rate–time profile for theophylline, because it can
e assumed that the absorption of griseofulvin or theophylline
s rate-limited by dissolution (Fujioka et al., 2007) or gastric
mptying (Kadono et al., 2002), respectively. Mean absorption
ime (MAT) and mean dissolution time (MDT) for griseoful-
in were calculated based on the statistical moment theory
tilizing the cumulative absorption–time profile and the cumu-
ative dissolution–time profile, respectively (Tanigawara et al.,
982a,b).

Gastric emptying rate constant, ks, was calculated by assum-
ng the first-order kinetics for gastric emptying of theophylline
nd pharmacokinetic parameters after intravenous administra-
ion of griseofulvin or theophylline were calculated with MULTI
rogram (Yamaoka et al., 1981).

Relationship between dissolution or absorption of griseoful-

in and gastric emptying or cecum-arriving time was estimated
y linear regression analysis.

v
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. Results and discussion

To estimate the in vivo dissolution behavior, which would be
main reason for the large variance in the absorption kinetics of
riseofulvin, we paid attention to the gastric emptying behavior
Lipka et al., 1995; Takamatsu et al., 2002) and the intestinal
ransit kinetics (Jamali and Axelson, 1977; Dobson et al., 2002),
ainly influenced by individual physiological condition.
In order to evaluate the gastric emptying, intestinal transit

inetics and absorption kinetics of griseofulvin in the same
ubject, we administered griseofulvin powder together with
heophylline and sulfasalazine powders in a gelatin mini-capsule
t a dose of 20 mg/kg for each drug into fasted rats. In the present
tudy, theophylline was employed as a marker for gastric emp-
ying, because theophylline is categorized to BCS class I as
cetaminophen, which is used as a maker of gastric emptying
ehavior (Mizuta et al., 1990; Sunesen et al., 2005), and we
eported that theophylline is dissolved in the stomach around
0% of dose and is absorbed immediately after entering into
he small intestine (Kadono et al., 2002). Therefore, assuming
hat drugs are not absorbed from the stomach, but quickly and
xclusively absorbed from the small intestine (Heading et al.,
973; Willems et al., 2001), we analyzed the gastric emptying
inetics based on the absorption kinetics of theophylline.

On the other hand, sulfasalazine was utilized as a marker for
he intestinal transit. After orally administered, sulfasalazine is
ydrolyzed by azoreductase derived from the microflora existing
round the cecum to generate sulfapyridine and 5-aminosalicylic
cid (Kellow et al., 1986). As the absorbability of sulfapyridine
s very good (Khan et al., 1980; Yamaguchi et al., 1994; Tozaki
t al., 1999), the time of the first appearance of sulfapyridine in
he blood can be assumed to be the arrival time of drugs to the
ecum (cecum-arriving time), which was determined by extrap-
lating the initial ascending part of the sulfapyridine plasma
oncentration curve to the axis of time periods (Peh and Yuen,
996). As sulfasalazine is poorly soluble and poorly absorbable
Khan et al., 1980; Yamaguchi et al., 1994; Tozaki et al., 1999),
t is expected that the gastric emptying and intestinal transit of
ulfasalazine would be very similar to those of griseofulvin.

Fig. 2 shows the plasma concentration–time profiles of each
at after oral dosing of three drugs. Table 1 lists the pharma-
okinetic parameters of griseofulvin, clearly indicating a very
arge variance in the absorption kinetics of griseofulvin after oral
dministration as powders. The large inter-individual difference
n the absorption kinetics of griseofulvin was reported by other
esearchers (Rowland et al., 1968; Bates and Carrigan, 1975;
ägermark et al., 1976; Aoyagi et al., 1982) and also observed

n our previous study where griseofulvin alone was orally
dministered (Fujioka et al., 2007). Although an inter-individual
ifference was observed in the absorption of theophylline to
ome extent, similar to the results in the previous study where
heophylline alone was orally administered (Kadono et al.,
002), it was smaller than that of griseofulvin. Tmax of theo-
in. Cmax of theophylline (31.9 ± 9.0 �g/mL) also has much
maller value of coefficient of variance (CV = 28%) than that of
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ig. 2. Plasma concentration–time profiles of griseofulvin (GRI), theophylline (
s powders into rats. GRI, TPL and sulfasalazine were intragastrically administe
eys: �, GRI; �, TPL; �, SP.

riseofulvin (CV = 71%). The plasma concentration–time pro-
le of sulfapyridine indicated that the intestinal transit kinetics
as also individually varied very much (Fig. 2) and the cecum-
rriving time shown in Table 2 confirmed the large difference in
he intestinal transit, although it is suggested that the intesti-
al transit kinetics is not affected by the food (Davis et al.,
986a; Abrahamsson et al., 1993; Castiglione et al., 1998), the

t
f
a
v

and sulfapyridine (SP) after oral administration of GRI, TPL and sulfasalazine
t 20 mg/kg in a gelatin mini-capsule (length 8.4 mm; o.d. 2.6 mm), respectively.

ize (Tuleu et al., 1999) and the density (Davis et al., 1986b;
evereux et al., 1990; Tuleu et al., 1999).
Next, we conducted intravenous administration study in order
o calculate the absorption rate–time profile for both griseo-
ulvin and theophylline based on the results of in vivo oral
bsorption study. To assess the pharmacokinetics after intra-
enous dosing, both drugs were simultaneously administered
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Table 1
Pharmacokinetics parameters of griseofulvin after oral administration as pow-
ders into rats

Rat Tmax (h) Cmax (�g/mL) AUC (�g h/mL) MRT (h) F

A 4 0.47 1.95 4.68 0.34
B 2 0.27 1.21 3.96 0.21
C 3 0.60 2.44 3.95 0.42
D 5 0.42 3.30 7.69 0.57
E 7 1.37 6.02 7.10 1.04
F 5 0.72 5.19 7.59 0.89
G 8 1.12 6.04 6.66 1.04
H 5 0.44 3.78 6.03 0.65
I 5 0.31 1.86 5.37 0.32
J 2 0.13 0.75 5.45 0.13
K 2 0.19 1.11 6.38 0.19
L 3 0.31 1.52 5.38 0.26

Mean 4.25 0.53 2.93 5.85 0.51
S.D. 1.96 0.38 1.92 1.28 0.33
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max and Cmax were observed values. AUC and MRT were calculated from 0
o 24 h by trapezoidal rule. F means bioavailability. AUC of griseofulvin after
ntravenous administration was 0.58 ± 0.25 �g h/mL (Dose = 2 mg/kg).

ecause they might interact and change in pharmacokinetics
hen they are co-existing in plasma. Pharmacokinetics of grise-
fulvin and theophylline after intravenous administration of both
rugs was not so different from that after dosing of each drug
eparately (Kadono et al., 2002; Fujioka et al., 2007), although
e had experienced that the distribution volume of theo-
hylline was significantly increased by the co-administration
f another drug (intraperitoneal administration of propanthe-
ine) (Haruta et al., 1998). The equation describing the plasma
oncentration–time profile was obtained as follows: griseoful-

in, Cp (�g/mL) = 0.58e−16.45t + 0.57e−1.14t (dose, 2 mg/kg);
heophylline, Cp (�g/mL) = 32.96e−31.28t + 35.06e−0.15t (dose,
0 mg/kg). As the appearance of sulfapyridine in plasma was
round 3 h or later after dosing (Fig. 2) and the absorbability

a
t
h
b

able 2
harmacokinetic parameters describing absorption, dissolution and gastric emptying

at Amount absorbed (% of dose) Amount dissolved (% of dose)

35.88 32.77
22.43 20.77
44.99 43.72
61.01 57.04

109.03 109.11
95.60 89.64

109.74 99.47
69.49 64.27
34.50 32.58
13.89 12.96
20.47 19.00
27.85 25.33

ean 53.74 50.56
.D. 34.85 33.30

mount absorbed and amount dissolved were obtained by the integration of absorptio
DT were calculated from 0 to 24 h by trapezoidal rule. Gastric emptying rate consta
as determined based on the first appearance time of sulfapyridine in plasma.
f Pharmaceutics 352 (2008) 36–43

f sulfasalazine was very low (Khan et al., 1980; Yamaguchi et
l., 1994; Tozaki et al., 1999), we focused on the co-existence
f griseofulvin and theophylline in plasma in terms of pharma-
okinetic interaction.

Then, the absorption rate–time profiles were calculated for
oth griseofulvin and theophylline by Loo–Riegelman method
Loo and Riegelman, 1968). Based on the absorption rate–time
rofile of griseofulvin, total absorbed amount (% of dose) and
ean absorption time (MAT) were calculated (Table 2), also

ndicating that the absorption behavior of griseofulvin was
ighly variable. Following the procedure shown in Fig. 1(B),
he time course of dissolved drug amount remaining in the
mall intestine (solution profile) was calculated by utilizing
he absorption rate constant (ka). As shown in Fig. 1(A), we
ssumed that the small intestine was a single compartment in
his analyzis, therefore, the mean values of ka, 11.27 ± 1.89 and
0.96 ± 2.89 h−1 were used for griseofulvin and theophylline,
espectively. They were calculated based on the results obtained
y the in situ loop study for the different segments for griseo-
ulvin (Fujioka et al., 2007) and for theophylline (Kadono et al.,
002).

In the next step, the deconvolution was performed by regard-
ng the obtained “solution profile” as an output function and the
rst-order absorption process as a weight function. As a result,

he dissolution rate–time profile for griseofulvin and the gastric
mptying rate–time profile for theophylline were obtained as
n input function (Fig. 3), because it can be assumed that the
bsorption of griseofulvin or theophylline is rate-limited by the
issolution (Fujioka et al., 2007) or gastric emptying (Kadono
t al., 2002), respectively. The gastric emptying profiles clearly
how that almost all of the drugs were put out from the stomach

round 2 h after dosing for each subject (Fig. 3), although the gas-
ric emptying rate constants (ks) calculated based on the profile
ad some variation (Table 2). Gastric emptying kinetics obtained
ased on the absorption kinetics of theophylline might not neces-

behavior of griseofulvin after oral administration as powders into rats

MAT (h) MDT (h) ks (h−1) Cecum-arriving time (h)

3.81 3.50 1.54 3
3.09 2.84 3.58 3
3.08 2.81 1.86 4
6.81 6.27 2.85 5
6.23 5.58 1.96 9
6.71 6.17 1.37 7
5.79 5.40 1.08 8
5.16 4.66 0.67 4
4.50 4.15 4.29 3
4.58 4.18 1.37 3
5.50 5.04 1.50 4
4.51 4.04 3.61 3

4.98 4.55 2.14 4.67
1.28 1.18 1.15 2.15

n rate–time profile and of dissolution rate–time profile, respectively. MAT and
nt, ks, was calculated by assuming the first-order kinetics. Cecum-arriving time
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ig. 3. Dissolution rate of griseofulvin (GRI) and gastric emptying rate of the
astric emptying rate were calculated by following the procedure shown in Fig.

arily reflect the exact profile of gastric emptying of griseofulvin,
ecause around 80% of theophylline would be dissolved in the
tomach (Kadono et al., 2002) but griseofulvin would be emp-
ied as powders. Usually, gastric emptying of powders would be

elayed as compared with that of solution, but we reported that
t is comparable each other and around 80% of glass beads, a

odel particle, could be put out from the stomach at 2 h after
ral dosing (Kadono et al., 2002). Therefore, we considered that

i
e

v

line (TPL) after oral administration as powders into rats. Dissolution rate and
and described in Section 2. Keys: �, GRI; �, TPL.

he gastric emptying behavior of theophylline generally reflects
hat of griseofulvin. The mean value of ks (2.14 h−1) obtained
n the present study is similar to the value reported previously
1.99 h−1) (Kadono et al., 2002; Fujioka et al., 2007), indicat-

ng the validity of the present approach to estimate the gastric
mptying kinetics.

On the other hand, the dissolution rate profiles indicate the
ery large variability from the aspects of both time and extent
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mount dissolved or Tmax” and “cecum-arriving time or gastric emptying rate co
ime; (B) amount dissolved and cecum-arriving time; (C) Tmax and cecum-arriv

Fig. 3). Most subjects show the irregular shape in dissolu-
ion rate–time profile, and the highest value of dissolution rate
nd the time to reach the highest dissolution rate ranged from
79.85 to 1389.87 �g/h and from 1 to 7 h, respectively. Total dis-
olved amount (% of dose) and the mean dissolution time (MDT)
lso indicate the high variability of in vivo dissolution behav-
or of griseofulvin (Table 2). Although total absorbed amount
hould be smaller than total dissolved amount theoretically, the
bsorbed amount was calculated to be a little bit larger than the
issolved amount here, which might be caused by small calcula-
ion error. However, the total amount absorbed was very close to
he total amount dissolved and the values of MAT were also very
imilar to those of MDT, confirming that the dissolution process
as the rate-limiting process for the absorption of griseofulvin.
Fig. 3 suggests that gastric emptying behavior has nothing

o do with the in vivo dissolution behavior of griseofulvin, and
he statistical analysis clearly indicated that there was no rela-
ionship between the absorption (AUC, Tmax) or dissolution
amount dissolved) of griseofulvin and gastric emptying (ks)
Fig. 4(D)–(F)). On the other hand, the cecum-arriving time
eflecting the intestinal transit was significantly correlated with
oth AUC and total dissolved amount of griseofulvin. Tmax
f griseofulvin also increased with the increase of the cecum-
rriving time. These results clearly indicate that the longer
esidence time could lead to the higher dissolution and absorp-
ion of griseofulvin and that the variance of intestinal transit
ould be responsible for the inter-individual difference of the
n vivo absorption behavior. We evidenced that the longer res-

dence time of drugs in the small intestine could result in the
igher bioavailability for poorly absorbable drugs in the previous
tudies where the absorption of ampicillin was improved by the
reatment with propantheline (Haruta et al., 1998) or loperamide

A

n after oral administration as powders into rats. Relationship between “AUC,
t, ks” was examined by linear regression analysis. (A) AUC and cecum-arriving
me; (D) AUC and ks; (E) amount dissolved and ks; (F) Tmax and ks.

Kimura and Higaki, 2002) that attenuates the intestinal transit.
n the present case for griseofulvin, the cecum-arriving time
as significantly correlated with MDT as well (p < 0.02), and

he longer residence time in the small intestine would increase
he opportunity for griseofulvin to be dissolved before excreted
nto feces. However, dissolution rate–time profiles obtained in
he present study were highly variable and complicated in shape,
hich cannot be explained simply by the variability in the resi-
ence time and remains to be clarified.

In conclusion, the large variance of in vivo absorption behav-
or of griseofulvin could be attributed to the in vivo dissolution
ehavior that is significantly influenced by the intestinal transit.
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