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ABSTRACT: The gastrointestinal (GI) transit and absorption of orally administered
theophylline, a highly absorbable drug without presystemic elimination, were
investigated under fasted and fed conditions using three rats in a crossover study. To
evaluate the GI transit rate for each segment in vivo, a noninvasive technique, gamma
scintigraphy, was employed using a nonabsorbable compound, ?*™Tc-labeled diethyle-
netriamine pentaacetic acid (DTPA). Using a gamma scintigraphic technique it is
possible to simultaneously evaluate the GI transit and absorption of orally administered
drug in the same individual. Theophylline was simultaneously administered along with
[*°™T¢]DTPA to animals in the fasted and fed states. Each GI transit pattern, simulated
using the GI transit—kinetic model with a lag time factor, was well fitted to the
experimental data. Gastric emptying rate varied in each study, even under the same
experimental condition. The GI transit pattern for each segment was highly variable,
especially in animals in the fed state. This inconsistency in transit pattern was mainly
due to the variability in gastric emptying, which was much slower in animals in the fed
compared with the fasted state. However, in spite of a large variability of GI transit
kinetics, the plasma concentration—time curves of theophylline were well predicted by
the GI transit—absorption model using the individual GI transit parameters obtained in
the study. The absorption rate of theophylline was considerably reduced in animals in
the fed state, because of the reduction of gastric emptying rate. Analysis using GI
transit—absorption model and gamma scintigraphic technique made it possible to
estimate the variable absorption kinetics regulated by GI transit with huge
variability. © 2001 Wiley-Liss, Inc. and the American Pharmaceutical Association J Pharm Sci
90:464-473, 2001
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INTRODUCTION
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transit rate. In particular, the GI transit rate is
frequently affected by various factors (e.g., indi-
vidual difference,! meals,? disease states,? etc.),
resulting in remarkable alteration of the absorp-
tion profile of orally administered drugs.

In our previous paper,* a novel method based
on GI transit kinetics was developed for estimat-
ing the absorption profiles of drugs administered
orally as an aqueous solution. The validity and
the utility of the prediction method were demon-
strated for model drugs with different absorption
characteristics in rats under the fasted condition,
using the GI transit rate constant for each seg-
ment along the GI tract that was obtained as
averaged values using phenol red as a nonabsor-
bable marker. However, to evaluate the drug
absorption kinetics, especially in animals in the
fed condition, the prediction of the plasma
concentration—time curve after oral administra-
tion should be performed using each individual
transit kinetics, because GI transit kinetics
including gastric emptying could show a large
intraindividual and/or interindividual variability
in animals in the fed state.®®

In the present study, a noninvasive technique,
gamma scintigraphy, was used to evaluate the GI
transit of orally administered drugs in rats. The
use of gamma scintigraphy to assess GI transit in
experimental and clinical practice has been well
established and utilized.”'* Even in rats'® and
cats,'® this method has already been applied to eva-
luate the gastric emptying profile. This technique
allows simultaneous evaluation of G transit and
oral absorbability of drug in the same individual.
As an absorbable drug without first-pass elimina-
tion after oral administration,'” theophylline was
administered along with *™Tc-labeled diethyle-
netriamine pentaacetic acid ([**™Tc¢]DTPA) solu-
tion. The prediction of plasma concentration—
time curves for theophylline in each individual
was performed using both the GI transit rate
constant determined for each individual and the
averaged absorption rate constant for each seg-
ment. The predicted plasma concentration—time
curve was compared with the observed data in the
same individual, and the effect of food on the
absorption kinetics was also investigated.

EXPERIMENTAL SECTION

Materials

Aminophylline (Sigma Chemical Company, St.
Louis, MO) and theophylline (Tokyo Kasei Kogyo

Company, Tokyo, Japan) were obtained commer-
cially. All chemicals and reagents were analytical
grade commercial products. The ?™Tc was obtai-
ned as sodium pertechnetate solution by elution of
a generator, and [**™Tc]DTPA was prepared using
a kit containing calcium trisodium diethylenetria-
mine pentaacetate and stannous chloride dihy-
drate (Daiichi Radioisotope Lab., Tokyo, Japan).

Animals

Three male Wistar rats weighing 400-500 g
(Kyudo Farm, Fukuoka, Japan) were fasted for
24 h prior to and during the experiment in the
fasted study. In the case of the fed study, after
fasting for 24 h, rats were allowed free access to
standard laboratory chow (Clea Japan, Tokyo,
Japan) for 12 h just before starting the study. Our
investigation was performed after approval by our
local ethical committee at Miyazaki Medical
College and in accordance with “Interdisciplinary
Principles and Guidelines of the Use of Animals in
Research”.

Gamma Scintigraphic Study

A gamma scintigraphy, noninvasive technique
was employed to measure GI transit rate for each
segment with a gamma camera system (PRISM
3000-Odyssay, Picker International Inc., Cleve-
land, OH). An aqueous solution of [**™Tc]DTPA,
a nonabsorbable compound,® was prepared as a
tracer passing through GI tract. [**™Tc]DTPA
(0.4-0.5 mCi/body) was administered intragastri-
cally to the rat using a gastric sonde with an
absorbable drug. The dosed rat was kept in a
restraining cage that was placed on the scintilla-
tion camera. The gamma scintigraphic imaging
started just after dosing and was carried out for
6 h at 2-min intervals under the dynamic planar
condition.

Determination of Gl Transit Rate Constant for
Each Segment

GI tract was divided into four segments: stomach
(s), jejunum (jej), ileum (ile), cecum and below (ce).
The region of interest (ROI) for each segment was
determined as follows. The ROIs of stomach and
cecum were determined by the scintigraphic
images taken just after dosing and at the end
of the experiments, respectively, because those
images showed almost the entire GI segment con-
taining almost all the dosed [**™Tc]DTPA. The
small intestine could be basically separated to the
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proximal half and distal half by drawing a hori-
zontal line, which we defined as jejunal and ileal
segments, respectively. However, because the
demarcation for both segments is not clear, some
corrections were needed based on close examina-
tion of the [?*™Tc]DTPA locus using 120 images
taken during each whole study, as reported by
Digenis et al.!® The important point for those
corrections is that the locus and transit direction
of [*™Tc¢c]DTPA must be closely examined
throughout the study and then the position of
the segment can be judged. The radioactivity in
each segment was then measured in each ROI,
and the images were analyzed by computer-aided
densitometry using the public domain National
Institute of Health (NIH) Image program (http://
rsb. info.nih.gov/nihimage/). After correcting
the decay of gamma ray by using the half-life of
99mme (6.02 h), the relative percent of radioactivity
in each ROI was plotted against time. The GI
transit rate constant (%;) of each segment i for
each individual study was obtained by fitting the
experimental GI transit data to the GI transit—
kinetic model* with the nonlinear regression
program MULTI (FILT).'® In the present study,
a lagtime factor in the ileocecal region was
introduced into the GI transit—kinetic model.

Determination of Absorption Rate Constant
for Each Segment

The absorption experiments were performed for
the jejunum and ileum by a conventional in situ
closed-loop method.'® The initial concentration of
aminophylline and the period of absorption experi-
ment were 0.5 mg/mL and 5 min, respectively. The
first-order absorption rate constant (k,) was esti-
mated by the rate of disappearance of drug from
the lumen. The averaged k, values of theophyl-
line thus obtained for the jejunum and ileum,
which were cited in our previous paper,* are
11.882 and 8.080 h !, respectively. The values of
k, of stomach and colon were assumed to be zero
because no contribution from these segments to
the absorption of theophylline was shown in our
previous studies.*?°

Oral and Intravenous Administration

For the oral administration study, the right
femoral artery was cannulated with vinyl tubing
(i.d., 0.5 x 0.8 mm; Dural Plastics and Engineer-
ing, Australia) while the animal was under ether
anesthesia. The solution of aminophylline (5 mg/5
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mL/kg) was administered intragastrically to the
rat along with a GI transit marker, [**™Tc]DTPA.
Blood samples were periodically taken from the
cannulated femoral artery. The oral administra-
tion studies were performed with animals in
the fasted condition (fasted for 24 h prior to and
during the experiment, but allowed free access to
water) and the fed condition after a recovery
period of 1 week in each rat.

For the intravenous (iv) administration study,
aminophylline was administered as a solution by
bolus injection (5 mg/5 mL/kg) into the left femoral
vein, and blood samples were periodically taken
from the cannulated right femoral artery. The
plasma concentration—time curve of theophylline
was analyzed by a two-compartment model. The
pharmacokinetic parameters were estimated by
fitting the plasma concentration versus time
data after iv administration to a model equation

C, = Ae ™ + Be P,

Analytical Method

Theophylline in the plasma was determined by
the reversed-phase high-performance liquid chro-
matography (HPLC) method.?! Briefly, plasma
samples were deproteinized with acetonitrile.
After centrifugation at 3000 rpm for 10 min, the
supernatant of the mixture was injected onto the
HPLC system, which consisted of a high-perfor-
mance liquid chromatograph (L.-7100, Hitachi,
Tokyo) connected to an ODS column (SPHERI-
SORB ODS-2-5 (250 x 4.6 mm) Chemco Scientific
Company, Tokyo) and an ultraviolet (UV) detector
(L-7400, Hitachi). The mobile phase, flow rate,
and wavelength of the detector were 5 mM acetate
buffer (pH 4.8): acetonitrile (9:1 by volume), 1.0
mL/min, and 272 nm, respectively.

Statistical Analysis

A student’s paired ¢ test was performed to esti-
mate the significant difference between the fed
and fasted conditions. Statistical significance of
the correlation between observed and calculated
values of plasma concentration were determined
by Pearson’s method, which is a method to esti-
mate the significance for the linear correlation by
calculating Pearson’s correlation coefficient.

THEORETICAL SECTION

The GI transit—absorption model incorporating
a lagtime factor in ileocecal region is shown in
Figure 1. Although we defined it as eight segments
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Figure 1. The GI transit—absorption model is a pharmacokinetic model containing a
GI transit and an absorption process in each segment. Key: (D) initially administered
dose; (X;) amount of drug in the segment i; (k;) first-order transit rate constant from the
segment i; (kg ) first-order absorption rate constant for the segment i; (T},g) onset time to
transit from the ileum to cecum; (k) first-order elimination rate constant from central
compartment; (F) bioavailability without first-pass elimination.

in the previous studies,*?° gastrointestinal tract
was divided into four segments because it was
difficult to distinguish the upper part from the
lower of jejunum or ileum by gamma scintigraphic
images. An absorbable drug transits from a
segment to the next segment with segmental
absorption (first-order absorption). Gastric emp-
tying rate and transit rate for each segment
are represented by eqs. 1-4, by substituting zero
for k, in the case of a nonabsorbable drug like
[**™Tc]DTPA, which corresponds to the GI tran-
sit—kinetic model.

dX
dt

where at ¢ =0, X; = Dy, (the dose of the orally
administered drug).

= *(ksJFkas) - X (1)

dX..:
di‘J =ks- X5 — (kjej + kajej) 'Xjej (2)
dXi e
dtl = Riej - Xjej — Ray, " Xile (0 <8 < Tiag)
= Riej - Xjej — (Rite + Ray,) - Xile (£ > Thag)
(3)

dXee
d¢

= kile 'Xﬂe - (kco + kaco) 'Xco (t > Tlag)
(4)

where X, k, and %k, represent the amount, the
transit rate constant, and the absorption rate
constant, respectively, T, represents an onset
time when the dug transits from the ileum to
cecum in the ileocecal region, and the subscripts
for parameters indicate each GI site.

The prediction of the plasma concentration—
time curve by the convolution method consists of
four-step analyses as described in our previous
paper.* The predicted profile represents the plasma
concentration—time profile without the first-pass
elimination in intestinal epithelium and/or liver.

RESULTS AND DISCUSSION

The technique of gamma scintigraphy was intro-
duced for the evaluation of oral dosage forms more
than 20 years ago.” Since then, the use of gamma
scintigraphy has been well established and uti-
lized to assess GI transit in experimental and
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Figure 2. Typical scintigraphic images of orally administered [**™Tc¢]DTPA along the
GI tract: (Scene 1) 7 min; (Scene 2) 153 min; (Scene 3) 295 min after oral administration.

clinical practice.® ' In this study, we applied this
technique to rats and examined the effect of GI
transit rate on the absorption kinetics of orally
administered aminophylline.

Figure 2 shows typical gamma scintigraphic
images of [*™Tc¢]DTPA passing through the GI
tract postdose. Orally administered [**™Tc]DTPA
was confirmed to periodically migrate below along
the GI tract. It is difficult to discriminate jejunum
from ileum in the gamma scintigrapy images.
However, as Digenis et al. reported,'® it was
possible to subdivide the small intestine by closely
examining the relative position of the radioacti-
vity within the field of view of the gamma camera.
Figure 3 shows both observed time courses of the
relative percent of radioactivity in each segment
determined by the gamma scintigraphic study and
theoretical curves based on the GI transit—kinetic
model in rats in each feeding condition. Because a
lagtime is clearly observed in the transit process
from the ileum to the cecum in every study, the
lagtime was introduced in the GI transit—kinetic
model. A similar lagtime was observed in a human
study.'® The necessity of a lagtime means that it
is difficult to describe the transit kinetics in ileum
by a single well-stirred compartment. However,
as is evident from the figure, the theoretical curve
of radioactivity for each segment, which was ob-
tained from the fitting analysis, was significantly
in good agreement with the observed data in
each individual study. This result indicates that
the GI transit—absorption model, which consists
of four GI segments with a lagtime factor in the
ileocecal region, could be practically useful. The
corresponding GI transit parameters are sum-
marized in Table 1. GI transit rate constants for
stomach (k) and jejunum (kj;) were reasonable
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values by comparison with their corresponding
CLg, values® (CL, represents the transit clear-
ance in the segment i, calculated model indepen-
dently with the equation: CL;, = 100/AUCRi¢_12n,
where AUCRI(_;9, indicates the area under the
percent of dosed total radioactivity versus time
curve from 0 to 12 h after dosing). However, in the
case of ileum, larger values of k; than CL, of
ileum were given in four of six cases because of
introducing a lagtime factor into the ileocecal
region, which means CL; should be utilized to
discuss the intestinal transit of drug in this
study. Although the introduction of lagtime factor
to the GI transit—absorption model sometimes
resulted in overestimation of k; values, such a
factor has been found to be quite useful for the
description of the GI transit of drug after oral
administration.

GI transit behavior was remarkably affected by
the different food conditions. Under the fasted
condition, gastric emptying of [**™Tc]DTPA was
completed by 1 h postdose for all three rats
examined, resulting in gastric emptying clearance
(CLg) from 6.63 to 29.76 h . Therefore, almost
the entire dosed marker reached the cecum
within 4 h. In contrast, under the fed condition
CL,, significantly decreased to 0.35 to 3.92 h-!
(1.10+1.07 h =%, p < 0.05), and in two of three
cases, the gastric emptying was not complete even
6 h postdose, resulting in the prolongation of the
time for all the marker dosed to reach the cecum.
On the other hand, the same tendency was found
for the transit in jejunum and ileum under both
food conditions, as can be seen in the values of
CL,. These results support the reports regarding
the ‘effect of food on the GI transit of drugs in
human;%?272* that is to say, the food would delay
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Figure 3. Time course of the remaining percent of dosed total radioactivity in each GI segment after oral administration of
[®*"T¢]DTPA in rats. [**™Tc]-DTPA solution was administered intragastrically. Experiments were performed for 3 rats (a, b, and
¢) under fasted and fed conditions. Scintigraphic images were taken at 2-min intervals for 6 h. Observed time courses of the
remaining percent of dosed total radioactivity in each GI segment are expressed as follows: (O), stomach; (A), jejunum; ([7),
ileum; (+ ), cecum and below. Calculated time courses of the percent of dosed total radioactivity in each GI segment are expressed
by solid lines, using %; values obtained from the fitting by MULTI(FILT) program. Statistical significance of the correlation
between observed and calculated values was examined by Pearson’s method.
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Table 1. Gastrointestinal Transit Parameters for Each Segment

GI Transit Rate Constant (h~1)/CLg (h™*)

Food condition Rat No. Stomach Jejunum Ileum Cecum‘ and below Lagtime (h)
Fasted a 31.171/ 0.55/ 1.23/ 0.199/
29.76 0.57 0.30 b 3.79
b 6.89/ 1.19/ 1.71/ 0.404/
6.63 1.28 0.39 — 2.83
c 28.75/ 1.17/ 5.98/ 0.182/
25.91 1.23 0.45 b 2.54
Mean + SD 22.27 +13.37/ 0.97+0.36/ 2.97+2.61/ 0.262 + 0.124/
20.77 + 12.39 1.03+0.40 0.38+0.08 b 3.05+0.65
Fed a 3.57/ 0.60/ 1.10/ 0.056/
3.92 0.60 0.29 b 4.22
b 0.34/ 2.43/ 0.17/ 0.372/
0.35 2.24 0.27 —b 2.93
c 0.36/ 0.59/ 0.27/ 0.043/
0.39 0.59 0.34 b 4.17
Mean + SD 1.42 4+ 1.86/ 1.21+1.06/ 0.51+0.51/ 0.157 4+ 0.186/
1.10 £ 1.07¢ 1744097 0.34+0.24 b 3.18+1.80

The gastrointestinal transit rate constant for each segment and a lagtime in the ileocecal region were obtained from the fitting of
the experimental data to GI transit—kinetic model by using MULTI (FILT) program.
@CLyg,, the transit clearance in segment i, was calculated by 100/AUCR¢_12 ,, where AUCR(_;; , is the area under the percent of
dosed total radioactivity versus time curve for each segment calculated by the trapezoidal rule.

bNot calculated.
%103 h 't
4p < 0.05, compared with fasted condition.

the gastric emptying but not the intestinal transit
of drugs.

Larger and the smaller values of CL, in
stomach and jejunum, respectively, than those
in our previous report**® were noted. Some
possible explanations for this result are as follows:
(1) different compartment models were employed;
(2) rats were kept in the different types of the
restraining cages; (3) different nonabsorbable
markers were utilized; and (4) the parameters in
the previous report were obtained from the
averaged values, which include large interindivi-
dual variance, whereas in the present study, the
parameter for each individual subject was used.
Although we need to figure out which factor would
influence predominantly GI transit of drug, it
should be taken into consideration that GI transit
might be changed easily by some factors, even
under the fasted condition.

The plasma concentration—time curve of theo-
phylline after oral administration of aminophyl-
line was estimated for each rat using GI transit
rate constants determined for each rat in the
fasted and fed conditions, according to our
prediction method.* The results are shown in
Figure 4, together with the observed data. The
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equation describing the plasma concentration of
theophylline after iv administration of amino-
phylline, which was used as the weight function,
is Cp=14.6e 262 1 10.2e %3, The predicted
curves were significantly in good agreement with
observed data in all the individual studies. As
shown in Table 2, T',.x and C,, _for theophylline,
which were well predicted by the GI transit—
absorption model, were remarkably influenced by
the presence of food, although the difference in
Tmax Was not significant because of large inter-
individual variability. This effect on the plasma
concentration—time curve is caused by the altera-
tion of GI transit behavior, mainly gastric empty-
ing. In our previous study using rats with GI
transit rate retarded by propantheline,?® we
reported that changes in the absorption profiles
could reflect the retarded gastric emptying rate,
because theophylline is rapidly absorbed and the
absorbability is not so different among the
segments of the small intestine. The delay of gas-
tric emptying by ingested foods was also reported
to cause the delay of the absorption of several
drugs, including theophylline in human,®?® which
coincided with our present result about the
relationship among food, gastric emptying and
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Figure 4. Plasma concentration—time curves of theophylline after oral administration of aminophylline in three
rats (a, b, and c¢) under fasted and fed conditions. Aminophylline was administered at the dose of 5 mg/kg. Results are
expressed with an open circle for each experiment. Each predicted plasma concentration—time profile is expressed by
the solid line, using the individual GI transit data obtained by the fitting analysis. Statistical significance of the
correlation between observed and calculated values was examined by Pearson’s method.

Table 2. Comparison of Pharmacokinetic Parameters for Theophylline Predicted by GI Transit—Absorption Model
with those from Observed Data

Observed/Predicted®
Tnax Co,.. AUC

Food Condition Rat No. (h) (ng/mL) (ng/mL-h)
Fasted a 0.25/0.20 10.86/10.28 28.13/29.36
b 0.50/0.50 9.38/9.02 28.72/28.30

(¢ 0.08/0.22 8.21/10.16 26.44/29.23
Mean + SD 0.28 £0.21/ 947+1.31/ 27.76 +1.18/
0.31 £0.17 9.82+0.70 28.96 + 0.58

Fed a 0.75/0.78 7.91/8.28 30.69/28.00
b 2.00/3.12 3.44/4.02 15.45/19.40

c 3.00/3.02 3.73/4.16 17.30/20.04
Mean + SD 192 +1.13/ 5.03 + 2.50° 21.15+8.32/
2.31+1.32 5.49 +2.420 22.48 +4.79

“Predicted parameters were calculated from the data simulated by the convolution method based on the GI transit—absorption
model. T« and Cp.x were defined as the time to reach the maximum plasma concentration and the maximum plasma
concentration, respectively.

bp < 0.05, compared with fasted condition.
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Figure 5. Simulation of theophylline amount remaining in stomach and small
intestine after oral administration of aminophylline in each GI transit condition. Time
courses of theophylline remaining in stomach and small intestine, which were
simulated by the convolution method, are expressed by the solid and dotted lines,

respectively.

drug absorption. Figure 5 shows the theophyl-
line—time profiles in the stomach and intestine.
This result also indicates that the gastric empty-
ing rate determines the absorption rate of theo-
phylline. However, this relationship is not the
case when the value of the gastric emptying
rate constant is much larger than the intrinsic
absorption rate constant of theophylline, like
cases a and c in Figure 5. In such a case, the
apparent absorption rate constant of theophyl-
line from the GI tract is dependent on not the
gastric emptying rate but the intrinsic absorption
rate.

In conclusion, the assessment of GI transit for
an individual study by gamma scintigraphy and
the prediction of the absorption kinetics by the GI
transit—absorption model made it possible to
investigate the relationship between the GI tran-
sit rate and oral drug absorption profile in detail.
It was suggested that information about the GI
transit for each individual is important to predict
the plasma concentration-time curves of orally
administered drugs, especially under the fed con-
dition. The combination of gamma scintigraphy
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and the GI transit—absorption model is a promis-
ing method to analyze the absorption kinetics and
therefore administer safer and more efficient
dosages in human.
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