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Summary

A method for calculating the absorption rate constant of drugs whose disposition can be described by the two-compartment open
model was developed based on Pidgeon and Pitlick’s method, which does not use data points prior to the maximum plasma
concentration and therefore is not influenced by errors in the data before the peak concentration. It was shown that the method is
applicable for estimation of the absorption rate constant of such drugs, and is particularly convenient when few data points are
available in the absorption phase. The absorption properties of cimetidine in rats were also studied by means of the present method.
The results suggested that the absorption rate of cimetidine is increased by increasing the volume of water taken with the drug and by
co-administration of metoclopramide, and is decreased by co-administration of atropine.

Introduction

Cimetidine is a specific histamine H,-receptor
antagonist which inhibits gastric acid secretion
and is used for the treatment of gastrointestinal
peptic ulcer (Burland et al.,, 1975). Many reports
dealing with the renal excretion mechanism (Mc-
kinney et al., 1981; Weiner and Roth, 1981; Mc-
kinney and Speeg, 1982; Cacini et al,, 1982; Ren-
nick et al., 1984) have been published, since
cimetidine is mainly eliminated by renal excretion,
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but little is known about the absorption properties
except for a report by Griffiths et al. (1977). On
the other hand, many methods have been reported
for the calculation of absorption rate constant
{Wagner and Nelson, 1973; Loo and Riegelman,
1968; Wagner, 1974; Pidgeon and Pitlick, 1977,
1980; Gerardin et al, 1983). However, it is very
difficult to obtain the absorption rate constant
(k,) accurately and usually the different methods
yield dissimilar estimated values of k, when ap-
plied to the same data set. This discrepancy is due
to the differences in the algorithms used for calcu-
lation or to the error associated with the data.
Since the absorption rate tends to be faster than
the elimination rate, the rate of change of con-
centration with time will be most rapid during the
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absorption phase and measurements will be par-
ticularly susceptible to error. Most methods
{Wagner and Nelson, 1963; Loo and Riegelman,
1968; Wagner, 1974; Gerardin et al., 1983) utilize
primarily the data points in the absorption phase
to obtain an estimate of k,, and consequently,
deviations from the true k, may be expected.

Pidgeon and Pitlick (1977, 1980) reported a
unique method for the calculation of k, in the
linear one-compartment model; in their method
k, is derived from the maximum plasma con-
centration (C,,,,), the area under the blood con-
centration time curve from the time of C,,, to
infinity (/¥ C dt), and the elimination rate con-
stant (k). The method obviates the need for large
numbers of data points in the absorption phase,
and is less influenced by errors in data points
prior to C_,.. We (Kaneniwa et al., 1985a) calcu-
lated k, values of six barbiturates in rabbits by the
Pidgeon and Pitlick method (1977; 1980) and
found a good correlation between k, and partition
coefficient. However, the Pidgeon and Pitlick
method (1977, 1980) cannot be applied directly for
the calculation of k, of drugs whose disposition is
described by the two-compartment model.

Since the disposition of cimetidine can be de-
scribed by the two-compartment model in rats
(Kaneniwa et al., 1985b), the Pidgeon and Pitlick
method cannot be applied directly. However, in
the present study, a method for calculating the
absorption rate constant of drugs whose disposi-
tion is described by the two-compartment model
was developed based on the Pidgeon and Pitlick
method (1977, 1980), and the reliability of the
present method was evaluated by comparing the
results with those obtained by non-linear least-
squares analysis (Yamaoka et al, 1981). We
(Kaneniwa et al., 1985b) have already reported
that the absorption of cimetidine is influenced by
the gastric emptying rate, and thus k, of cimeti-
dine in rats was estimated by using the present
method.

Theoretical

If the absorption of a drug can be approxi-
mated by a two-compartment model (see footnote

b of Table 1), the mass-balances of the drug in the
body at any time t are given by:

'Et_=kaDg,"" (ko +kip)A; +kyA, (1)
dA
dt2 =kipA kA, (2)
db, k
] a
ETR 3)

where A, A, and D, are the amounts of drug in
the central compartment, in the peripheral com-
partment, and in the gastrointestinal tract, respec-
tively, k, is the absorption rate constant, k,, is the
elimination rate constant, and k,, and k,, are the
microscopic rate constants associated with move-
ments of drug from compartment 1 to compart-
ment 2 and from compartment 2 to compartment
1, respectively. At time t =0, the initial amounts
of A; and A, are equal to zero and the initial
amount of D, is equal to {'- D. The amount of
drug absorbed (i.e. the amount reaching the gen-
eral circulation) up to time t (A, ) is given by:

Ay =f(f-D-D,) 4

where f is the fraction of the dose (D) that is
absorbed and f’ is the fraction of the dose that is
available after passage through the liver. The
amount of drug eliminated up to time t (A,) is
given by:

Tcat
Ay=f-f DY (5)

waCdt

The amount of drug in the body at time t (A,) is
given by Eqn. 4 minus Eqn. 5:

T
C dt
o
det
4]

At the time of maximum plasma concentration
(T,,.,) the rate of change of the amount of drug in

Ap=f-f-D—f{-D,~f-f-D (6)

ax



the body is zero:

ka’Dg~T,,,,x= (k10+k12)A1-max_k21A2-T (7)

max

The amount in the peripheral compartment at
Trax (Az.q,, ) is given by the Loo-Riegelman
method (1968):

— e kan Al)

k(A1) A CV,
+ A1 (8)

where A,y and A, are the amounts in
compartment 1 and compartment 2 at the time
interval just prior to T, respectively. On the
other hand, A, = A, + A,, and Eqn. 7 gives:

k,Dy.r,, = (kio t kia + ko)A | ax —knAy 1

max

=(>‘1+>‘2)A1~max_k21Ab-T (9)

max

Substituting Eqn. 6 into A,y in Eqn. 9 and
solving for D,:

D,y = (A1 +A2)A 1 ma

g -

X[ka—kZIf]_l (10)

Equation 7 may be rearranged to:

D _ (>‘1 +)‘2“kzl)Al-max‘knAz-me

& Trax k
a

(11)
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From the relations between Eqns. 10 and 11:

E_ Al-max(kZI_Al_AZ)+k21A2-TmM
f TmaxC dt
Al-max+A2'Tmax_f.f’.D 1__O_°°——_
f C dt
0
(12)
Now
] T 0
Cdt—| ™Cdt= C dt
Jca-freasf
and

[TCdi=ky £ DV A D)
0

Substituting these relations into Eqn. 12 and solv-
ing for k,/f, we have:

kzlAz-Tm
Kk Cmax(k2l—>\l—k2)+_—.v—
2= - (13)
f Ayr "
Come + “AeA [ Cdik,,

max

The left hand side of Eqn. 13, k, /f, represents the
overall rate constant for all processes that occur
during absorption which cause a decrease of the
amount of drug in the gastrointestinal tract. If
complete absorption can be presumed, the left
hand side of Eqn. 13 represents k.

Materials and Methods

Materials

Cimetidine was obtained from Industrie
Chimiche Farmaceutiche Italiane (Italy). Metia-
mide and metoclopramide were kindly supplied by
Smith Kline Fujisawa Co. (Tokyo, Japan) and by
Takeshima Pharmaceutical Co. (Tokyo, Japan),
respectively. All other chemicals were of reagent
grade.

Animal experiments
Male Wistar rats weighing ca. 250 g (9-11
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weeks old) were fasted for 18 h before experi-
ments, and a cannula (Atom disposable in-
travenous catheter 2 Fr; Atom Co., Tokyo, Japan)
was inserted into the femoral artery under light
ether anesthesia. Cimetidine (25.0, 50.0 or 100.0
mg/kg) was dissolved in 1 ml of distilled water; a
minimum amount of hydrochloric acid was used
for the dissolution of cimetidine (the concentra-
tions of hydrochloric acid were 0.085 w/v% and
0.170 w/v% at the doses of 50.0 mg/kg and 100.0
mg/kg, respectively). The pH values of all drug
solutions were almost 6.8 after preparation. After
awakening of the rats, predetermined doses of
cimetidine were administered orally through a
gastric tube. The number of rats used for each
study is shown in each table. Blood samples (ca.
0.25 ml) were collected periodically from the
femoral artery into heparinized glass centrifuge
tubes. Plasma was separated and kept frozen until
analyzed.

Drug treatments

The doses of atropine sulfate and metoclopra-
mide hydrochloride were 1 mg/kg in both cases
and the drugs were dissolved in 1 ml of normal
saline. Each dosage was administered intrap-
eritoneally 30 min prior to cimetidine administra-
tion.

Analytical method

The concentrations of cimetidine in plasma were
determined by high-performance liquid chro-
matography, as described in a previous report
(Kaneniwa et al, 1985b). To a micro-centrifuge
tube containing 100 ul of plasma, 100 ul of the
internal standard solution (metiamide 50 pg/ml)
and 100 pl of 6 N sodium hydroxide were added.
Ethyl acetate (4.5 ml) was then added and the
whole was shaken for 10 min. After centrifugation
(3000 rpm, 10 min), 4 ml of the organic phase was
transferred to a dry test tube and evaporated to
dryness. The residue was dissolved in 100 ul of
distilled water, and aliquots (10 pl) of this solution
were injected into the chromatograph. A Shimadzu
LC-3A (Shimadzu Seisakusho, Japan) connected
to a Model 7125 sample loop injector (fitted with
a 20 ul sample loop; Rheodyne) was used for the
analytical system. A variable-wavelength UV de-

tector (SPD-2A, Shimadzu Seisakusho, Japan) was
used to monitor the effluent at 228 nm (sensitiv-
ity: 0.01 au.fs). The chromatographic mobile
phase, which consisted of acetonitrile-water—1 /30
M sodium phosphate buffer (pH 4.9, 40:39:1
v/v), was pumped through a Hiber Lichrosorb
RP-8 column (250 X 4.0 mm, 10 pm particle size;
Merck) at the rate of 1.0 ml/min. The column
temperature was kept at 40°C by using a CTO-2A
column oven (Shimadzu Seisakusho, Japan). Peak
areas for quantitation of cimetidine were in-
tegrated with a Chromatopac C-R1P (Shimadzu
Seisakusho, Japan).

Data analysis

As the disposition of cimetidine in rats could
be approximated by a two-compartment model
(Kaneniwa et al., 1985b), the absorption rate con-
stant was calculated by using Eqn. 13. The relative
error in T, can be calculated from Eqn. 14 as
follows:

Relative error = T, e/ Tonax - obs (14)
where T, ..and T, . ... are estimated and ob-
served T, , respectively. The absorption rate con-
stant obtained by using Eqn. 13 was multiplied by
the relative error (Eqn. 14), and thus corrected for
the error of determination of T, ,,. Estimated T,

can be obtained by calculating Eqn. 15 sequen-
tially at microscopic time intervals:

C= (Cl)po e~)\,'t + (C2)po e—A;»t
- ((Cl)po + (CZ )po) e_kﬂ.! (15)
where

ka -F- D(k?.l - >‘1)
Vl(ka - >‘1)(>‘2 - }‘1) ’

(Cl )po =

_ ka’F'D(kn “>\2)
(CZ)"“V](ka—Az)Ml—Az)

andF=f.f

As the rate of change of the concentration of drug
is zero at T, (ie. dC/dt=0), T, can be

ax - est



also obtained by differentiating Eqn. 15 (Wagner,
1979), in which successive values for T, ,, .., are
substituted into the equation until the derivative is
approximately equal to zero by the iterative trial
and error method. In order to compare k, calcu-
lated by Eqn. 13 with the result of non-linear
least-squares analysis, the plasma data were fitted
to Eqn. 15 with the use of the non-linear least-
squares program MULTI (Yamaoka et al., 1981).
The initial value of k, was calculated by Loo-
Riegerman method (1968) and other initial param-
eter values were obtained from intravenous data
for non-linear least-squares analysis. Because it
appears that cimetidine is completely absorbed
from the gastrointestinal tract (Kaneniwa et al,,
1985b), F is equal to unity in the present study.
The overall correlation (r2) for the fits was calcu-
lated from Eqn. 16:

r?= (Z (obs— obsi)2

— Y (calc; — obsi)z)/E(BR— obsi)2 (16)

where obs is the mean of observed plasma con-
centration obs; is the i point of the observed
plasma concentration, and calc; is the i'" point of
calculated plasma concentrations (Eqn. 15). The
statistical moments (MRT, the mean residence
time; MAT, the mean absorption time) were
calculated by using Eqns. 17 and 18 (Yamaoka et
al., 1978; Riegelman and Collier, 1980)

MRT = [ tCdt/ [ C dt 17
fo / fo (17)
MAT = MRT,, — MRT,, (18)

Results and Discussion

Although it is known that the renal excretion of
cimetidine involves a capacity-limited tubular
secretion (Mckinney et al., 1981; Weiner and Roth,
1982; Mckinney and Speeg, 1982; Cacini et al.,
1982; Rennick et al., 1984), in the dosage range
used in the present study the disposition of
cimetidine in rats can be approximated by a linear
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process (Kaneniwa et al., 1985b) and this is also
evident from the results shown in Table 1; i.e. the
areas under the plasma concentration—time curve
(AUC) increased proportionally with the dose,
and the rate constant was not dose-dependent.
Plasma concentration—time course plots following
the oral administration of cimetidine to rats are
shown in Fig. 1. In both methods (i.e. Eqn. 13 and
non-linear least-squares analysis), the calculated
values were in good agreement with the observed
values. The pharmacokinetic parameters used in
the two methods for calculation of k, are shown
in Table 1; these parameters were obtained from
the oral data based on the two-compartment model
by the non-linear least-squares analysis. Although
it appears that the oral data can be fitted to the
one-compartment model, if the disposition of
cimetidine is the same after oral and intravenous
administrations, it should be fitted to the two-
compartment model because the disposition of
cimetidine following intravenous administration
could be approximated by the two-compartment
model in rats (Kaneniwa et al., 1985b). These
problems for the modeling after oral adminis-
tration have been discussed by Ronfeld and Benet
(1977). Since these parameters are similar to the
intravenous data (Kaneniwa et al., 1985b), it ap-
pears that these parameters could be obtained
precisely from the oral data and were not in-
fluenced by the absorption phase in the present
study. The absorption rate constant obtained by
non-linear least-squares analysis and its attendant
parameters are shown in Table 2; in these analyses,
only k, was varied as a parameter and other
parameters were fixed at the values shown in
Table 1 as constants. The absorption rate constant
obtained by using Eqn. 13 with the parameter
values shown in Table 1 and its attendant parame-
ters are also shown in Table 2. Time courses of
plasma concentration which showed more than
one peak were omitted from the calculation of k,
in the present study. Since the hybrid parameters
((Cy)po and (C;),,) contain k,, the values of
(C1)po and (C;),, were affected by k, and differ
between both methods. In a comparison of k,
obtained by non-linear least-squares analysis with
that obtained by the present method, no statisti-
cally significant difference was observed. Al-
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TABLE 1

PHARMACOKINETIC PARAMETERS OF CIMETIDINE IN RATS * FOLLOWING ORAL ADMINISTRATION P¢

Parameters Dose (mg/kg)

25(n=35)1¢ 50 (n =4) 100 (n = 4)
Ay (min~ 1) 0.2098 + 0.0103 01995+ 0.0407 02140+ 0.0173
A, (min™1) 0.0126 + 0.0005 0.0119+ 0.0007 0.0124 + 0.0005
Ko (min™1) 0.0334 + 0.0039 0.0420 + 0.0007 0.0367 + 0.0031
ky, (min~1) 0.1070 + 0.0111 0.1168 + 0.0304 01177+ 0.0129
k4 (min~1) 0.0822 + 0.0088 0.0572+ 0.0007 00720+ 0.0023
V,/F (ml /kg) 5687 +69.6 4502 + 594 4465 + 252
k, (min™ 1) 00179+ 0.0007 0.0205+ 0.0023 0.0207+ 0.0018
MAT (min) 58.60 + 6.90 5638 + 719 5379 + 3581
AUC (g min/ml) 13353 +252 28767 £1778 61213 3146
F°(%) 96.7 97.6 100.5

® Data are from Kaneniwa et al. (1985), but the number of rats is different in the present study.

® Parameters for the model: C = (C,)po €™M +(Cy) 50 €721 = ((Cy) o + (Cy ) o) €747

ka kxz
- cvlely,
oral ko

administration

lkyo
where
K, FD(k;; ~ Ay) K, FD(ky, - A;)
(Chpo= 7t Cadpo= ot
A PR W o W S ) A DY v YO W

¢ Each value represents the mean + S.E.
9 1 is the number of rats used.
¢ F=AUC,,/AUC;,.

though the overall correlation of the fits obtained
by non-linear least-squares analysis was slightly
better than that obtained by the present method
(statistically insignificant), it appears that k, val-
ues obtained by the present method can also de-
pict the plasma concentration—time course follow-
ing oral administration accurately, as shown in
Fig. 1. The inverse relationships between MAT
and k, were observed in both methods (i.e. non-
linear least-squares analysis and Eqn. 13). In the
previous report (Kaneniwa et al, 1985b), a lag
time for initiation of absorption was included in
the analysis, but it was shown that the lag time
was extremely short. Consequently, in the present
study, the lag time was not considered in the
analysis.

In the previous report, we (Kaneniwa et al.,
1985b) clarified that the absorption rate of
cimetidine was influenced by the variation of
gastric emptying rate in rats. Plasma concentra-
tion-time plots of data obtained after oral ad-
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0 120
Time

240
(min)

360

Fig. 1. Time courses of plasma concentration of cimetidine in
rats following oral administration. Solid lines and dotted lines
were calculated based on k, obtained by the non-linear least-
squares analysis and obtained by using Eqn. 13, respectively.
Each point is the mean+S.E. Dose (mg/kg): O, 25.0; @,
50.0; @, 100.0.
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Fig. 2. Effects of water volume taken with the drug, and of atropine or metoclopramide co-administration on the time course of
plasma concentration of cimetidine in rats following oral administration. In the case of water volume (A), the doses (100 mg/kg)
were dissolved in 1 (O) or 2 (®) ml of distilled water (per head). In the case of atropine (O), or metoclopramide (®)
co-administration (B), the doses of cimetidine were 25 mg/kg. The control (D), given cimetidine only, is also shown. Solid lines and
dotted lines were calculated based on k, obtained by the non-linear least-squares analysis and that obtained by using Eqn. 13,
respectively. Each point is the mean + S.E.

ministration of the drug with different volumes of
water and after co-administration of atropine or
metoclopramide are shown in Fig. 2. The phar-
macokinetic parameters shown in Table 3 were
used to calculate k, by the two methods (i.e.
non-linear least-squares analysis and Eqn. 13).
The absorption rate constant obtained by the

TABLE 2

non-linear least-squares analysis and its attendant
parameters, and k, obtained by Eqn. 13 and its
attendant parameters are shown in Table 4. The
parameters used for the analyses in Table 4 (i.e.
the values in Table 3) were obtained from the oral
data in advance by non-linear least-squares analy-
sis similar to the case shown in Table 1. From the

ABSORPTION RATE CONSTANTS OF CIMETIDINE DERIVED BY NON-LINEAR LEAST-SQUARES ANALYSIS AND
DERIVED BY USING EQN. 13, AND THEIR ATTENDANT PARAMETERS *

Parameters Non-linear least-squares analysis © Eqgn. 13
Dose (mg/kg) Dose (mg/kg)
25(n=15)° 50 (n=4) 100 (n=4) 25(n=25) 50 (n=4) 100 (n=4)

C1)po (pg/ml) ~2.87 +054 -—1065 +200 —1640 + 244 -278 +041 —861 +125 —1439 + 082

(C2)po (£g/ml) 5619 +545 7331 +6.08 21391 +41.09 5074 +541 8994 +724 26025 +53.75
k, (min™1) 0.0182 £ 0.0007  0.0204 + 0.0020  0.0206 + 0.0019 0.0185 +0.0011 0.0176 + 0.0014  0.0178 + 0.0006
r? 0.980 +0.011 0.947 + 0.040 0961 + 0019 0928 +0.024 0876 +0.067 0924 + 0.024

* Each value represents the mean + SE.
b

¢ n is the number of rats used.

In the analysis, the only variable (parameter) was k, and other parameters were fixed at the values shown in Table 1.
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results shown in Table 4, it was found that the
absorption rate of cimetidine was influenced by a
change in the volume of water taken with the drug
and by co-administration of atropine or metoc-
lopramide, as is also clear from Table 4. It has
been reported that the gastric emptying rate in-
creases with increase of water volume taken with a
drug (Henderson, 1966) or on co-administration
of metoclopramide (Nimmo et al., 1973), but de-
creases on co-administration of atropine (Watari
et al., 1984). These findings are also consistent
with our previous study showing that the absorp-
tion rate constant of nitrofurantoin increased with
increase in the volume of water taken with the
drug and decreased on co-administration of atro-
pine (Watari et al., 1984). Consequently, the re-
sults of the present study indicate that the absorp-
tion rate of cimetidine may be affected by a
change in the volume of water taken with the
drug, and by co-administration of atropine or
metoclopramide, in the clinical setting. It is clear
from the results in Table 4 that the k, values
obtained by Eqn. 13 and by non-linear least-

TABLE 3

squares analysis are essentially the same (no statis-
tically significant difference) and these are in-
versely relation to MAT, and this confirms the
validity of Eqn. 13 in the present study (assuming
that F in the rats is equal to unity). Furthermore,
in the case of metoclopramide where few data
points are available in the absorption phase, the
present method was more suitable than the non-
linear least-squares method for the calculation of
k,, because the present method does not use data
points prior to the maximum plasma concentra-
tion to estimate of k, (however, minimum data
points during the absorption phase are required in
order to assess T, ... ), Whereas at least several
data points are necessary for non-linear least-
squares analysis to obtain k, accurately.

In conclusion, the present method is applicable
for the estimation of k, of drugs whose disposition
is described by the two-compartment model, and
is particularly convenient when few data points
are available in the absorption phase. The value of
k, obtained by Eqn. 13 is also useful as an initial
value the non-linear least-squares analysis.

PHARMACOKINETIC PARAMETERS OF CIMETIDINE IN RATS * WHEN THE VOLUME OF WATER TAKEN WITH
THE DRUG WAS CHANGED ®, OR ATROPINE OR METOCLOPRAMIDE ¢ WAS CO-ADMINISTERED ¢

Parameters Water volume Co-administered drug

Imi®(@a=4" 2mi{n=2¢6) Control * (n=15)  Atropine {n=4) Metoclopramide (n = 5)
A, (min~7) 02140+ 00173  0.2251+ 0.0132 02098+ 0.0103 0.1896+ 0.0426 02290+ 0.0404
A, (min~1) 00124+ 00005 0.0123+ 0.0005 00126 + 00005 00123+ 0.0006 00107+ 0.0009
k;o (min™1) 0.0367 + 0.0031 0.0390+ 0.0058 00334+ 00039 00362+ 00072 00464+ 0.0186
k;; (min~1) 011774+ 00129 01217+ 00118 01070+ 00111 01032+ 00308 01131+ 00257
k,; (min™1) 00720+ 00023 00768+ 00083 00822+ 00088 00626+ 00058 00802+ 0.0239
V,/F (ml/kg) 4465 4+ 252 5064 + 971 5687 1696 5321 +1014 5672  +1308
k, (min™%) 0.0207+ 00018 0.0282+ 0.0038 00179+ 00007 00112+ 00004 0.0915%+ 0.0194
MAT (min) 5379 4+ 581 3786 + 340 5860 + 690 13384 + 2134 1436 + 299
AUC (pg-min/m})6121.3 + 3146 59484 +379.5 13353 +252 1310.6 + 778 1456.0 +177.7
F 8(%) 100.5 102.8 96.7 98.4 95.9

* Data are from Kaneniwa et al. (1985), but the number of rats is different in the present study.
® Dose of cimetidine was 100 mg/kg to study the effect of water volume taken with the drug.

® Dose of cimetidine was 25 mg/kg to study the effects of co-administered drugs.
4 Each value represents the mean + S.E.
¢ Same as the values shown in Table 1.

 n is the number of rats used.

¢ F=AUC,,/AUC,,.
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