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Summary 

The influence of route of administration on the absorption of nitrofurantoin and 

the effect of factors influencing the absorption, such as water volume taken s.vith the 

drug, change of gastric emptying rate. and effect of particle size. were investigated in 

rabbits. To clarify the absorption behavior of nitrofurantoin, the Martis-Levy 

method analogous to the Wagner-Nelson method was used to obtain the absorption 

kinetics of the drug. Moment analysis was also used to estimate the absorption 

behavior of the drug. 

The rate constants of absorption following oral administration of the drtlg were 

significantly smaller than those of elimination following intravenous administration. 

The results of moment analysis (based on a linear approximation) showed that the 

mean residence time following intravenous administration was much less than the 

mean absorption time of any oral dosage form. These results clearly shc:w that the 

pharmacokinetic profile of nitrofurantoin following oral administration is of flip-flop 

type. Although this result was obtained in the rabbit, the implications of a flip-flop 

situation for the human case are discnssed on the basis of the available published 

data. 

Introduction 

Nitrofurantoin, I-((5nitrofurfurylidene)amino)hydantoin, is widely used to treat 

urinary tract infections. It was reported that during the normal oral therapeutic 
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regimen (1.25-1.75 mg/kg), blood or plasma levels of nitrofurantoin are usually 

very tow compared with those obtained after intravenous or intramuscular adminis- 

tration (Paut et at.. 1960; Cadwaiiader and Am, 19761, and that a significant fraction 

of the drug is saturabty secreted by the renal tubules (Paul et al., 195% Buzard et al., 

1962). 
To clarify these phenomena, the gastrointestinal absorption. hepatic first-pass 

effect and renal excretion of the drug were investigated in rabbits. The disposition of 

nitrofurantoin could be described by a one-compartment model with simultaneous 

first-order and Michaelis-Menten type elimination kinetics for the tubular secretion, 

and bioavailability was estimated by non-linear assessment (Watari et al.. 1983). The 

absolute F-value for oral administration was approximately 0.3 irrespective of dose. 

Huwcver. F-values following intraduodenal ad~~inistration and portal vein infusion 

wcw nearly unity, and it was concluded that the reduction of bioa~ai~abi~~ty 

foflowing orat adminjstrat~on could not be attributed to metabolism by intestinal 

microfiora or to the hepatic first-pass effect. Thus, the reduction of F-value foitow- 

ing oral administration is probably due to gastric degradation of the drug, because 

this drug is hydrolyzed to 5~nitro-2-furalde~syde and l-aminohydant~~in by 

azcmethine bond cleavage in rtcidic media at body temperature (Inotsume and 

Nakano, 1981). F’urther, at the tow dose of 1.25 tug/kg (approximately iinc:rr 

region). the half-life of the elimination phase after oral administration was signifi- 

cantly larger than that after intravenous administration, though the total plasma 

clearances were almost constant irrespective of route of admiI~istration. This phe- 
nomenon is of particular interest in relation to the absorption kinetics of 

nitr~~fur~ntoin. on which little work has been reported. 

in the present study, we used the Martis-Levy method (1973) analogous to the 

Wagner-~eison method (1963) to obtain the absorption kinetics of the drug. 

Moment analysis was also used to estimate the absorption behavior of the drug. 
Derived absorption kinetic parameters were compared ttr the elimination ones to 

identify the rate-limiting step, which is of great import:mce in relation to the 
Jcv&pment of drug delivery systems, etc. 

~ltr(~furant~~in was used as supplied (Yaman~~ucl~~ Seiyaku, Tokyo). The particle 

hi%*’ grades were obtained by sieving through a Ko-Tap testing sieve shaker, using 

Japan industrial Standard (JIS) sieves. The mean diameter of the sieved particles is 

tAcn iis the arithmetic mean diameter of the sieve openings. A triturated sample was 

cjbtilincd by trituration. l’hc \*oiume-surface diameter of this sample was about 1 .X 1 

prlr. ittr dctcrmincd hv the air permeability method (Martin et al.. 1973). Ail other 
chcmi~~ls were of reagent grade, 
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administration, the volume of water taken, the gastric emptying rate. and the 

nitrofurantoin particle size. Male Japanese white rabbits weighing nearly 2.5 kg were 

divided at random into 4 groups of 8 animals each and one group of 4 animals. 

Rabbits were allowed water ad libitum, but were fasted for 48 h before drug 

administration so as to reduce interference by the gastric contents and to obta:n a 

uniform urinary pH (Fujimoto and Donnelly, 1968). because the renal clearance of 

nitrofurantoin is dependent on urinary pH since this drug is a weak acid with a pK, 

of 7.2 (Woodruff et al., 1961). Consequently, urinary pH was measured prior to and 

after each experiment and it was confirmed that the urinary pH remained between 5 

and 6 under the present conditions. Therefore. the effect of urinary pH on the 

unionized fraction of the drug is less than 10%. and may be neglected (Paul et al.. 

1960). The numbers of animals used differed from the numbers in the tables because 

some animals were dropped from the experiment due to problems of surgery or 

severe diarrhea during the experimental period. 

In the first experiment, route of administration (Table 1). nitrofurantoin was 

given to one group of 8 rabbits at a dose of 1.25 mg/kg. A second group of 8 rabbits 

was given 10 mg/kg. In each group one dose of the drug was given to each animal 

each week by the 4 routes successively; i.v. (intravenous). p.o. (oral), i.d. (intraduo- 

denal), p.v. ,nf (portal vein infusion), and i.v. inl (intravenous infusion). In the second 

experiment, effect of water volume (Table 2), 8 animals were given nitrofurantoin at 

4 different levels of dilution with water (4, 7. lci and 25 ml) in successive weeks at a 

dose of 1.25 mg/kg. In the third experiment, effect of gastric emptying rate (Table 

2). a group of 4 animals was used with a cross-over design at intervals of 1 week at 

the dose of 10 mg/kg: week 1, two were given atropine injected intraperitoneally 30 

min prior to oral administration of nitrofurantoin and t\vo were given normal saline; 

week 2. the reverse treatments were administered. In the fourth experiment, particle 

size effect (Table 2), a group of 8 rabbits was given the drug at various particle sizes 

in the form of an aqueous suspension with 10 ml of wvter at l-week intervals at a 

dose of 10 mg/kg. 

The drug solutions were freshly prepared with diethanolamine solution 

(0.25%OS%) before each experiment: Diethanolamine u-ted as a solvent is not likely 

to have lr .1~preciable effect on the pH of gastric absorption of the drug, since it did 

not affect th: pH of the gastric contents, which were found to be stable at pH 1.2 

before and immediately after administration of the drug solution when the pH of the 

gastric juice was measured visually by means of pH test paper. 

1.~. administration was carried out by bolus injection or first-order infusion 

(kc, = 2.7 h-‘) into the marginal vein of the ear opposite to that used for collecting 

blood samples. P.o. administration was carried out by oral intubation. 1.d. adminis- 

tration was carried out by bolus injection, and p.v. inr was performed in a first-order 

manner (k,, = 2.7 h -.I) via a mesenteric catheter by using an infusion pump after 

abdominal incision. The first-order rate of infusion was obtained by elrsuring a 
first-order change of the infuseld volume. 

Hep;lrilli;!,ed venous blood samples (0.5 ml) were collected prior to drug adminis- 

tration and at arbitrary times (lo-13 samples) thereafter. 
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The concentrations of nitrofurantoin in plasma and urine were measured by 

fluorometric analysis (Watari et al., 198Oa). 

Kinetic studies 
As the disposition of nitrofurantoin could be described by a .on~-compartment 

model with simultaneous first-order and Michaelis-Mentert type elimination kinetics 

for the tubular secretion (Watari et al., 1983), the fraction of the dose absorbed up to 

time t can be calculated by the following equation (Martis and Levy, 1973). 

A,/!’ = C + /‘[KC f V,,,,C/( K,,, -I- C)jdt 
0 

where A, is the amount of drug absorbed at time t, V is the distribution volume, C is 
the drug concentration in plasma at time t, K is the overall apparent first-order rate 

constant, V,:,, is the theoretical maximum velocity of the- capacity-limited process. 

and K,?, represents the Michaelis constant. The kinetic parameters of nitrofurailtoiil 

disposition were determined by the non-linear least-squares method (Watari et al., 

1983) from the mean plasma concentration data of each group following i.v. 

administration. The estimated mean values of K, V,,,;,, and K,,, were 0.0156 min.. I, 

0.248 pg/ml/min and 4.42 pg/ml, respectively. The estimated errors in the valr.les 

for K. V,,,,, and K,,, ranged from 5 to 10 %. The estimated parameters for each group 
were used to calculate the fraction of dose absorbed from the mean plasma 

concentration data. 

The mean residence time (MRT) was also calculated by using the area under the 

curve and the area under the moment curve from the mean plasma Il~trofuranto~n 

~(~n~~lltration data for each group ~~~rnaoka et al., 1978; Rigehnan and Collier. 
1980). 

Results and Discussion 

Rabbit plasma nitrofurantoin levels following p.o. administration were apprecia- 

bly low compared with those after administration by the other routes (Fig. 1). This 

result is consistent with those in rats (Paul et al., 1960) and man ~Cad~val~ader and 

Jun. 1976). Semiiogarithmjc plots of amount unabsorbed versus rime, obtained from 

the mean plasma concentration data, are shown in Fig. 2. The plot for p-0. 

zdministration of aqueous solution of 1.25 mg/kg was approximately linear. whereas 

those for i.d. administration and p.o. administration of aqueous solution of 10 

mg/kg were biphasic with concave-descending curves. This was also the case when 

amount unabsorbed versus time plots were prepared from individual subject data. 

Therefore. these time course data were approximated by it biexponential equation. 
Although the plots of P.v.,,,~ at the dose of 1.25 mg/kg were slightI_v curvilinear. in 
thl: prc~ent study we approximated them to linear form because the administration 
W;IS performed in a first-order manner (k, = 2.7 h _ ’ ). 



1.
25

 
iv

. 
(n

 =
 8

) 

p.
0.

 
(n

 =
 8

) 

i.d
. 

(n
 =

 7
) 

p.
v.

 i
nl

 (
n 

=
 5

) 

D
O

%
 

R
ou

te
 

M
R

T
 

M
A

T
 

k,
 

h,
 

a 

(m
g/

kg
) 

(m
in

) 
(m

m
) 

(m
in

 
._

 ’ )
 

(m
m

-‘
) 

18
.6

 
0.

04
24

 
74

.3
 

55
.7

 
0.

02
92

(1
03

.3
)’

 
0.

01
55

 
50

.8
 

32
.2

 
0.

25
76

(2
9.

7)
, 

0.
02

76
(7

0.
4)

 
0.

02
07

 
33

.2
 

14
.6

 
0.

05
5 

l(
86

.7
) 

0.
03

59
 

28
.2

 
0.

03
92

 
11

6.
5 

d 
0.

33
65

(1
6.

6)
. 

0.
01

 l
O

(8
5.

2)
 

0.
00

85
 

69
.7

 
d 

0.
09

57
(4

3.
8)

. 
0.

01
35

(5
6.

7)
 

0.
01

52
 

46
.6

 
d 

0.
04

93
(8

9.
2)

 
0.

02
87

 
45

.7
 

d 
0.

04
99

(9
2.

5)
 

0.
02

87
 

id
. 

=
 i

nt
ra

du
od

en
al

 
ad

m
in

is
tr

at
io

n;
 

p.
v.

 i
nl

 =
 p

or
ta

l 
ve

in
 

in
fu

si
on

: 
i.v

. 
in

l 
=

 i
nt

ra
ve

no
us

 
in

fu
si

on
. 

a 
E

lim
in

at
io

n 
ra

te
 

co
ns

ta
nt

s 
ex

ce
pt

 
fo

r 
i.v

. 
ad

m
in

is
tr

at
io

n 
w

er
e 

ob
ta

in
ed

 
fr

om
 

th
e 

la
st

 
3 

or
 

4 
po

in
ts

 
of

 
th

e 
tim

e 
co

ur
se

 
da

ta
. 

b 
C

ite
d 

fr
om

 
W

at
ar

i 
et

 
al

. 
(1

98
3)

. 

’ 
V

al
ue

s 
in

 p
ar

en
th

es
es

 
re

pr
es

en
t 

ca
lc

ul
at

ed
 

co
ns

ta
nt

 
(t

 =
 0

) 
ob

ta
in

ed
 

by
 

fi
tti

ng
 

to
 

an
 

ap
pr

op
ri

at
e 

eq
ua

tio
n 

(s
ee

 
te

xt
).

 
d 

M
ea

n 
ab

so
rp

tio
n 

tim
e 

w
as

 
no

t 
ca

lc
ul

at
ed

 
be

ca
us

e 
of

 
no

nl
in

ea
r 

re
gi

on
 

(s
ee

 
te

xt
).

 

10
.0

 
i.v

. 
(n

 =
 8

) 

p.
o.

 
(n

 =
 6

) 
i.d

. 
(n

 =
 7

) 

P.
“.

rn
r 

(n
 =

 6
) 

i.v
.,,

r 
(n

 =
 5

) 

T
A

B
L

E
 

1 

IN
FL

U
E

N
C

E
 

O
F 

R
O

U
T

E
 

O
F 

N
IT

R
O

FU
R

A
N

T
O

IN
 

A
D

M
IN

IS
T

R
A

T
IO

N
 

O
N

 
T

H
E

 
M

E
A

N
 

R
E

SI
D

E
N

C
E

 
T

IM
E

 
((

M
R

T
),

 
M

E
A

N
 

A
B

SO
R

PT
IO

N
 

T
IM

E
 

(M
A

T
).

 
A

B
SO

R
PT

IO
N

 
R

A
T

E
 

C
O

N
S

T
A

N
T

 
(k

,)
, 

E
L

IM
IN

A
T

IO
N

 
R

A
T

E
 

C
O

N
S

T
A

N
T

 
(A

,)
, 

A
N

D
 

T
H

E
 

F
R

A
C

T
IO

N
 

O
F

 
D

O
SE

 
A

B
SO

R
B

E
D

 
(F

) 
A

T
 

D
O

SE
S 

O
F

 
1.

25
 A

N
D

 
10

 m
g/

kg
 

Fh
 

1.
00

 

0.
X

 

1.
00

 

1 
.o

s 

1.
00

 

0.
32

 
1.

03
 

1.
03

 
1.

01
 



For fitting to an appropriate equation fur caiculating absorption rate constant. at 
the initial time (t=O) the percentage unabsorbed was set at 100 except for p-o. 
administration, because absolute F-values of the other administration routes were 
nearly unity (Table 1). The calculated absorption rate constant and mean residence 
time (MRT) are shown in Table 1. The mean absorption times (MAT) were also 
calculated by subtracting the MRT of i.v. administration (MRTiv) from the MRT of 
the other administration routes. 

The calculated absorption rate constants for a first-order infusion of 10 mg/kg 
were 0.0493 min-’ (2.96 h-‘) for p.v. inf and 0.0499 min- ’ (2.99 h ‘-r ) for i.v.i,,t. 
These vatues are in reasonabIe agreement with the 2.7 h ’ infused value, The 
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calculated absorption rate constant for p.v.,“, of 1.25 mg/kg was 0.0551 min- ’ (3.31 
h r_ ’ ) and differed from the 2.7 h _ ’ infused value. Further. the calculated initial 
value (t = 0) was 86.7% because this time course of amount unabsorbed was 
somewhat curvilinear. Although the rciB..m for this discrepancy between the calcu- 
lated and infused values for p.~.,~t of 1.25 mg/kg is not clear. at the dose of 10 
mg/kg there was reasonable agreement between the calcuiated and infused values 
for both P.V. inT and iv. inf administrations. Thus, the estimated kinetic parameters of 
nitrofurantoin disposition are considered .& be appropriate. 

The time course of amount unabsorbed for i.d. administration became biphasic. 
but this result might be explained partly by the passage of the drug through the 
intestine, because the highest rates of passage occur in the proximal small gut; the 
rates then diminish continuously until, in the distal small intestine. they are lower by 
a factor of almost 20 (Marcus and Lengeman, 1962). Similar observations were also 
suggested in the rabbit (Watari et al. 1980b). Further. the available surface area for 
the absorption decreases with descent along the intestine. and the fall in surface area 
from the jejunum to the ileum is remarkable (Creamer, 1974). Therefore_ the 
absorbability of the drug would be a function of both the residence time of the drug 
at the absorption site and the available surface area. Based on these considerations. 
the site of the initial very large absorption rate constant in the biexponential 
equation is suggested to be the duodenum or the duodenum plus some part of the 
upper jejunum, and the site of the second phase may be the lower jejunum and 
ileum. These absorption rate constants of id. administration were different at doses 
of 1.25 and 10 mg/kg. This result may be simply due to the difference in dose: at 
the very low dose of 1.25 mg/kg. the drug may not be spread widely over the gut 
and may be absorbed completely in the proximal small gut. 

In a previous report (Watari et al. 1980b). the time courses of amount unable 
after p.o. administration of aqueous solutions of sulfa drugs became biphasic and 
were similar to the time course data after i.d. administration of nitrofurantoin. The 
results for aqueous solutions of sulfa drugs were also explained in similar terms, 
based on the facts that the absorption of sulfa drugs from the stomach is negligibly 
small compared with that from the small intestine. and that the transport rate of 
aqueous solution in the stomach is much faster than that of solid material (Marcus 
and Lengeman. 1962). It was also reported that the major site of absorption of 
nitrafurantoin is the small intestine (Buzard et al., 1961). Therefore. it is sug.gested 
that the time courses of alnount unab~r~ after p-o. administration of aqueous 
solutions of nitrofurantoi~~ would be biphasic for the same reasons as in the case of 
aqueous solutions of sulfa drugs. As can be stun in Fig. 2. the time course of amount 
unabsorbed for the aqutwus solution of nitrofurantoin of IO mg/kg became slightly 
bipbasic but differed greatly from that after i.d. administration. This difference 
between p.o. and i,d. admimstrations may be partly due to the gastric residence of 
the drug in the case of po. administration. However, the swond absorption rate 
constants in the hiexponential equations were almost the mrne for pa. and id. 
;ldministrations, indicating that the sites of absorption of the drug in both routes MC 
the same during this period (Table 1). On the other hand, the time course of amOunt 
unabsorbed for the aqueous solution of 1.25 mg/kg was essentially Iin- and 
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differed from the biphasic time course data after i.d. administration. This may be 
due to the difference in dose and to the gastric residence of the drug after p.0. 
administration, i.e. the absorption of the drug given orally is rate-limited by the 
gastric emptying rate and the drug is completely absorbed in the proximal small 
intestine due to the very low amount administered. so that absorption of the drug is 
apparently a first-order process because the drug is mainly absorbed in the small 
intestine (Buzard et al., 1961). 

As the Michaelis constant for the tubular secretion was 4.42 ~g/ml. the elimina- 
tion rate constant of i.v. administration was calculated from the approximately 
linear phase at plasma concentrations below 1 pg/ml. The elimination rate con- 
stants for the other routes were also calculated from the last 3 or 4 points of the 
plasma time course data, where the plasma concentrations were below 1 pg/tnl. 

except in the cases of i.d., P.v_~,,~, and i.v.inl of 10 mg/kg. The absorption rate 

constant of p-o. administration was significantly smaller than the elimination rate 

constant of i.v. administration (Table 1). The elimination rate constant of i.v. 

administration was 2- or 3-fold larger than those of p.o. and i.d. administrations at 

both doses (1.25 and 10 mg/kg). These results clearly demonstrate a flip-flop model 

of nitrofurantoin absorption. Thus, the second absorption rate constant in the 

biexponential equation for i.d. administration reflected the elimination and became 

almost equal to the elimination rate constant at both doses (Table 1). 

The markedly reduced absolute F-value following p.o. administration was sug- 

gested to be due to gastric degradation of the dru: (Watari et al., 1983). based on the 

facts that the absolute F-values following administration by other routes were nearly 

unity, and azomethine bond cleavage of the drug occurs in acidic media in vitro at 

body temperature (Inotume and Nakano, 1981). This azomethine bond cleavage of 

the drug in vitro was a first-order process. Therefore it is considered that gastric 

degradation of the drug may also be a first-order process. The initial absorption rate 

constant in a biexponential equation for p.o. administration of 10 mg/kg differed 

from and was much less than that of i.d. administration. This result strongly suggests 

that the initial absorption rate for p.o. administration is rate-limited by the gastric 

emptying rate. because the major site of absorption of the drug is the s~nall intestine. 

If this is the case. simultaneous occurrence of degradation and movement of the drug 

down the GI tracl in the stomach must be considered. Goto et al. (1973) repcjrted 

this movement to be a first-order process. Therefore. the true initial absorption rate 

constant for oral administration can he obtained by multiplying the apparent rate 

constant by the fraction (F) of the orally adtninistcred dose absorbed (Notari et ;tl. 

1972). Consequently, the true values of’ the initial absorption rate contant for p.0. 

administration may be considered to be much smaller, further emphasizing the 

flip-flop nature of the kinetics of the drug absorption. In addition. in the cast of 

moment analysis, if p~irallel first-0rdcr drug loss from the site of a~lministrati~~n 

oxurred. the true value of MATst~ln \vould bc obtained by dividing the ill>p;irent 

~MAl‘soln by the fraction (F:) of the orally administered dose absorbed because there 
is an inverse relationship between MAT and the absorption rate constant. 

As can be seen in Fig. 1. at the dose of 1.25 rng/kg the nitrofurantoin 
cmcentrations following i.v. administration declined approximately monoexponen- 
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tially with time, indicating moment analysis to be applicable. The MAT for p.o. or 

id. administration is approximately 2- or 3-fold larger than the MRTiv. If simulta- 

neous first-order drug loss from the stomach occurred. the true value of MATsoln 

would be obtained by multiplying by the reciprocal of the absolute F-value of 0.3 as 

described above and would be increased further. In either case, this result is also 

consistent with a flip-flop pharmacokinetic profile of nitrofurantoin following p.o. 

administration. 

At the dose of 10 mg/kg, elimination of the drug after i.v. administration was 

non-linear and the non-linearity of i.v. administration was the most marked among 

the various routes of administration. Therefor<:, the MAT calculated by subtracting 

the MRTiv would give the minimal value arid may be useful as an approximate 

index of the absorption. 

Factors influencing the ubsorptiorz 

The influence of various factors on the absorption of nitrofurantoin was investi- 

gated. The factors were the vohune of water taken, gastric emptying rate, and the 

nitrofutantoin particle size. The time courses of nitrofurantoin concentration in 

plasma and bioavailability were reported in a previous paper (Watari et al., 1983). 

The absolute Fvalues after p.o. administration were below about 0.3 (Table 2). 

Therefore, nitrofurantoin concentrations in the plasma did not increase above the 

levels observed after aqueous solution administration of 10 mg/kg (Fig. 1) and 

TIME IN MINUTES 



95 

generally remained below 1.5 p&/kg. Thus, elimination of the drug may be ap- 
proximated as a first-order process. 

The effects of various factors on the amount unabsorbed versus time plots are 
shown in Fig. 3. An increase in the volume of water administered tended to improse 
the rate of abso~tion (Fig. 3A and Table 2). This observation is in advent with 
an earlier report {Watari et al., 1983) in which there was a statist~lly s~~~~cant 
difference between 4 and 25 ml of administered water. One might expect that a large 
volume of water administered would decrease the concentration of the drug in the 
Gl tract and tend to reduce the rate of absorption. However, oral dilution causes a 
marked increase in the surface area over which absorption may take place; this 
factor apparently exerts a more significant effect on GI absorption of the drug than 
does the factor of concentratian of the drug in the GI tract (Henderson et al., 1966). 
Nitrofurantoin is poorly absorbed from the stomach but is absorbed from the small 
intestine (Buzard et al., 1961). Hence, hastening the passage of the drug from the 
stomach into the intestine by oral dilution tends to allow intestinal absorption PO 
start sooner. ~on~uently, an increase in the volume of water administers tended 
to improve the absolute F-value. because gastric degradation of the drug was 
reduced. 

The influence of a delay in gastric emptying upon the absorption of the drug was 
investigated by using atropine sulfate. The time course of amount unabsorbed for 
the group treated with atropine became a biphasic convex-descending curve (Fig. 
38). These time course data were fitted to two lines by the least-squares method. The 
intersection time of the two lines was 31.3 min. On the other hand, the time course 
of amount unabsorbed for the control group was a biphasic concave-descending 
curve and this was fitted by a biexponential equation. The initial absorption rate 
constant of the group treated with atropine was much smaller (one-tenth) than that 
of the contrd group. This c,fference is caused by the change in gastric emptying rate 
between the group treated with atrorine and the control group. and this result also 
suggests that the absorption site of the drug is not in the stomach but in the 
intestine. However, in spite of the markedly reduced gastric emptying rate. there is 
no significant difference between the atropine and control groups in terms of 
absolute F-value (Watari et al,, 1983). This can be explained by the characteristic of 
atropine of reducing not only the gastric emptying rate but also the secretion of 
gist& juice. 

1 he effect of particle size on the ab,wrption of nitr~~furantoin is shown in Fig. 3C 
and Table 2, These results are in good ag~ement with those found in rats (Paul et 
;t1., 1367) and man {Conklin and Haitey, 1%9). The time courses of the amount 
unabsorbed for the 81 and I63 pm particles bcvlame biphasic with convex-de.scend- 
in)?: curves. These time course data were also fitted by two lines. The intet.suxtion 
times of the two lines were 110 min for the 81 pm particles and IO5 min for the 16.2 
pm p:lrticIcs. The ratio of the second slope for these particles to the initial slope was 
about 2 in the amount unabsorbed-time plot (Table 2). Cadwallader and Jun (19761 
reported that the solubility of nitrofurantoin increased remarkably with an increase 
in pH. Therefore, this phenomenon may be explained by the change of the 
dissolving environment as the particle drug moves to the GI tract ~~r~tha~i et 4. 
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1975). Consequently, the initial absorption rate constant for the 81 and 163 pm 

particles is suggested to be due to the dissolution of the particles in the stomach; the 

aqueous solution produced by the dissolution of the particles moves relatively faster 

to the small intestine than the suspension and is rapidly transferred to the body. 

because the transport rate of aqueous solution in the stomach is much faster than 

that of solid material (Marcus and Lengeman, 1962). 

As another possible explanation, the biphasic convex-descending curves of 81 and 

163 pm may be due to a zero-order dissolution of the particles during the initial 

portion of the absorption phase since the dissolution process of the particles was 

indicated to be rate-limiting for the absorption in Fig. 3C. However, this initial 

period of the absorption phase can be expected to correspond to the dissolving 

period of the particles in the stomach, and it is also expected that the particles in the 

stomach would be emptied into the intestine with time. Based on these speculations. 

this explanation would be invalid. Although a biphasic convex-descending curve for 

the absorption of the group treated with atropine was also observed, this may be 

simply the effect of atropine on the gastric emptying rate because both the atropine 

and the control groups were administered nitrofurantoin in an aqueous solution 

form. On the other hand, the time course of the amount unabsorbed for the 

triturated sample was approximately linear. This may be because the particles of the 

drug are very fine. 

With regard to the absolute F-values, significant differences were observed 

between the 163 pm particles and the other samples. and the F-value of 163 /lm 

particles was one-half that of the aqueous solution (Table 2). This was considered to 

be due to incomplete dissolution of the drug in the Gl tract as well as gastric 

degradation. Further, although the absorption rate constant for 163 pm particles is 

similar to that for 81 pm particles, the true absorption rate constant of 163 pm 

particles would be smaller than that of 81 pm particles. because the absolute F-value 

of Xl pm particles is about 2-fold larger than that of 163 pm particles. 
From the present results. obtained when the drug was given orally under various 

conditions. it is clear that a flip-flop model of nitrofurantoin absorption holds 

(Table 2). in the cases of 81 and 163 pm particles, we also calculated the mean 

dissolution time (MDT) of particles by subtracting MRTsoln from the MRT of 

particles (Tanigawara et al.. 1982). The MDT was 149.5 min for the 81 pm particles 

and 138.4 min for the 163 ym particles. Therefore. the mean residence times will be 

in the following order: MDTparticle > MATsoln > MRTiv. This clearly indicates 

that dissolution of the drug is a rate-limitin g step for the absorption. In calculating 

MATsoln at 10 me/kg. however. we used the MRTiv of 10 mg/kg; the levels of 

nilrofurantoin concentration in plasma after p.o. administration of aqueous solution 

and particles remained below 1.5 /1g,/ml. suggesting that elirnination of the drug 

under these circumstances proceeds approximately as a first-orckr process. Therefore 

it may he valid to use MRTiv of 1.25 mg/kg instead of that of 10 mg/kg. In this 

case, the calculated MATsoln will be increased by about 11) min. Even in such a case 

the order of residence time for p.o. administration of the particles does not change. 
indicating that dissolution of the drug is rate-limiting in the absorption. 

11 is very important to know whether the flip-flop situation found in the rabbit is 
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also applicable to the human case; it should be noted that the gastric emptying rate 
of rabbits is significantly slower than that of humans (Watari and Kaneniwa. 1981) 
and intestinal pH values of rabbits are higher than those of humans (Crouthamel et 

al., 1975). The results on bioavailability of commercial nitrofurantoin tablets in man 
showed that the rate of absorption was smaller than that of elimination for many 

products (McGilveray et al., 1973). Furthermore, the biological half-life of 
nitrofurantoin in man is very fast and appears to be 30 min or less (Cadwallader and 
Jun. 1976). Based on these considerations, it seems likely that the pharmacokinetic 
profile in man following oral administration of nitrofurantoin also follows a flip-flop 
model. If this is so, it has important implications for the design of bioavailability 
testing and for the development of the drug delivery systems. 
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