1366 Vol. 27 (1979)

Chem. Pharm. Bull. - :
[27(%1?13663%2(19%)] UDC 615.31.033.076.9 : 611.1.08

Kinetics on Uptake of Drugs in Goldfish. IV.D Contribution of the
Stationary Layer to Drug Absorption from the Gill

Yoko Sakiva and YosHiko MivAUcHI
Faculty of Pharmaceutical Science, Tokushima University of Awts and Science?®
(Received November 6, 1978)

The contribution of the stationary layer to the absorption of benzoic acid, salicylic
acid, phenol and p-aminoethylbenzoate from the gills of goldfish was estimated by kinetic
analysis of the relationship between perfused flow to the gills and the drug absorption rate.
The changes in the absorption rate constant increased as the perfusion velocity increased.
A double combination model consisting of an aqueous diffusion layer in the perfusing
solution and the diffusion layer on the gill membranes was used to analyze drug absorption
from the membranes. Even though the molecular weights of these drugs are similar,
there were variations in the permeability coefficients of the drugs through the aqueous
diffusion layers, suggesting that drug absorption from the gills cannot be explained simply
in terms of a static diffusion layer in the perfusing solution.

Keywords gill of goldfish; drug absorption; unstirred layer; recirculaing perfu-
sion method; double diffusion model; kinetic analysis

In our previous reports,»3% we described the following observations. (1) Drugs lost
from an external solution due to absorption by goldfish are recovered in high yield from
the body; a kinetic model was established to describe this process. (2) Absorption of the
drug from the aqueous phase into goldfish and excretion of the drug from goldfish into the
aqueous phase can be represented as first-order processes. (3) The absorption membrane
of the goldfish is lipid-like in nature, and absorption through such a membrane is rapid in
a solution in which a drug is present in nonionic form, but slow in a solution in which the
bulk of the drug is in ionic form. (4) Addition of urea to the aqueous phase accelerates the
absorption of drugs in ionic form.

Absorption of drugs by goldfish is thought to occur mainly through the gills. For this
reason, the absorption rate is considered to be affected by the rate of water suction over
the gill. Higuchi and others®® pointed out the large contribution of the aqueous diffusion
layer on the surface of the gastrointestinal tract to drug absorption, in addition to the
distribution and diffusion of drugs on the gastrointestinal tract membrane. The thickness
of the stationary layer forming the aqueous diffusion layer is affected by the surface water
flow, and absorption of a drug from the gills is considered to be affected by two factors: the
rate of supply of the drug solution to the gill and the thickness of the stationary water layer.
In the present study, in order to examine the contribution of water flow to the absorption
of salicylic acid, benzoic acid, phenol and p-aminoethylbenzoate from the gill, drug solution
was perfused and recirculated at a definite rate from the mouth to the gill of a goldfish, and
changes in absorption rate with change in the flow rate of the circulating solution were
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measured. The results were analyzed kmetlcally, and the contribution of the aqueous
diffusion layer is discussed.

Theoretical

Figure 1 shows a schematic diagram of the perfusion of a drug solution from the mouth
to the gill of a goldfish at a constant flow rate. The drug solution (total volume, V) in the
vessel passes from the mouth at a constant flow
rate (F). If absorption and excretion of water
are neglected, the perfusion fluid will pass out goldfish
of the gill at the same flow rate (F). The  pH meter =——

mean concentration of the drug (C,’) in this

outflow solution should be lower than that (C,) , |

in the inflow solution due to absorption from B eoteode

the gill. The outflowing solution will be mixed

with the solution in the vessel and will recir-

culate as an inflow solution again. The relation !
between the rate of fall of drug concentration Tvesse
in the flow solution and the quantity of the stirrer

drug on the gill can be expressed by equation )

1) Fig. 1. Apparatus Used to Study Drug
(1). Absorption Across the Gills of Goldfish
—dColdt = F(Co—Cy')|V, ¢)) by a Recirculating Perfusion Method

Drug concentration in the inflow solut iOl’l, Co: Drug concentration in the vessel. C;: Apparent

. drug concentration in goldfish.  k;: Apparent absorp-

C,, has been shown experimentally to decrease tion rate constant. k,: Apparent excretion rate con-
by a first-order process in the initial stages of stant. F: flow rate.

experiments, where excretion of the drug by

the goldfish can be neglected. If this rate constant is taken as the apparent absorption
rate constant (k;), equation (2) is obtained, or equation (3) in terms of the apparent absorption
clearance (Cl).

—dCojdt = ki Co . @
—VodColdt = CILC, 3)
Cl=hkV,

If we consider that a perfusing solution with drug concentration C flows in at a rate
Fthrough a microvolume, dv, of part of the gill, that the drug is absorbed with an absorption
rate constant £, and that the liquid flows out with concentration change dec, then the mass
balance can be expressed by equation (4), which can be rewritten as equation (5).

FC — kCdv — F(C+dc)=0 (4)

dc/C = —k[F-dv (5)
For the sake of simplicity, £+ ' may be considered to be equal in all parts of the gill, and then
integration of equation (5) from the inflow port to the outflow port will give equation (6)

JC"'dc/c — —hV.JF : ®)

b

where % is the mean absorption rate constant of the gill and V, is the volume of perfusing
solution on the gill. By defining £V, as the intrinsic absorption clearance, Cl, equation (6)
can be rewritten as equation (7).
12 Cy'|Co = —CIJF (7)
This equation (7) is the same as that obtained from the parallel tube model? in organ perfusion.
Consequently, the effective mean concentration in the gill, C, is indicated by the logarithmic
mean in equation (8).

9) K.S. Pang and M. Rowland, J. Pharmacokinetics and Biopharm., 5, 625 (1977).
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. C = (Co—Co")/1n(Co/Cy") ®)
The absorption rate is then given by equation (9).
—VydCofdt = C1.C )

The relationship between the apparent clearance, Cl, and intrinsic clearance, Cl, is expressed
by equations (10) and (11).

Cl = —F 1n(1-CYF) (10)

Cl = F(l1—e-Ery 11

The effect of the stationary layer on drug absorption has been analyzed by the two

diffusion layer model.® Absorption of a drug is assumed to occur by diffusion between two
layers; an aqueous diffusion layer with a permeability coefficient of p; and a membrane
parenchymal layer with a permeability coefficient of p,. By taking the partition coefficient
between the aqueous layer and the membrane as K in a stationary state, the permeability
coefficient p of the two diffusion layers can be expressed by equation (12).

1/p = 1/p1 + K/[ps (12)
By averaging equation (12) for the whole of the gill, and by defining equations (13) and (14)
as the intrinsic clearances when the permeability of each diffusion layer reaches the steady
state, equation (15) is obtained.

P Va=Cl (13)
b3 VoK =Cl (14)
1/C1 = 1/Cl; + 1/Cl, (15)

In the present series of experiments, clearance was not measured at the stationary state,
but the change of drug concentration in the perfusate was slow, and the data were analyzed
on the assumption that equation (15) is applicable, 7.e., that a pseudo-steady state is
established.

The thickness (6) of the aqueous diffusion layer is known to change with flow rate (F),
diffusion constant of the drug (D), viscosity of the perfusate (»), and the shape of the
membrane surface. The surface of the gill is complex, and the presence of a specific diffusion
layer formed by secretion from the gill into the perfusate can be expected by analogy with
the surface of the small intestine. It would be difficult to find the relationship between the
thickness of the aqueous diffusion layer and the flow rate for goldfish gill and, as a rough
approximation, an attempt was made to correlate the change in the thickness of a diffusion
layer for flow over a plane surface. When a flat board is placed in parallel with water flow,
the thickness of the diffusion layer at a distance, x, from the end of the board where the flow
first strikes can be expressed by equation (16).19

o~ Dl/spl/sv}ﬁ (16)

If the effect of the shape of the gill and that of the end of the outflow region are neglected,
the mean thickness of the water diffusion layer for the gill as a whole can be obtained by
integration of equation (16) over the length of the water path in the gill, L.

_461%,';6 [ivEar =231 D:f%”“ (17
The permeability coefficient of the water diffusion layer, p,, is given by the thickness
of the diffusion layer, the diffusion constant of the drug, and the surface area (4) of the gill;
it can be expressed by equation (18).
p1=A-DJs (18)
It can be seen from equations (17) and (18) that a proportional relationship is established
between the square root of the flow rate and the permeability coefficient of the water diffusion

o~

10) V.G. Levich, “Physicochemical Hydrodynamics,” Translated by Scripa Technica, Inc., Prentice-Hall,
Inc., 1962, p. 59.
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layer or the absorption clearance (Cl;) when the permeability is rate-determining in the water
diffusion layer. As a result, a plot of the reciprocal of intrinsic clearance on the ordinate
against the square root of the flow rate of the perfusion liquid on the abscissa will give
a straight line. From the intercept on the ordinate, Cl,, 7.e., the clearance when per-
meation through the membrane is the rate-determining step, can be obtained; the size of
the contribution of the water diffusion layer is given by the slope.

Experimental
Goldfish Cavassius awvatus, weighing 13 +2 g, was used,
Materials Salicylic acid (SA, mp 158—159°), benzoic acid (BA, mp 121—122°), phenol (Ph, mp 40—

41°), p-aminoethylbenzoate (p-ABAE, mp 88—90°) and urea (U, mp 132-—133°) were used. Dichloroethane
was distilled at 83—84° before use. All other reagents were of special grade and were obtained commercially.

Preparation of Drug Solutions SA, BA and Ph were each dissolved in water to 1 mum concentration;
p-ABAE was used as a 0.1 mum solution. Another series of solutions was prepared by addition of 0.5mM U
to each of these solutions. The solutions were adjusted to pH 4.0 for SA, pH 4.0 and 5.0 for BA (different
brands), and pH 6.0 for Ph using diluted HCI or diluted NaOH solution. p-ABAE solution was used for
absorption experiments without pH adjustment. '

Experimental Procedure Polyvinyl tubing was inserted into the mouth of a goldfish and the other
end of the tubing was placed in the drug solution. In the experiment on absorption of SA and BA, the fish
body was covered with a rubber bag. The drug solution was recirculated at a constant flow rate from the
mouth to the gill, using a perfusion pump (model SJ-1210, Mitsumi Sci. Ind., Inc.). The flow rate was in
the range of 0.9—11.0 ml/min, at three different levels. The drug solution (70 ml) was maintained at 25°
in a 200 ml flask during the experiment using a thermostatic bath, and the pH of the solution was main-
tained by the addition of dilute HCI or dilute NaOH solution. A pH-meter was used to check the pH of
the drug solution, which was agitated with a stirrer during the experiment. A point 5 min after the start of
perfusion was taken as 0 time, and 1 ml aliquots of the drug solution in the flask were collected at 0, 2, 4,
6, 8, 10, 20, and 30 min.

Analytical Method Analytical procedures for SA, BA and Ph in each sample were conducted as
described in the previous papers.b34 p-ABAE was determined from the UV absorption of the sample
solution diluted with 2 ml of distilled water. The absorbance was read at 287 nm. Throughout these
experiments, UV absorption was measured with a Hitachi 200-20 spectrophotometer.

Results and Discussion

Drug absorption through the gills

=
.2
®
g 0.0
of goldfish has been examined by the g o
perfusion of drug solutions, using low § :
concentrations (1 mm solutions of BA, «
SA and Ph, and 0.1 mm p-ABAE) to B[ 04
avoid a physiological reduction in ab- e
sorption rate with time. It was con- E S —0.6
firmed that each goldfish could resume Sa
normal movements in fresh water after E —
completion of the experiments. It has <9 08
been reported® that drug excretion from P § -
the body of a goldfish occurs during such Eb E 1 ! !
tests, and an equation was proposed 0 10 20 30
taking the rate of excretion into con- Time (min)
sideration. In the present experiment, Fig.2. Semi-logarithmic Plots of BA Concentration
however, where the amount of drug in Perfusing Solution Recirculating Across the
absorption into the goldfish is small Gills of Goldfish at Different Flow Rates at pH
and where the concentration of the tx? and 125 .

. e initial concentration of BA was 1 mu. —@-~, ——(O-- and
drug taken up into the body of the —A~— are with 0.5 % U. —@—, —O— and —A— indicate flow
gOldﬁSh is small, excretion of the drug rates of 2, 4 and 11 ml/min, respectively. Solid and dotted lines

. ’ . were calculated by the least-squares method. For other condi-
can be neglected. The concentration tions, see in Fig. 1 and Table 1.
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of each drug in the perfusing solution fell at a first-order rate during the experiments, and
the drugs were found to be absorbed by a first-order process. An example is shown in Fig.
2, for the time courses of BA concentration in perfusing solutions of BA and of BA plus U.
The apparent absorption rate constant was calculated by the least-squares method from
a plot of the logarithm of the concentration of the drug against time. By obtaining the
mean rate constant from the calculated value (k;), regarding the body weight as a simple
weight, the average apparent absorption rate constant, k;, was calculated as follows,
(W) (1Ws) = ks
where W represents the body weight of a goldfish (g). By substituting this into equation
(8), the apparent absorption clearance was obtained. By substituting the apparent absorp-

tion clearance into equation (10), the intrinsic absorption clearance was calculated. These
values for each drug are listed in Table I. It is clear that the apparent absorption rate

Tasre I. Kinetic Parameters of BA, SA, Ph and p-ABAE Uptake
across the Gills of Goldfish from Recirculating Solution
at Different Flow Rates at 25°

Flow Apparent absorp-  Apparent absorp- Intrinsic absorp-

Sample tion rate const- tion clearance® .
colution PH " Iia‘te. ant x 10%, (min—1) (ml/min) tion Ciear.ancem
(ml/min) mean + SEM mean + SEM (ml/min)

BA 4.0 7 2 8.791 1.012 0.615 0.071 0.735
17 4 12.640 1.268 0.885 0.089 1.000

13 11 15.936 1.257 1.116 0.088 1.177

BA+4+U 4.0 8 2 9.825 0.996 0.688 0.070 0.843
7 4 16.506 2.072 1.155 0.145 1.363

11 11 24.300 2.389 1.701 0.167 1.848

BA 5.0 7 2 3.771 0.266 0.264 0.019 0.283
7 4 4.318 0.316 0.302 0.022 0.314

7 11 4.871 0.461 0.341 0.032 0.346

SA 4.0 7 2 2.820 0.373 0.198 0.026 0.207
8 4 3.909 0.489 0.274 0.034 0.284

7 11 5.461 0.415 0.382 0.029 0.389

SA+U 4.0 8 2 3.200 0.199 0.224 0.014 0.238
8 4 4.503 0.458 0.315 0.032 0.328

11 11 7.129 0.506 0.499 0.035 0.512

Ph 6.0 7 0.9 5.318 0.478 0.372 0.033 0.480
8 4 7.652 0.666 0.536 0.047 0.575

7 11 9.204 0.662 0.644 0.046 0.664

Ph+U 6.0 8 0.9 4.667 0.639 0.327 0.044 0.406
8 4 6.723 0.592 0.471 0.041 0.501

10 11 7.515 0.690 0.526 0.048 0.539

p-ABAE — 7 0.9 4.183 0.535 0.293 0.037 0.354
7 4 9.422 1.057 0.660 0.074 0.721

8 11 13.058 1.268 0.914 0.089 0.954

p-ABAE+U — 7 0.9 3.181 0.326 0.223 0.023 0.256
7 4 6.003 0.728 0.420 0.051 0.444

8 11 7.180 0.839 0.503 0.059 0.515

BA: benzoic acid, SA: salicyclic acid, p-ABAE: p-aminobenzoic acid ethyl ester, Ph: phenol,
U': urea (0.5 x). The concentration of drug solution was 1 mx, except for 0.1 my p-ABAE.

a) and b) were calculated by introducing an apparent absorption rate constant into eq. 3 and
an apparent absorption clearance into eq. 10, respectively. #: number of experiments.

constants increased as the perfusion velocity increased, indicating that the velocity of perfusion
over the gills substantially influences the absorption of the drugs through the gills. As
indicated above, the perfusion velocity affects the difference of drug concentration between
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the tips of the gills and also the thickness of
the stationary water layer on the absorption
surface. Both can affect the apparent absorp-
tion clearance. The thickness of the stationary
water layer is reduced as the flow rate increases,
and drug absorption by diffusion in the layer
falls. In order to examine the effect of dif-
fusion, it was assumed that the effect of the
stationary layer can be neglected at maximal
perfusion velocity, and the intrinsic absorption
clearance at the maximal perfusion velocity
was substituted into equation (11) to calculate
the apparent absorption clearance at each flow
rate. The relationship between the apparent
absorption clearance thus calculated and the
apparent absorption clearance determined is
shown in Fig. 3 for BA. The apparent absorp-
tion clearance was smaller than the calculated
value, so that the diffusion of drugs inthe sta-
tionary layer does affect the absorption of the
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Fig. 3. Decrease of the Apparent Absorption
Clearance with Decreasing Flow Rate of
Perfusate on the Gill, Suggesting the Effect
of Diffusion in the Stationary Water Layer
on the Absorption of BA

Data from Table I; solid lines represent the apparent
absorption clearances calculated by introducing the

intrinsic absorption clearance at maximum flow rate into
eq. 11, For other conditions, see Table I.

Ph
} pH 6.0

0

05 1.0

Reciprocal of square root of flow rate (min/ml)

Fig. 4. Relationship between the Reciprocals of Intrinsic Absorption
Clearance and the Square Root of Flow Rate for SA, BA, Ph and
p-ABAE in the Presence or Absence of U

Data taken from Table I; solid lines are the regression lines.

—@—: without U, —(O~: with 0.5u U,
For other conditions, see Table I.
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drug. The same results were obtained with other drugs. From equations (17) and (18),
based on the double combination model of the aqueous diffusion layer in the perfusion liquid
and the diffusion layer on the gill membranes, the reciprocal of the intrinsic absorption
clearance was plotted against the reciprocal of the square root of the perfusion velocity.
All the test drugs gave almost linear relationships (Fig. 4), confirming that the double com-
bination model is applicable for drug absorption through membranes. It also appears that
the theoretical equation for the thickness of the diffusion layer on a flat plate can be applied
to drug absorption through the gills of goldfish. Figure 4 also shows that the presence of U
affects drug penetration through the membranes. In the cases of BA and SA, the plots
indicate that the presence of U assists the penetration of drugs through the membrane. At
a pH of 4.0 with BA solution, U enhanced penetration approximately 5-fold. The values
at pH 4.0 were about 7 times higher than those at pH 5.0, and it appears that drugs can pass
through the membrane more easily in molecular form than in ionic form. The penetration
of Ph and p-ABAE through the membrane is inhibited by the addition of U. The extent
of the inhibition was about 1.2 times with Ph and about 2.4 times with p-ABAE. It has
already been reported® that the effect of U on the absorption of Ph in goldfish was almost
negligible under normal conditions. Thus, U promotes the absorption of anionic organic
compounds such as BA and SA through the gills, while with non-ionic compounds, such as
Ph and p-ABAE, this does not occur. In the present experiments, we found that the
absorption of BA and SA (ionic forms) through the body surface could not be neglected.
About 13.49, (mean of 9 samples) was absorbed within 30 min in the case of 1 mm BA solu-
tion (pH 5.0) and about 4.0%, (mean of 6 samples) in the case of 1 mm SA solution (pH 4.0),
but no absorption was noted with Ph or p-ABAE (non-ionic forms). The slope of the plot
in Fig. 4 in the presence of U was the same as that in its absence ($<0.05), so that U had
no significant effect upon the diffusion of the drug in the stationary layer. There was no
significant difference (p<0.05) in the case of BA between pH 4.0 and 5.0. The slopes of
the plots for SA in the presence and absence of U were significantly different from those of all
the other drugs ($<0.05). The slopes in the cases of Ph and p-ABAE were significantly
different from each other (p<0.05). However, no other significant differences between
slopes were noted with other drugs ($<{0.05). A significant difference between the slopes
could mean that there were differences in the permeability coefficients of these drugs in aqueous
diffusion layers, even though their molecular weights are similar. It appears that drug
absorption through the gill structure of goldfish cannot be explained simply in terms of static
diffusion layers in the perfusiong solution. Further studies are necessary to develop a more
suitable theoretical model. -
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