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The significance of the binding to Na,K-ATPase in the tissue distri-
bution of ouabain was previously documented (Harashima et al.,
Pharm. Res. 9:474-479, 1992). The purpose of this study was to
obtain a kinetic model of ouabain tissue distribution. In most tis-
sues, the ouabain concentration continued to rise after the termina-
tion of infusion (5 min), with the peak tissue concentration at ap-
proximately 20 min. This delay could not be explained by the rapid
equilibrium model (RE model), nor could the kinetics of ouabain be
explained by an RE model modified for saturable binding. Since
ouabain binding to Na,K-ATPase is slow, the association and dis-
sociation processes were incorporated into a model that can accu-
rately fit the observed time courses of ouabain. The obtained bind-
ing parameters corresponded well with the observed values in the in
vitro binding experiments, except for muscle. These resuits quanti-
tatively support the role of the slow and saturable binding of ouabain
to Na,K-ATPase in its tissue distribution.

KEY WORDS: cardiac glycosides; ouabain; Na,K-ATPase; guinea
pig; tissue distribution; tissue-to-plasma concentration ratio; Kinetic
modeling.

INTRODUCTION

A physiological model of cardiac glycosides disposition
was first obtained for digoxin in rat by L. I. Harrison and M.
Gibaldi (1), who used a linear, flow-limited model which
predicted well the tissue concentration time courses and was
subsequently used for scaling up from dog to human (2).
There was also a good correspondence between predicted
and literature values in the elimination phase, but the distri-
bution phase pattern of observed values differed from that of
literature values. In the prediction, the tissue concentration
rapidly decreases in heart, kidney, and liver, whereas the
observed tissue concentrations do not change remarkably in
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the distribution phase. The difference is large in every tissue
except muscle.

This discrepancy may stem from the invalid assumption
of rapid equilibrium in the model. A slow binding process of
cardiac glycosides has been shown in in vitro experiments
(3-5). The association and dissociation processes of cardiac
glycosides take place on the order of hours depending on the
tissue and animal species (6,7). Rat is known to be insensi-
tive to cardiac glycosides and the dissociation constant for
cardiac Na,K-ATPase is high compared to that of dog (8). In
addition, the half-life of the dissociation of cardiac glyco-
sides from Na,K-ATPase occurs on the order of minutes in
rats, while on the order of hours in dogs (8). This interspe-
cies difference in binding of cardiac glycosides to Na,K-
ATPase could be one reason for the difference in the tissue
distribution as well as that in pharmacological responses.

QOuabain is known to bind Na,K-ATPase specifically,
and this binding process was examined extensively in vitro
(3). The significance of this binding in ouabain tissue distri-
bution was shown in both rabbits and guinea pigs in our
previous studies ($,10) by comparing in vivo (K, .;.,) and in
vitro (K ,i,,) tissue to plasma concentration ratios. The
K, viwo derived from the binding parameters of each tissue
homogenate and extracellular space agreed well with the
K, vivo- Since the K, represents the extent of tissue distri-
bution in each tissue, this result indicates that ouabain tissue
distribution is governed principally by its binding to Na,K-
ATPase.

In this report, kinetic modeling was performed to ac-
count for the time courses of ouabain tissue distribution
based on physiological and biochemical information. Qua-
bain was selected as a model compound because it is not
bound to plasma protein, is not metabolized, and is elimi-
nated into urine by glomerular filtration (10). The validity of
the flow-limited model was first examined, then a kinetic
model was developed by incorporating a slow and saturable
process in the ouabain binding to and dissociation from
Na,K-ATPase, using the experimental data reported previ-
ously (10).

METHODS

Experimental Data

The ouabain plasma and tissue concentration time
course data for guinea pigs reported previously (10) were
used. Briefly, ouabain was infused at a rate of 10 nmol/min/
kg under anesthesia, and its plasma and tissue concentra-
tions were assayed by measuring the radioactivity of *H-
ouabain.

Development of the Model

The validity of the model was examined by comparing
between observed and model-simulated X, .;,, (C/C,) val-
ues, where C, and C, represent tissue and arterial plasma
concentration of ouabain, respectively.

Rapid Equilibrium Model (RE Model). The assumption
of rapid equilibrium was examined first. As shown in Fig. 1,
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Fig. 1. Kinetic model for ouabain tissue distribution. (A) RE model:
Drug is carried by plasma flow into each tissue and rapid equilibrium
between tissue and venous plasma concentration is assumed and
represented by K,,. (B) SB model: Drug binding to, and dissociation
from, Na,K-ATPase, located in the extracellular space, is slow and
represented by association and dissociation rate constants. The
maximum binding capacity of Na,K-ATPase is represented by B

max*

this model is described by the blood flow rate (Q), tissue
volume (V,), and tissue-to-plasma concentration ratio (K,).
Since ouabain does not enter blood cells, the mass balance
equation is described based on the plasma flow rate instead
of the blood flow rate:

VidCydt = Q(1 — He)(C, — CJ/Kp) 1))
K, = C/C, @

where C, represents the venous plasma concentrations of
ouabain and V, and Hc represent the tissue volume and he-
matocrit values, respectively. In the case of saturable bind-
ing, K, is described as follows:

K, = V.V, + B, (K, + C,) 3)

where V, represents the extracellular space. B,,,, and K,
represent the maximum binding capacity and dissociation
constant of ouabain for Na,K-ATPase.

Using Eq. (3), the time courses of X, ,;,, were simu-
lated in heart and muscle. The time course of arterial plasma
concentration (C,) was described by the following equa-
tions:

3
0<t<5 Cp= 2 A{l — exp(—a; - 1)} (4a)

3
S5<t Cp= 2 A{l — exp(—a; - 5)} exp{—alt — 5)}
f (4b)
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The K, values were fixed at 2.5 and 1.0 for heart and muscle,
respectively. Equations (1)—(4b) were solved numerically by
the Runge-Kutta-Gill method. For simulation, saturable
binding parameters were fixed at the values obtained from in
vitro experiments. For heart, B, = 16800 (nM), and K, =
740 (nM). For muscle, B, ., = 155 (nM), and K, = 1.1 (nM).
Physiological parameters were obtained from the literature
(10,11). For heart, V, = 1.3 (ml), V./V, = 0.123,and Q = 1.7
(ml/min). For muscle, V, = 153 ml, V,/V, = 0.119, and Q =
6.3 ml/min.

Slow Binding Model (SB Model). The association rate
constant (k) and dissociation rate constant (k. were in-
corporated to express the slow and saturable binding pro-
cess. In addition, the extracellular fluid concentration is as-
sumed to be the same as the arterial plasma concentration
except in muscle. Applied to this model were the following
assumptions.

(a) Ouabain is localized in the extracellular space (V).

(b) Rapid equilibrium between C, and C, (ouabain con-
centration in extracellular space).

(¢) C, is approximated by C, (slow binding hybrid
model; SBH model).

(d) The tissue concentration is composed of the extra-
cellular fluid concentration and the concentration
bound to Na,K-ATPase.

The mass balance equations were described as follows:

Bnax = B + Gy 5
Kq = korilkon 6)
dCy/dt = konCaB — kogiCy

= kot KaCaBmax — (koi K4Ca + koit)Cp  (7)
Vi€ = Ve(C, + Cy) )

where C,, and B represent the bound and unbound concen-
tration of Na,K-ATPase. C, is described by Egs. (4a) and
(4b).

This model was not appropriate to fit the data in muscle,
because blood perfusion is not enough to allow approxima-
tion that the extracellular fluid concentration is the same as
C.,. Therefore, a flow model was applied in which the extra-
cellular fluid concentration was defined as C, (slow binding
flow model; SBF model). The mass balance equations were
described as follows:

dCJdt = Q(Ca — Cy)/Ve = konCyBmax
+ (konCy + ko) Co 9
dCy/dt = koti!K¢CyBmax — (ko KdCy + ko)Co  (10)
ViCi = Ve(Cy + Cp) (11)

where ( represents the plasma flow rate.

The time courses of K, .;,,, were simulated for heart and
muscle based on the slow binding model and are shown in
Fig. 2.

Fitting by the SB Model. The time course of ouabain
concentration in each tissue was fitted using Eqs. (4a)-(11)
by MULTI (RUNGE) with the weight of (plasma concentra-
tion) 2 (12). The Damping Gauss Newton method was used
as the algorithm for the nonlinear least-squares method.
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Fig. 2. Time courses of K, ,;,, (C/C,) in heart and muscle. K, .,
was simulated based on the RE model (——), RE model with satu-
rable binding (- - — - — -); and SB model (----- ). In the RE model, K|,
(C/C,) were fixed at 2.5 and 1 for heart and muscle, respectively.
The filled circles and squares represent the observed values. The
lines represent the calculated K, ,;,,, based on the models. Parame-

ters used in simulations are described under Methods.

RESULTS

Model Development

The validity of the model was examined by simulating
the K, ,;,, of heart and muscle based on the RE model and
SB model. The result is shown in Fig. 2 with the observed
data. In heart, K, ,;,,, increased rapidly after the termination
of infusion (5 min) and then decreased. This overshoot phe-
nomenon in K, ;,, was found in both the linear and the
saturable RE model. In muscle, the overshoot was found in
both models, although the simulated curves differed between
the linear and the saturable RE model. On the other hand,
the simulated curves based on the SB model showed no
overshoot in both heart and muscle, with a pattern similar to
that of the observed data. These simulations rule out the RE
model of ouabain tissue concentration time courses.

Fitting by the SB Model

As the initial values for K; and B, .., the results of an in
vitro binding study (10) were used for each tissue. Literature
values were also used as the initial values of the dissociation
rate constant (Table 1). The results of the curve fittings are
shown in Fig. 3. In most tissues, except lung, the concen-
tration increased after the termination of infusion until 10 to
20 min. This pattern was well explained by the SB model. In
lung, both observed and calculated concentrations peaked at
5 min. The approximation of C, by C, was confirmed by
comparing them in each tissue except muscle. In muscle,
this approximation was inappropriate, and therefore, the
flow model was applied. Thus, the continuous increase in
tissue concentration until 20 min could be accounted for.
The calculated and observed binding parameters are sum-
marized in Table 1. The calculated K, B,,.,, and k¢ agreed
well with those of the in vitro binding study except muscle.
Large differences (10- to 100-fold) were found in muscle be-
tween calculated and in vitro binding parameters.
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Table I. Summary of Binding Parameters from in Vitro Binding Ex-
periments and Kinetic Modeling of in Vivo Tissue Distribution

B,,.. (nM)* K4 (nM) ke (min~?)

Tissue  Obs.?  Calc. Obs. Calc. Obs. Calc.

Heart 5,510 16,800 370 740 0.115¢  0.0958
764)?  (3,050) (82) (269) (0.0189)
Muscle 1,970 155 131 1.1 0.156¢  0.00978
(739) (22) (35) (1.1) (0.0129)
Kidney 21,500 13,200 260 280 0.15 0.07088
(1,600) (2,690) (26) (62) (0.0707)

Liver 1,350 2,540 415 420 0.0499
(290) (5,210) (150) (877) (0.0499)

Lung 1,870 1,820 627 761 0.0603
(690) 4,160) (147) (1,820) (0.0343)

Gut —8 1,310 —£ 39.1 0.0400
(695) (34.5) (0.0145)

@ Bmax 18 calculated based on the assumption that all binding sites
are located in the extracellular space as expressed by Eq. (8).

b Represents the observed B,,.,, which was calculated from the
binding capacity obtained in the 0.5% homogenate (10) times di-
lution factor, 200, divided by the ratio of V /V,.

¢ Represents the calculated value by the nonlinear least-squares
curve fitting of the in vivo tissue distribution data by the SB model,
using Egs. (4a)—(11).

4 Standard deviation in parentheses.

¢ Data from Ref. 4.

/ Data from Ref. 8.

¢ Binding parameters could not be obtained in gut.

DISCUSSION

An RE model was applied in the construction of a phys-
iological model that accounts for the disposition of many
drugs (13-14). In this study, the kinetic analysis was per-
formed on the tissue distribution of ouabain to determine the
principal factor in its tissue distribution in vivo. The appli-
cability of the RE model was first examined by simulating
K, .ivo for heart and muscle. As shown in Fig. 2, a rapid
increase and subsequent decrease in K, ,;,, were seen in
both the linear and the saturable RE model, which differed
from the observed results. The observed K, ,;,, continued to
increase until the end of the study (725 min) in most tissues.
The rapid increase in the K, ;,, in the RE model can be
explained by the rapid decrease in the plasma concentration
of ouabain after the termination of infusion (elimination rate
constant at the o phase is 1.06 min~!). The decrease in cal-
culated K, ;,,, can be explained by the recovery of the equi-
librium between tissue and arterial plasma concentrations
(venous plasma concentration is always equilibrated with
tissue concentration) in the RE model. After this overshoot
phenomenon, the K, ;. stayed nearly constant and was
always higher than K, (C/C,). The difference depends on
the K, value, blood perfusion rate, tissue volume, and elim-
ination rate constant of the system, as demonstrated by
Chen and Gross (15). Since the observed K ,;,,, continues to
increase, the rapid equilibrium model is inappropriate for the
observed tissue distribution time courses.

Active transport of ouabain may occur because of the
following observations: (i) Ouabain K|, ., is greater than
one in most tissues (10); (ii) ouabain is hydrophilic and does
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Fig. 3. Time courses of ouabain concentration in each tissue and fitted curve based on
the slow binding modei. (A) Distribution phase. (B) Elimination phase. Each tissue
concentration was measured after the constant infusion of *H-ouabain at a rate of 10

nmol/min/kg for 5 min. Vertical bar represents standard error (n =

3). (O) Muscle; (@)

heart; (M) kidney; (A) lung; (A) GI; (O) liver.

not penetrate the plasma membrane by simple diffusion (16);
and (iii) ouabain binds only to Na,K-ATPase, an enzyme
located on the plasma membrane, solely from the extracel-
lular side (17). Therefore binding sites inside the cell can be
excluded. Although these observations suggest that ouabain
is taken up into the cell by active transport, the binding of
ouabain to Na,K-ATPase in in vitro experiments excludes
this possibility. The correspondence of K, estimated from
the in vitro binding experiments, with K ;. (9,10) excluded
active transport as a major contributor to ouabain tissue dis-
tribution.

As shown in Fig. 2, K, ,;,, calculated according to the
SB model is consistent with the observed data. Therefore, it
is reasonable to incorporate slow binding and dissociation
processes into the model. We have assumed that C, is the
same as C,, except in muscle. This approximation was ex-
amined by simulating the venous plasma concentration

based on the flow model with slow binding between heart
and muscle. There was little difference in the calculated C,
and C, in heart, while the difference was large in muscle
(Fig. 4). Although the binding to Na,K-ATPase was exten-
sive in both heart and muscle, the difference between C, and
C, was small in heart, but large in muscle, especially in the
first 5 min. This may result from the difference of perfusion
rate per unit volume between muscle and heart. Therefore, a
flow model was required to mimic the kinetics of ouabain
tissue distribution in muscle.

The SB model curve fitting was successful for most tis-
sues in that the calculated tissue concentration continued to
increase after the end of infusion (5 min) until 10 to 20 min.
The calculated parameters, those observed in ir vitro exper-
iments, and the standard deviations are summarized in Table
I. For comparison with parameters from the in vitro study,
the dissociation constant was used instead of the association
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Fig. 4. Comparison of venous plasma concentration between heart
and muscle based on the flow model with slow binding process. The
C, were calcuiated by Egs. (9)—(11). The binding parameters were
fixed at the calculated values shown in Table 1. The other parame-
ters are described under Methods. (~----- ) Heart; (- - -) muscle;
(—) artery.

rate constant (K; = k,q/k,,). There was good correspon-
dence between observed and calculated B,,,,, and K, values
except in muscle. The binding parameters obtained in in
vitro experiments are sensitive to the experimental condi-
tions such as potassium concentration (18), and overall cor-
respondence within a few fold is considered reasonable. On
the other hand, there was a large difference between ob-
served and calculated parameters in muscle. The decrease in
tissue concentration in muscle is much smaller than that in
other tissues. The long half-life in muscle was accounted for
by the low dissociation constant, which was obtained in the
curve fitting. The K, obtained for muscle is 1.1 nM, which is
lower than the plasma concentration of ouabain in vivo (2-
200 nM). Thus, saturation could be the reason for the small
change of ouabain concentration in muscle.

The dissociation rate constants are summarized in Table
I. There is a fairly good correspondence between the calcu-
lated and the observed values in heart and kidney, but a
10-fold difference exists in muscle. In this modeling, it was
assumed that ouabain can pass the capillary and enter the
extracellular space instantaneously in every tissue. In liver,
sinusoids have large fenestration with a mean diameter of
200 nm, therefore even albumin can easily enter into the
Disse space (19). In the heart, the permeability barrier of the
capillary is high and albumin cannot enter the extracellular
space during a single passage, but sucrose (MW 342) can
(20). Therefore, the permeability barrier may not be impor-
tant for ouabain (MW 585) in liver and heart. On the con-
trary, there is a continuous capillary in muscle (21), and
there could be a permeability limitation even for ouabain,
thereby lowering the apparent dissociation rate constant in
vivo.

In conclusion, the slow binding process of ouabain to
Na,K-ATPase was shown to be important in the tissue dis-
tribution of ouabain in vivo.
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