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Purpose. The extremely low clearance and small distribution volume
of UCN-01 in humans could be partly due to the high degree of binding
to hAGP (1,2). The quantitative effects of hAGP on the pharmacokinet-
ics of UCN-01 at several levels of hAGP and UCN-01 were estimated
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ABBREVIATIONS: UCN-01, 7-hydroxystaurosporine; PKC, Ca?*-

and phospholipid-dependent protein kinase; CDK 2, cyclin-dependent

kinase 2; hAGP, human «,-acid glycoprotein; AGP, a;-acid glycopro-
tein; DCC, dextran-coated charcoal; ks, dissociation rate constant;

Kon, @ssociation rate constant; Kd (=K/Kon), equilibrium dissociation

constant; Ka (=Kon/Kq ), €quilibrium association constant; f,, unbound

fraction in plasma; CLtot, systemic clearance; Vdss, apparent distribu-
tion volume at steady-state; t,,,, elimination half-life; MRT, mean resi-
dence time; AUC,_,, area under the plasma concentration-time curve;

AUMC, area under the moment curve; C,,, and C,,,, bound and

unbound plasma concentrations of UCN-01 in the hepatic vein, Cyp,

and C, ,, bound and unbound plasma concentrations of UCN-01 in the
systemic artery; K¢, and Ky, association rate constant and dissociation
rate constant of UCN-01 for binding-protein; ko, and kg, association
rate constant and dissociation rate constant of UCN-01 for hAGP;

P!, unbound concentration of binding-protein (i.e., total binding-protein

concentration — bound UCN-01 concentration); n’, number of UCN-

01 binding sites per molecule of binding-protein; P,, unbound concen-

tration of hAGP; n, number of UCN-01 binding sites per molecule of

hAGP; n’'P,, binding capacity of UCN-01 with binding-protein; nP,,
binding capacity of UCN-01 with hAGP; CLint, intrinsic clearance of

UCN-01 in liver; Q, blood flow rate in liver; R, R,, and R,, ratio of

total, bound and unbound concentration of UCN-01 in blood to that

in plasma; Vg, and Vy, extracellular and total volumein liver; Vy, Vy,
distribution volume for bound and unbound drug in the blood pooal;

K., ratio of total concentration of UCN-01 in liver and hepatic venous

plasma, K, ratio of total concentration of UCN-01 in liver to unbound

plasma concentration of UCN-01 in the hepatic vein; C;o, Cyo, Cy s

total, bound and unbound concentrations of UCN-01 in plasma at time

zero; V4, apparent distribution volume of the plasma compartment; fg,
unbound fraction of UCN-O1 in erythrocytes; Pss, concentration of
hAGP at steady state.
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in rats given an infusion of hAGP to mimic the clinical situation and
a physiological model for analysis was devel oped.

Methods. The plasma concentrations of UCN-01 (72.5—-7250 nmol/kg
iv) in rats given an infusion of hAGP, 15 or 150 nmol/h/kg, were
measured by HPL C. Pharmacokinetic analysis under conditions assum-
ing rapid equilibrium of protein binding and incorporating the dissocia-
tion rate was conducted.

Results. The Vdss and CLtot of UCN-01 (725 nmol/kg iv) in rats
given an infusion of hAGP, 150 nmol/h/kg, fell to about 1/250 and 1/
700 that in control rats. The Vdss and CLtot following 72.5-7250
nmol/kg UCN-01 to rats given 150 nmol/h/kg hAGP were 63.9-688
mi/kg and 3.18-32.9 ml/h/kg, respectively, indicating non-linearity
due to saturation of UCN-01 binding. The CLtot estimated by the
physiological model assuming rapid equilibrium of UCN-01 binding
to hAGP, was six times higher than the observed value while the CL tot
estimated by the model incorporating ks, measured using DCC, was
comparable with the observed value.

Conclusions. These results suggest that the slow dissociation of UCN-
01 from hAGP limits its disposition and elimination.

KEY WORDS: «y-acid glycoprotein; protein binding; dissociation
rate; species difference; physiological model; pharmacokinetics.

INTRODUCTION

UCN-01 (7-hydroxystaurosporineg) is a selective inhibitor
of PKC, a key enzyme involved in signa transduction (3). It
inhibits the growth of various cultured human and murine solid
tumor cells in vitro and in vivo (4—6). Also, induction of G;-
phase accumulation by the drug, which might be mediated via
inhibition of CDK2, has been reported (7,8). In addition, UCN-
01 synergistically enhances the antitumor activity of several
standard agents in cultured cancer cells in vitro and in vivo
(9-12).

Phase | studies of UCN-01 have started in the United
States and Japan which will investigate its role as a novel
anticancer drug regulating the cell cycle. The plasmaconcentra-
tions of UCN-01 in Phase | studies were much higher than
expected from non-clinical data (1,12). The pharmacokinetic
properties of UCN-01 in cancer patients were very different
from those seen in dogs, rats and mice, and were characterized
by low clearance with a small distribution volume (1,12). The
CLtot, Vdss and ty;, in these animals were 600—4000 mi/h/kg,
6000-17000 ml/kg and 3-12 h, respectively (1,12). On the
other hand, the CLtot, Vdss and ty, after iv infusion to cancer
patients were 0.04—0.25 mi/h/kg, 80—160 ml/kg, and 250—-1700
h (1), respectively.

Previous studies (1,2) suggest that this dramatic species-
difference in the pharmacokinetics of UCN-01 could, at least
in part, be explained by high affinity binding to hAGP. There
are several reasons for this. 1) There is a substantial species-
difference in UCN-01 binding to AGP. The Ka of UCN-01 for
hAGP is 8 X 10% (M)™?, indicating very high affinity. On the
other hand, the Ka for dog AGP was 1/60 that for hAGP. In
rats, only nonspecific binding with a low affinity of UCN-01
for AGP was found. 2) Bound UCN-01, which is not removed
by treatment with dextran-coated charcoal (DCC), is found in
particular high concentrations in solutions of hAGP and human
plasma. 3) Simultaneous iv administration of UCN-01 with
hAGP apparently reducestheVdss, CLtot and hepatic extraction
of UCN-01 inrats. 4) Uptake of UCN-01 by isolated rat hepato-
cytesis aso inhibited by adding hAGP to the medium.

In our previous study (2), the plasma levels of hAGP
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after simultaneous bolus administration of UCN-01 gradually
declined with a half-life of ca. 17 h. Although hAGP is an
acute phase protein and intra-patient variation due to certain
diseases such as cancer isknown, the levels are generally main-
tained at 10-25 wM under normal physiological conditions
(13). UCN-01 and hAGP were administered only at one dose
in the previous study. In this paper, the effect of hAGP on the
pharmacokinetics of UCN-O01 at three different doses of UCN-
01 has been estimated in rats at two infusion rates of hAGP to
mimic the situation in humans. In addition, the high concentra-
tion of UCN-01 remaining 0.1 and 2 h after adding DCC to a
solution of hAGPimpliesthat the dissociation half-life of UCN-
01 from hAGP is much slower than from the plasma proteins
of experimental animals and other human plasma proteins. The
dissociation half-life from hAGP was estimated to be ca. 2 h
and much longer than that of other ligandsfrom plasmaproteins,
generally only afew milliseconds (14). In general, only unbound
drug can cross biological membrane and play arolein determin-
ing its distribution and elimination. Therefore, the slow dissoci-
ation of UCN-01 may alter its pharmacokinetics in humans. In
addition, in contrast to humans, the CLtot in rats is extremely
high (ca. 3000 mi/h/kg) and depends on organ blood flow (12).
The CLtot was reduced markedly by the high degree of binding
of UCN-01to hAGPintherats given hAGP and was not limited
by blood flow (2). For a kinetic analysis of both conditions,
with and without hAGP using an identical model, organ blood
flow should be incorporated in the model. In addition, the
dissociation of UCN-01 from hAGP seems to be slow (2) and
the dissociation/association of UCN-01 and hAGP as well as
the general process of protein binding, i.e., rapid equilibrium
conditions, should be considered in the model. Accordingly, in
this paper, we have quantitatively measured the in vitro Ky of
UCN-01 from hAGP and developed a physiological model
incorporating the kg and ko, for UCN-01 pharmacokinetics in
rats given hAGP by infusion. For comparison, akinetic analysis
was also performed assuming rapid equilibrium in protein
binding.

MATERIALS AND METHODS

Chemicals and Reagents

UCN-01 and staurosporine, as the internal standard (1.S.)
for HPLC analysis, were produced as described previously (3).
hAGP was purchased from Saikin Kagaku Institute (Sendai,
Japan). DCC, to which proteins exhibited little non-specific
binding, was prepared by the method reported previously (2).
DCC was added to an equa volume of human plasma or hAGP
solution (20 wM) and the final DCC concentrations were 40,
20 and 10 mg charcoal/ml. Distilled water was purified by Milli
Q Labo (Nihon Millipore, Tokyo). All other chemicas and
solvents were of analytical grade.

Human Plasma and Animals

Blood collected from a healthy volunteer, following writ-
teninformed consent, was centrifuged to provide control plasma
for measuring thein vitro dissociation rate. Male SD strain rats,
6 to 8 weeks of age (Nihon SLC, Hamamatsu, Japan, 270 to
300 g at the start of the experiments), were housed for about
one week under controlled conditions with free access to food
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and water except during the cannulation procedure and 8 h
after the start of dosing. The experiments were approved by the
Welfare Committee for Experimental Animals in our institute.

Preparation of Dosing Solution

UCN-01

The dosing solution of UCN-01 was prepared by the previ-
ous method (12). All dosing solutions were kept on ice and
protected from light until administered to rats.

hAGP

hAGP was dissolved in physiological saline for injection
just before the start of dosing. The concentrations of hAGP for
a loading dose were 9.81 or 0.981 mg/ml and the doses were
19.6 or 1.96 mg/kg (467 or 46.7 nmol/kg, molecular weight;
42000). The dosing solutionsfor infusion prepared at concentra-
tions of 2.1 or 0.21 mg/ml were diluted with saline according
to the body weight of the rats. The dosing rates were 6.3 or 0.63
mg/h/kg (150 or 15 nmol/h/kg). As a control, equal volumes of
saline without hAGP were administered to rats.

Animal Experiment

Rats were anesthetized with diethylether and cannulated
with polyethylene tubing (PE5S0, Becton Dickinson and Com-
pany, Parsippany, NJ, USA) into the jugular vein. Therats were
kept in restrainers (KN-325 (A), Natsume Seisakusyo, Tokyo,
Japan) and, after recovery from the anesthesia, hAGP was
infused via the cannula using a micro automatic syringe pump
(CFV-3100, Nihon Kohden, Tokyo, Japan). The infusion rate
was set at 0.9 ml/h/rat. The infusion was started immediately
after bolus administration of hAGP as a loading dose, at a
volume of 2 mi/kg. Bolus administration of UCN-01 to rats
was carried via the same venous cannula connected to a three-
way stopcock, at a volume of 2 mi/kg, 1 h after the start of
the hAGP infusion. Immediately after bolus dosing of hAGP
or UCN-01, the remainder of the dosing solution in the cannula
was administered using the infusion solution. To analyze the
plasma concentrations of UCN-01 and hAGR, ca. 0.25 ml blood
was withdrawn from thetail vein and transferred to heparinized
capillary tubes at designed times. Each plasma sample was
separated by centrifugation and stored at —70°C until assayed.

Determination of Dissociation Rate

UCN-01 dissolved in dimethyl sulfoxide was diluted with
hAGP or plasma. DCC was added to an equal volume of hAGP
solution or plasmato give afinal concentration of 5 wM UCN-
01 at 37°C. Then, the suspension was agitated for afew seconds.
Immediately (time zero), 0.1, 0.25, 0.5, 1, 2 and 4 h after
mixing, an aliquot was centrifuged at 4°C, ca. 20000x g, for 3
min and the supernatant was used to measure the UCN-01
concentration. The remaining percentage was calculated from
the relative |.S. ratio of the peak height at each point to that
at time 0. The slope of the plot of thelogarithm of the remaining
percentage versus time gave the apparent dissociation rate con-
stant (Kot )-



Dissociation-Limited Model for UCN-01 Phar macokinetics

Deter mination of UCN-01 and hAGP Concentrations

The UCN-01 and hAGP concentrations were determined
by HPLC and ELISA as reported previously (2,15). The range
for quantitation was 0.2—100 ng/ml for UCN-01 and 100—2500
ng/ml for hAGP. The accuracy and precision of the intra- and
inter-day assays were within =15% for UCN-01 and *+20%
for hAGP. There was no cross-reactivity with rat AGP and
UCN-01 had no effect on the ELISA method.

Phar macokinetic Analysis

Thetime-course of total UCN-01 concentrationsin plasma
was analyzed in individua rats using a model-independent
approach with the linear least square method (16,17). The slope
of the elimination phase (elimination rate constant: k) in the
plot of the logarithm of the plasma concentration versus time
was determined by log-linear regression analysis of the last
three points (4, 8 and 24 h). The t,, was calculated as 0.693/
k. The C;, was extrapolated by log-linear regression analysis
of the first three points (0.1, 0.25 and 1 h). The AUC,_.. and
AUMC were determined by the trapezoidal rule using C;, and
the observed data with extrapolation to infinity using k. The
CLtot, MRT and Vdss were caculated as Dose/AUC,.,,
AUMC/AUC and CLtot X MRT.

Statistical Analysis

All data are presented asthe mean *= S.D. of three animals
or experiments. The vaue “0” was used when the UCN-01
concentration in one of the three rats was below the lower limit
of quantitation (0.2 ng/ml). Statistical analysis was carried out
using Windows-SAS System Release 6.12 (SAS Institute, Cary,
NC, USA). The effects of hAGP or UCN-01 doses on the
pharmacokinetic parameters of UCN-01 were estimated by
Dunnett’s or Tukey’s test after identifying equal variance and
any significant difference by Bartlett’stest and aone-way analy-
sis of variance, respectively. In the case of a significant differ-
enceinvariance, the analysis was discontinued. Any significant
difference in the ks of UCN-01 among the concentrations of
DCC or the other materials (hAGP and plasma) was estimated
by a one-way analysis of variance followed by Tukey’'s test.
For all tests, a probability of p < 0.05 was considered statisti-
cally significant.

Model Development

The mass-balance rate equations for the blood pool and
liver on the basis of bound and unbound concentrations in
plasmafor control ratsin Fig. 1 can be written as shown below:

Ve - dCyy/dt = ki - NP, - Ve + Cuy — Kiis * Cou * Ve
+ Q- Ry (Coa— Cpy) D
Kpu - Vi - dCyy/dt = Kif - Cpy - Ve — Ko - NP+ Ve - Cyy
— CLint- Cyy + Q- Ry - (Cua — Cuy) @
Vp - dCpa/dt = Kon - NP - Vi - Cua — Kot Cpa® Vo
+ Q- Ry (Coy — Cha) ©)
V- dCya/dt = kit - Coa- Vi — Ko - NP+ Vyy - Cua
+Q-R,- (Cuy — Cua @
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Blood pool
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Kon |
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Q.C I J' Kot
(=Cux + Cus)
L]
|
J.CT,in: intracellular space

Fig. 1. Physiological and pharmacokinetic models for the elimination
of UCN-01. CLint; intrinsic clearance of UCN-01 in liver. Q; blood
flow rate in liver, ky; dissociation rate constant of UCN-01, kg,
association rate constant of UCN-01, Cy, 5; bound plasma concentrations
of UCN-01 in the systemic artery, C, ,; unbound plasma concentrations
of UCN-01 in the systemic artery, Cy,,; bound plasma concentrations
of UCN-01 in the hepatic vein, C,,; unbound plasma concentrations
of UCN-01 in the hepatic vein, C, tota plasma concentrations of
UCN-01 in the systemic artery, C,; total plasma concentrations of
UCN-01 in the hepatic vein.

while those for rats given hAGP infusions are;
Ve: dCb,v/dt =kon NPy Ve Cu,v — Kot - Cb,v Ve
+ kon : nPu : VE : Cu,v - koff : Cb,v : VE + Q : Rb : (Cb,a - Cb,v)

1)
Kou® Vi dCyy/dt =Kkg - Coy - Ve — Kon - NPy Ve~ Cyy
+ Kot - Coy - Ve — Kon* NP, - Ve - Cyy — CLint - Cyy
+Q Ry (Cua—Cyy) )

V- dCpa/dt = Kon NPy V- Cua— Kt * Coa® Vi

+ Kon* NPy Vi * Cya = Koft * Cha* Vo + Q- Ry (Coy — Cpa) (3')
V- dC,ya/dt = Kgtt - Coa Vb — kon*N'PL- V- Cya

+ Kot * Coa* Vb = Kon " NPy Vb Cua+ Q- Ry (Cuy — Cua) (4')

The binding-protein represents the main binding protein in
control rats and it has not been identified yet. In this study, the
plasma concentrations of UCN-01 in control rats were less than
0.1 wM and were much lower than those of AGP or abumin.
Accordingly, the protein binding was assumed to be linear. In
the following analysis, the n’P’ in control rats was defined as
20 uM, i.e,, anormal level of AGP. It was confirmed that the
results were almost identical when n'P’ was set at 600 uM,
i.e, anormal level of albumin (data not shown). In this model,
the liver was assumed to be the only organ involved in the
elimination of UCN-01 since the main clearance mechanism
of UCN-01 is hepatic metabolism (12). And, assuming that
only unbound UCN-01 can cross biological membranes and
the rate of metabolism depends on the unbound UCN-01 sur-
rounding the enzymatic site, the processes of membrane-perme-
ability, distribution into tissues and metabolism, except for the
interaction of UCN-01 with hAGP, reach equilibrium rapidly,
i.e, the “well-stirred model” (18). The unbound and bound
concentrations of UCN-01 in hepatic extracellular fluid are also
assumed to be equal to thosein hepatic venousplasma. Although



556

thereislittle evidencefor therapid equilibrium in theintracellu-
lar space, the assumption was made since the in vitro uptake
of 3H-UCN-01 into isolated rat hepatocytes (2) and the in vivo
ratio of the 3H-UCN-01 concentration in liver to that in plasma
after administering *H-UCN-01 to rats (unpublished data)
reached constant values relatively rapidly. In the case of rats
given an infusion of hAGP, the amount of UCN-01 interacting
with the binding-protein in control rats can be neglected since
most of the UCN-01 in plasma binds to hAGP. Therefore, in
the following analysis, (Egs. 1'—4'") were transformed to (Egs.
la—4a) shown below.

Ve - dCp/dt = Kon - NP, - Ve * Cuy — Kot * Coy * VE

+Q Ry (Coa— Cpy) (18)
Kpu * Vi dCyuy/dt = Keft - Cpy * Ve — Kon * NP, Ve - Cyy

— CLint- Cyy + Q- Ry (Cua — Cuy) (29)
Vyp - dCya/dt = Kon - NP, - Vi - Cua — Kott * Cpa * Vi

+ Q- Ry (Coy — o) (39)
Vy - dCyaldt = Kot * Cha* Vb — Kon - NPy - Vi - Cya

+ Q- Ry (Cyy — Cua) (49)

The plasmaconcentration-time profiles of the administered
hAGP did not change over the range of doses of UCN-01 tested
(data not shown). The products of the concentrations of hAGP
(11.9 uM or 1.10 pM) in the rats undergoing hAGP infusion
described later and n (0.794) were used as the nP in this model.
Both “n” and “Ka’ were determined by analysis using the
ultracentrifugation procedure reported previously (1) (data
not shown).

Modeling Analysis of Protein Binding Under Linear
Conditions

Under linear conditions for the protein binding of UCN-
01 (UCN-01 concentrations in plasma << nP,), P, is given by
the total hAGP concentration. By applying the infinite theorem,
after converting the differential equations (Egs. la—4a) to
Laplace transforms, the AUC for C,, Cya Cpy OF Cyy Was
calculated and the CLtot, obtained by dividing the UCN-01
dose by the sum of AUC,, + AUC,, was obtained from the
equation below (Appendix A);

CLtot = (Kyt - Vi - Ky - Ve - CLINt - Q- R,
+ K- V- Q- Ry~ CLint- Q- R,
+ Koif - VE- Q- Ry - CLint - Koy - NP, - Vy
+ Kyt Ve Q- Ry CLint- Q- R/
{[Q Ry Q- Ry (Kon NPy~ Ve + Kon " NPy - Vi + Kt - Vi
+ Kot * Vi) + Q- Ry Kot = Ve * (Kon " NPy + Vip + Kot * V)
+ Q- Ry Kon NP, - Ve (Kon* NPy = Vip + Kot - V)]
+ CLint - [Kots - VE* (Kon * NPy * Vi + Kegr + V)
+ Q- Ry (Kon* NPy - Vi + Kot = V)]
+ CLint- (Kot VE- Q- R, + Q- Rp- Q- Ry) - kon - NP/
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(Kon * NPy + Korr) + CLINt - (Kof - V- Q* Ry) - Kot/
(kon : nPu + koff)} (5)

where the relationship between ks and CLtot was simulated
using the experimental data and the literature values in Table
| as described later. The V, and V,, were estimated from the
following equation, assuming that the binding of UCN-01 to
proteins in blood as well as the passage across membranes and
distribution into tissues occur immediately after administering
UCN-01;

Dose = Ct,O . Vl = Cb,o : Vb + Cu,O : Vu (6)

Cy0and C, o were determined using theinvitro unbound fraction
(0.0175; Ref. 1) and C;,, after giving UCN-01 at a dose of 725
nmol/kg to control rats. The V, after administering UCN-01 at
the lowest dose, 72.5 nmol/kg, to rats given an infusion of
hAGP (53.0 ml/kg) was estimated as V,,. The V,, was calcul ated
as 491000 mi/kg from the above parameters using Eq. 6. The
unbound concentration in erythrocytes was assumed to be the
same as that in plasma. The R, for control rats was cal culated
as 1.98 using Eq. 7 below and the ratio of the blood-to-plasma
concentration, R (1.96; Ref. 12) in normal rats.

R=R,-(1—f)+Ryf, (7

The R, for rats given an infusion of hAGP under linear condi-
tionsof protein binding was estimated as 1 — Ht (Ht; hematocrit,
0.46; Ref. 19), since the distribution of UCN-01 into erythro-
cytesisinhibited by the high degree of binding of UCN-01 to
hAGP in plasma. As described later, in the analysis involving
non-linear protein binding conditions, R, was estimated to be
a variable parameter calculated by Eq. 8, taking into consider-
ation the saturable binding of UCN-01 to hAGP (Appendix B);

Ry = [fr- (1 — fp) + Ht - (f, — fRIFRIL — f) ()

where fr was postulated to be constant, i.e., linear binding of
UCN-01 to erythrocytes. Assuming that the CLtot of UCN-01
is the same as the hepatic clearance and the passage across
biological membranes as well as distribution into and elimina-
tion from tissues rapidly reaches equilibrium, the CLint can be
calculated from the following equation based on the “well
stirred model (18)”.

CLint = Q- R - CLtot/(Q - R — CLtot) /f,, 9)

The CLint was calculated as 370000 ml/h/kg using the parame-
ters for control rats in Table 1 and Eq. 9. The value was aso
used in rats given an infusion of hAGP as well as control rats.
The relationship between the CLtot and ki was estimated by
changing the ks, with the kg, fixed as the Kd, and using the
parameters in Table I.

Modeling Analysis of Protein Binding Under Non-Linear
Conditions

Under non-linear conditions, in addition to the abovelinear
protein binding conditions, the plasma concentration-time pro-
files of UCN-01 in control rats and rats given an infusion of
hAGP were smulated using the numerical method of Runge-
Kutta gill (20). The parameters in Table | and the K, were
used for the simulation. The K, was obtained by fitting the
following equations by the non-linear least square method
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Tablel. Pharmacokinetic and Physiological Parameters for the Models of UCN-01 in Control Rats and Rats Given an Infusion of hAGP

Vi vV, Ve Vi CLint Q Kd nP
(mikg) (mikg) (mikg) (mikkg) (mihkg) (mihkg) (M) (M) R, R, fr

contol rats 530 491000  11.9 400 370000 3630  0.356 20 198 1  0.00567

rats infused with hAGP 530 491000  11.9 400 370000 3630 0000645 945 054 1  0.00567

Note: These parameters were determined as shown in the text and were used in the simulation of the concentrations of UCN-01 under linear
conditions of protein binding, (UCN-01 concentrations << hAGP concentrations, in Fig. 6 and Fig. 7).

(MULTI-RUNGE, Ref. 21), assuming a rapid equilibrium in
protein binding, (Egs. 10-12), to the actual time-course of the
plasma concentrations after giving UCN-01 at 725 nmol/kg, to
control rats. The K, was calculated by dividing the K, by the
in vitro fg in control rat plasma (1).

Kp-Vy-dCJdt= Q- R-(C,— C,) — f,- CLint-C, (10)

Vi-dCJdt = Q-R- (C, — CJ) (11)

fp = {(C; — nP — Kgi/Kon) + [(Ct — nP — koff/kon)2
+ 4 - kit + Clkon] *°}/2/C; (12)

In (Egs. 1-4) for control rats, the ky/ko, was estimated from
(Eq. 13) assuming that the protein binding in control rats was
linear at the concentration where the in vitro f, was measured.

1:p = (Kot /Kon)/[ (Kot /Kon) + NP] (13)

The C,,, and C,, in the simulation of UCN-01 concentrations
after bolus iv administration of UCN-01 at 72.5 nmol/kg to
rats given an infusion of hAGP (hAGP level; 11.9 uM) were
calculated as Dose/Vy, and 0, assuming that most of the UCN-
01 in blood was rapidly bound to hAGP and the unbound UCN-
01 could be neglected since the Dose/V,, was lower than the
nP. In the simulation at UCN-01 doses of 725 and 7250 nmol/
kg in the rats given an infusion of hAGP, the nP was estimated
as the C,, and the C,, was calculated using the equation
shown below.

CU’O = (DO% — Cb,o . Vb)/Vu (14)

In the simulation of UCN-01 concentrations after administering
UCN-01 at a dose of 725 nmol/kg to rats given an infusion at
a rate of 15 nmol/h/kg, the Cy,, was also estimated to be nP
and the C,, was determined using Eq. 14. Alternatively, a
simulation assuming the rapid dissociation of UCN-01 from
hAGPin rats given an infusion of hAGP was performed, where
the ky was set at 20000 h1, taking into consideration the
relationship between ks and CLtot (Fig. 6).

RESULTS

Plasma Concentration-Time Profiles of UCN-01 After
Bolus Intravenous Administration of UCN-01 to Rats
Infused with hAGP

The time-courses of the plasma concentrations of hAGP
after bolus iv administration of UCN-01 at doses of 72.5 to
7250 nmol/kg, 1 h after bolus administration of hAGP at a
dose of 46.7 or 467 nmol/kg, followed immediately by the
infusion of hAGP at a dosing rate of 15 or 150 nmol/h/kg to

rats are shown in Fig. 2. The plasma concentrations of hAGP
at 0.1 h, the first sampling point, were 1.10 and 11.9 uM,
respectively, and exhibited only slight increases thereafter. No
difference in hAGP levels was found after different doses of
UCN-01 (data not shown). The concentrations of hAGP at
the two infusion rates were ailmost proportional to the rates.
Hereafter, 1.10 and 11.9 uM are taken as the Pss, considering
the timing of UCN-01 administration.

The plasma concentration-time profiles of UCN-01, after
bolus iv administration of UCN-01 at 725 nmol/kg to rats with
Psslevels of hAGP maintained at 1.10 and 11.9 uM, increased
with the dosing rate of hAGP and the concentrations of UCN-
01 extrapolated to time O were 12.5- and 110-fold those in
control rats (Table I1, Fig. 3). Furthermore, the levels of UCN-
01 after giving a dose of 725 nmol/kg to rats infused with
hAGP were comparable with those of hAGP,i.e., 1.10 and 11.9
wM (Table Il). The Vdssin rats given an infusion of hAGP at
each Pssfell to 1/33 or 1/248 that of control rats and the CLtot
was reduced to 1/68 or 1/717 (Table I1). Although the ty», and
MRT in the rats given an infusion of hAGP at the high Pss
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Fig. 2. Plasma concentration-time profiles of hAGP during iv infusion
of hAGP to rats. The infusion of hAGP started immediately after iv
administration of hAGP. The bolus dose of hAGP was 46.7 (A) or
467 ((J) nmol/kg. The infusion rate of hAGP was 15 (A) or 150 ([J)
nmol/h/kg. UCN-01 was given as an iv bolus, at 725(A) or 72.5 ((J)
nmol/kg, 1 h after the start of infusion of hAGP. The horizontal axis
represents the time after iv administration of UCN-01. Each value with
a bar represents the mean + S.D. of 3 rats.
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Tablell. Model-Independent Pharmacokinetic Parameters of UCN-01 After Bolus IV Administration of UCN-01 to Rats Given an Infusion

of hAGP
Dose Plasma concentration Pharmacokinetic parameter of UCN-01
UCN-01 hAGP hAGP? UCN-01° t1/2 Vdss AUCOq-. CLtot MRT
(wmol/kg)  (nmol/h/kg) (rM) (rM) (h) (mi/kg) (rg-h/mtl) (ml/h/kg) (h)
725 0 - 0.0839 + 0.0116 6.95 = 220 24200 + 3900 0.105 = 0.017 3390 = 540 7.36 * 2.37
725 150 127 = 0.3 9.26 + 1.00 153 = 3.3 974 + 71 755+ 132 473*+082 212=*50
72.5 150 122 = 0.7 139 £ 0.20 149 = 25 639+ 75 11.0 £ 0.6 318 £ 018 203 = 35
7250 150 109 = 0.2 12.8 = 0.65 151+17 688 = 307 118 + 40 329 + 138 208 + 2.3
725 15 110 = 0.25 1.05 = 0.03 114 + 2.8 736 = 90 746 + 239 501+ 148 155+ 43

Note: Each value represents the mean = S.D. of 3 animals. The pharmacokinetic parameters for the individual plasma concentration-time

profiles of UCN-01 were calculated using model independent methods.

a8 hAGP concentration in plasma at steady-state.

b UCN-01 concentration in plasma extrapolated to time 0 using the log-linear regression of the data during 0.1-1 h.

were significantly longer than in controls (p < 0.05), they were
only 1.6- to 2.9-fold greater than those in controls (Table I1).
Theratios of the plasma concentration of UCN-01 extrapo-
lated to time O after bolusiv administration of UCN-01 at 72.5,
725 or 7250 nmol/kg, i.e., dose ratios 1:10:100, to rats given
an infusion of hAGP (Pss; 11.9 wM) were 1:6.7:9.2, indicating
non-linear pharmacokinetics (Table II, Fig. 4). As shown in
Table 11, the Vdss increased with the dose and the ratios were
1:1.5:10 at each dose, respectively. The CLtot also increased
in asimilar way. The value at the highest dose, 7250 nmol/kg,
was high. The t;, and MRT in rats given an infusion of hAGP
at 150 nmol/h/kg were independent of the dose of UCN-01.
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Fig. 3. Plasmaconcentration-time profilesof UCN-01 after iv adminis-
tration of UCN-01 at a dose of 725 nmol/kg of UCN-01 to rats given
an infusion of hAGP at dosing rates of 0 (O), 15 (H) and 150 (A)
nmol/h/kg. Each value with a bar represents the mean + S.D. of 3
rats. Each line represents the data simulated from the model shown in
Fig. 1.

Dissociation Rate of UCN-01 from hAGP or Human
Plasma Proteins

Thetime-courses of UCN-01 remaining in the supernatants
after adding DCC to hAGP , at 10, 20 and 40 mg/ml suspension
at 37°C, are shown in Fig. 5. No significant difference in the
slope, i.e., Ky, between DCC concentrations of 20 and 40 mg/
ml was found and the values were 0.346 = 0.016 and 0.383
+ 0.054 h™*. The dissociation half-life calculated from the Ky
was approximately 2 h. The ky in human plasma was 0.150
+ 0.010 h™* and was significantly lower than in hAGP solution
(p = 0.0087, data not shown).
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Fig. 4. Plasmaconcentration-time profilesof UCN-01 after iv adminis-
tration of UCN-01, at doses of 72.5 (@), 725 (A) and 7250 () nmol/
kg of UCN-01, to rats given an infusion of hAGP at a dosing rate of
150 nmol/h/kg. Each value with a bar represents the mean + S.D. of
3 rats. Each line represents the data simulated from the model shown
inFig. 1.
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Fig. 5. Remaining ratio-time profiles of UCN-01 after adding dextran-
coated charcoal to hAGP solution. Each symbol with a bar represents
themean + S.D. of 3 experiments. Final charcoal concentrations were
10 (@), 20 (A), and 40 (M) mg/ml suspension. The dashed, solid and
dotted lines are regression curves for (@); Remaining ratio = 92.7 X
e-0173xTime) ' = 0,971, for (A); = 87.7 X gl~0346xTime) v — (976,
and for (H); = 85.0 X g(~0375xTime) 'y — (957,

Modeling Analysis

Relationship Between k,; and the Calculated CLtot

Each CLtot in rats given an infusion of hAGP and control
rats corresponding to the range of the ko of UCN-01 was
calculated using equation 5 under conditions of linear pharma-
cokinetics, including protein binding (Fig. 6). The physiological
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.......... Denranss
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0.01- ——r . - r . . < ;

0.001 001 0.1 1 10 100 1000 10000 100000
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Fig. 6. Relationship between the systemic clearance and dissociation
rate constant of UCN-01 in control rats and rats given an infusion of
hAGP. The dotted and solid lines represent the simul ated datain control
rats and rats given an infusion of hAGP. The open and closed circles
represent the observed data (in vitro ks and in vivo CLtot) in control
rats and rats given an infusion of hAGP.
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and pharmacokinetic parameters used in the analysis are shown
in Table|. Dissociation rateswere generally higher than 200000
h~! (14), and the CLtot in control rats was constant at the much
higher ke (> 10000 h™1), as shown in Fig. 6. Thus, 20000
h~! wasthe observed k; in control rats. The CLtot after dosing
of UCN-01 at 72.5 nmol/kg to rats given an infusion of hAGP
(Pss; 11.9 uM), where the binding of UCN-01 to hAGP could
be assumed to be linear, and the in vitro measured Kk of UCN-
01 from hAGR, are given as the observed values. In both groups
of rats, the CLtot increased in paralel with ko at low Ky
values and reached a plateau at higher k¢ values. The predicted
CL tot at the plateau in the control ratswas equal to the observed
value. Also, intherats given an infusion of hAGR, the predicted
CLtot was close to the observed value. In addition, the effect
of kg on the CLtot was found to be different from that in
control rats. This implies that the slow dissociation of UCN-
01 from hAGR, as well as the high degree of protein binding,
further reduces the CLtot.

Smulation of Plasma Concentration-Time Profiles of
UCN-01

The plasmalevels of UCN-01 in therats given an infusion
of hAGP were simulated using models incorporating Ke/Kon Or
assuming rapid equilibrium of protein binding (Fig. 7). Under
the rapid equilibrium conditions generally assumed for protein
binding, the simulated plasmaconcentrations of UCN-01 during
the early phase after dosing were approximately one-sixth of
the observed values and the elimination was more rapid. On
the other hand, the plasma concentration-time profilessimul ated

10000 5
L AGP infused rats
1000 °
g ° Koff /k o model
=]
£ " [
E o el
- R
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£ AGPinfused rats e
5 rapid equilibrium model
o~
g 139
& o
-9 %
o
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Fig. 7. Comparison of plasma concentration-time profiles simulated
by using the models incorporating dissociation/association (solid line)
or assuming rapid equilibrium (dotted line) of UCN-01 binding to
hAGP. The dashed line represents the simulated data under rapid equi-
librium of UCN-01 binding in control rats. The closed and open circles
represent the observed data in rats given an infusion of hAGP and
control rats.
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using the kq; (0.383 h™1, Fig. 5) were reasonably close to the
observed values.

Smulation of Concentration-Dependence of hAGP and
UCN-01

Simulated plasma concentrations of UCN-01 after admin-
istering UCN-01 at 725 nmol/kg to rats given an infusion of
hAGP (Pss; 0, 1.10 or 11.9 uM) are shown in Fig. 3 and those
after administering UCN-O1 at 72.5, 725 or 7250 nmol/kg to
ratsgiven aninfusion of hAGP (Pss; 11.9 uM) areshownin Fig.
4. Although the simulated UCN-01 concentrations exhibited
somewhat slower elimination than the observed values at the
highest of the tested doses, 7250 nmol/kg, they were comparable
with the observed values and the simulation reproduced the
altered pharmacokinetics of UCN-01 by hAGP and the non-
linear pharmacokinetics of UCN-01.

DISCUSSION

In the phase | studies, UCN-01 exhibited much higher
plasmaconcentrationsthan predicted from the non-clinical stud-
iesin experimental animals and the pharmacokinetics in cancer
patients are characterized by an extremely low clearance with
a small volume of distribution (1). The marked species-differ-
ence in the pharmacokinetics has been suggested to be due to
the high degree of binding of UCN-01 to hAGP (1,2). We
have previously reported that the simultaneous administration
of UCN-01 with equi-molar hAGP to rats increased the plasma
concentrations of UCN-01 and reduced the CLtot and Vdss
(2). In the previous study, the plasma levels of hAGP after
simultaneous bolus administration of UCN-01 gradualy
declined with a half-life of ca. 17 h and UCN-01 and hAGP
were administered only at one dose. In this paper, hAAGP levels
were maintained at two different levels in rats by constant
infusion to mimic the clinical situation and the plasma levels
of UCN-01 at three different doseswere studied in theseanimals
to clarify the non-linear pharmacokinetics and concentration-
dependence of hAGP.

Non-linear pharmacokinetics was exhibited by UCN-01
after bolus iv administration at doses of 72.5, 725 and 7250
nmol/kg to ratswith levels of hAGP maintained at about 12 uM
(Fig. 4). The UCN-01 concentrations in plasma were saturated
around the hAGP levels shown in Fig. 2. Both Vdss and CLtot
increased with the dose of UCN-01 and the ratios of Vdss/
CL tot were constant at all doses (Table I1). Thisresult suggests
that the unbound fractions in plasma increased with the dose.
On the other hand, the pharmacokinetics of UCN-01 appeared
linear in normal rats over the dose range 725 to 7250 nmol/kg
(12). Accordingly, the non-linear pharmacokineticsin ratsgiven
an infusion of hAGP appears to be due to saturation of the
binding of UCN-01 to hAGP.

In a general pharmacokinetic analysis, the association/
dissociation of adrug with protein is assumed to reach equilib-
rium rapidly. The dissociation half-life of UCN-01 from plasma
proteins of mice, rats and dogs is presumed to be <0.01 h (2).
However, the dissociation half-life of UCN-01 from hAGP was
estimated to be approximately 2 h (Fig. 5) and was much longer
than that for experimental animals or other drugs, i.e., only a
few milliseconds (14). Therefore, a new analysis using a model
incorporating the dissociation rate of UCN-01 is required. In
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order to exclude the effects of other process, e.g., membrane
permesbility, distribution into tissues, and metabolism, asimple
assumption, i.e., the “well-stirred model”, was used for these
processes. UCN-01 is expected to bind to various proteins such
as protein kinases, i.e., targets for UCN-01. Therefore, the
attainment of rapid equilibrium in the intracellular space may
not happen. However, as described above, this assumption was
used since the uptake into isolated rat hepatocytes (2) and the
in vivo ratio of the UCN-01 concentration in liver to that in
plasma (unpublished data) reached constant values relatively
rapidly. Further studies may be needed to test the appropriate-
ness of our model, since thereis not enough evidence to support
this assumption. Assuming the linear condition that UCN-01
concentrations are much lower than nP (hAGP levels), Eq. 5
relating ko to CLtot was introduced from the mass-balance
equationsin Fig. 1. Eq. 5 is expected to be generally applicable
under the condition that the dissociation of ligand from proteins
should be considered in the pharmacokinetic analysis. In these
circumstances, when each parameter is extrapolated to infinity,
the dissociation rate of the ligand from proteins as well as the
intrinsic clearance or blood flow rate could limit thedistribution/
elimination of the ligand. When the association/dissociation of
the ligand with proteins was much faster than the blood flow
inequation 5, (Q - Ry, Q - Ry << Keii * VE, Q- Ry, Q- Ry
<< Koit * Vi Q" Ry, Q- Ry << Ky - NP - Vg, Q- R, Q-
Ry << Ko + NP - Vy), the well-stirred model represented by
Eqg. 9 is obtained from Eqg. 5 using Egs. 7 and 13. Thus, under
the condition that the association/dissociation is very rapid, the
dissociation rate of the ligand from proteins does not affect the
CLtot. Dividing the denominator and nominator of Eq. 5 by
Q- Ry, - Q- R, and extrapolating Q to infinity, Eq. 15, below,
is obtained.

CLtot -

CLInt ° koff ° (Vb + VE)
{(kon -nP, + koff) : (VE + Vb) + CLint - kon -nP/ (kon NP, + koff)}

(15)

For Eq. 15, when CLint - ko, - NP/(Kgn - NP, + Koir) << (Kon -
NP, + Ka) © (Ve + Vy), CLtot is expressed as f, - CLint,
that is, the intrinsic clearance is a limiting factor for CLtot.
Subsequently, dividing the denominator and nominator of Eq.
15 by CLint and extrapolating CLint to infinity, the following
equation is obtained.

CLtOt — koff N (Vb + VE)/(l - fp)

(16)

Provided that the dissociation of ligand from protein limits the
CLtot completely, CLtot should be the product of k; and the
distribution volume for bound ligand (V, + V). In the expan-
sion of Eq. 5 from Egs. 1-4, the assumption that the adminis-
tered UCN-01 distributes as not only the bound form (C; 40))
but also as the unbound form (C, 40) makes the CLtot in Eq.
16 higher than ks - (Vp + VE). The relationship between the
CLtot and kg in control rats and rats given an infusion of
hAGPin the simulation shownin Fig. 6, in asense, corresponds
to acomparison between the ligands or species having different
Kd (= Kei/Kon) Values. Under the condition (K > 7000 h™1),
the constant value of CLtot for rats given an infusion of hAGP
was 140-fold lower than that for control rats. The marked
reduction is caused by the low Kd, i.e, the high affinity of
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UCN-01 for hAGP. In addition, the CLtot at the lowest of the
tested doses of UCN-01 is approximately one-eighth that of
the constant value of CLtot in Fig. 6. The reduction in the CLtot
of UCN-01 can be easily explained by the slow dissociation of
UCN-01 from hAGP. This 8-fold difference between the CLtot
values at the high kg (> 7000 h™2) and the observed kg (0.383
h~1) reflect the simulation using two models incorporating K
and assuming rapid equilibrium of protein binding in Fig. 7.
The simulation using the dissociation-limited model (Kgfi/Kon)
reproduced the observed plasma concentration-time profiles
of UCN-01 adequately, although not well enough since the
simulation was conducted using the in vitro parameters and not
fitting the model to thein vivo observed concentrations of UCN-
01. On the other hand, the simulated concentrations of UCN-
01 under the condition of arapid equilibrium of protein binding,
i.e, very high Ky, were lower and eliminated more rapidly
than the observed ones. The difference was marked during the
initial phase after administration and this result implies that the
slow dissociation of UCN-01 from hAGP limits the distribution
of UCN-01.

The simulated concentration at 24 h was substantially
different from the observed one at a dose of 7250 nmol/kg,
i.e., saturated level of binding of UCN-01 to hAGP (Fig. 4).
A similar discrepancy between the simulation and the actual
situation was found in ty, at different hAGP levels (Figs. 3,
4). Thelargeindividual differencein hAGP at 24 h after dosing
of UCN-01 (Fig. 2) may be related to this observation.

The binding of UCN-01 to hAGP can be assumed to be
linear since the plasma concentrations of UCN-01, during and
after a3-hinfusion at 0.65 and 1.3 mg/m? in a Japanese Phase |
study (< 2 uM, Ref. 1), were much lower than the physiol ogical
levels of hAGP (12-71 M, Ref. 13). In rats given a rapid
infusion of hAGP (150 nmol/h/kg), the plasma concentrations
of UCN-01 at 72.5 nmol/kg, the lowest of the tested doses,
were much lower than the hAGP concentrations (Fig. 2, Fig.
4). Thus, the comparison of the resultsin rats given an infusion
of hAGP with the Japanese Phase | data is meaningful. The
Vdss of UCN-01 after administering UCN-01 at 72.5 nmol/kg
to rats given an infusion of hAGP, 63.9 ml/kg, was ca. 1/380
that in control rats and was comparable with the Vdss, 79.6—132
mil/kg, in the Phase | study described above (1). On the other
hand, the CLtot in the rats given an infusion of hAGP, 3.18
mi/h/kg, fell to ca. 1/1000 that in control rats, 3390 mi/h/kg,
but was 40-50 times higher than the value of 0.07 ml/h/kg
found in the clinical study. Thety, in rats given an infusion of
hAGP was clearly shorter than that in patients. The discrepancy
may be explained by the experimental conditions, such as the
shorter period of plasma sampling in this study compared with
the Phase | trials. Assuming that several parameters in rats,
including the distribution volume for bound and unbound UCN-
01 (Vp and V) and the intrinsic clearance (CLint), are similar
to those in humans, the CLtot in humans was calculated by
applying the parameters estimated in humans, namely, the
hepatic blood flow and extracellular volume (1243 mL/h/kg
and 6.7 mL/kg, Ref. 19), Kd and nP for human plasma (1.25
nM and 16.4 uM, Ref. 1) to Eq. 5. The Kk in human plasma,
0.15 h™1, was also used. The predicted CLtot in humans was
27 mi/h/kg for the rapid equilibrium model of protein binding
(Eq. 9) and 1.1 mL/h/kg for the dissociation-limited model (Eqg.
5). Although the | atter CLtot was even higher than the observed
CLtot in the Phase | studies of UCN-01 (ca. 0.07 mL/h/kg,
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Ref. 1), the prediction using the dissociation-limited model was
more accurate than the former CLtot. In addition, the intrinsic
metabolic rate in humans is unknown. A study of the rate of
metabolism of UCN-01 is on-going to increase the reliability
of the model for clinical studies.

Generally, only unbound drug can cross biological mem-
branes and give rise to pharmacologica and toxicologica
effects. Over the range where UCN-01 concentrations are much
lower than hAGP levelsin plasma, UCN-01 preferentially exist
in the hAGP-bound form. As a result, the CLtot and Vdss of
UCN-01 fall and the plasma concentrations increase markedly.
In such a situation, the unbound concentrations of UCN-01 in
patients should be lower than those in experimental animals
having a lower degree of protein binding. However, as shown
in the rats given an infusion of hAGP, binding of UCN-01 to
hAGP is saturated under the condition that the plasma concen-
trations of UCN-01 are comparable with the hAGP levels at
higher doses of UCN-O1. Therefore, it is expected that the
unbound concentrations will rise by more than the dose incre-
ment and the CLtot and Vdss will aso increase. As aresult, a
small dose increment may lead to toxicity. It is important to
measure the unbound concentrations or a marker to predict
them in clinical studies. In addition, biologically, several cell
types require relatively prolonged exposure in order to be
affected by the antiproliferative action of UCN-01, i.e., time-
dependent activity (5,22). It would be interesting to see whether
unbound UCN-01 exhibits elimination in paralel, i.e., a long
half-life, with total UCN-O1 or not.

One of the purposes of devel oping our physiological model
is to apply it to clinical studies by using human values such
as those obtained for in vitro metabolic intrinsic clearance and
hepatic blood flow as described above. The model may alow
usto evaluate interactionsin protein binding and/or metabolism
since the effect of individual factors can be isolated using the
physiological model, even in cases of combination therapy
involving UCN-01 and other anticancer drugs. In order to do
this, it isnecessary to estimate the Kd and the number of binding
sites on hAGP for each drug and the degree of inhibition of
the enzymes mediating UCN-01 metabolism by these drugs
(e.g., inhibitory constant, Ki) and vice versa. These can be, to
some extent, predicted by in vitro studies using purified hAGP
or human tissues such as liver microsomes and hepatocytes.
Although hAGP is known to exhibit inter-patient differences
and there are genetic variants (13), the information on the
affinity and levels of individual patients or each hAGP variant
can be also incorporated into our model. Similarly, it is neces-
sary to estimate approximately the binding parameters in each
patient or hAGP-variant. As described above, it is important
to predict unbound concentration-time profilesin clinical situa-
tions and the prediction of the effects of dose, dosing route,
and infusion time on the pharmacokinetic properties of unbound
as well as total drug may be expected to reflect the protocols
of future clinical studies.

APPENDIX A

Under linear conditions of protein binding, i.e., when
plasma concentrations of UCN-01 << nP, (P, = total concen-
tration of hAGP), the equations (Egs. 1a—4a) are transformed
into Laplace forms as shown below:
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Ve [s: Cov— Cougl =Kon" NPy~ Ve Cyy — Kefi - Cpv - VE

+ Q- Ry (Coa— Cpy) (A1)
Kou® Vi [s: Cuv — Cuyo)l

= Koff * Cpv* VE — Kon * NPy - Ve - C,y — CLint- Cy

+Q Ry (Cua—Cyy) (A2)

Vb [s:Cha— Chagl = Kon" NPy Vi Cya— Kot - Coa Vi
+Q Ry (Cov—Cpa) (A3)

Vu-[s- Cua— Cuao] = Kot * Coa* Vb= Kon " NPy Vi Cya
+Q Ry (Cuy—Cya) (A4)

where italic characters represent the Laplace transform as a
function of s. On administering UCN-01 into the blood, Cy,y(q
and C(o are both zero (Fig. 1). Applying theinfinite theorem,
equation (A5) is obtained.

Ising C, = AUGC, (A5)
Then, Egs. (A1—4) can be transformed as follows.
0 = Kon - NP, - Ve - AUC,, — ket - Ve - AUC,
+ Q- Rb- (AUC,, — AUGC,,) (AB)
0 = ke - AUChy - VE — Kon - NP, - Ve - AUC,,
— CLint - AUC,, - Q- R, - (AUC,, — AUC,,) (A7)

Vi * Coao) = Koit * AUCpa - Viy — Kon = NP, + Vi - AUC, 5

- Q- Ry (AUC,, — AUGC,y) (A8)
VU - Cyua0) = Kon * NPy - Vy - AUC, 5

— Koit * Vp - AUCp, — Q- Ry - (AUC,, — AUC,» (A9)

Sequentially, by using the matrix,

A-X=B (A10)

where

QRy 0 —(Kott - Ve + Q- Ry) Kon* NP+ Ve
0 Q'Ry Kott * Ve ~(Kon* NP, Ve+ CLint+ Q- R,)
Kot :Vb+Q Ry —Kon NP~V -Q'Ry 0

—Kot* Vo Kon*NPy-Vp+Q-Ry 0 —Q-Ry

[AUC,,
AUC,,
~| AUG,,
AUC,,

0

0

| Vb Chao)
Vu- Cyq0)

|A| represents the determinant of the matrix A and each AUC
can be solved as follows.
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AUC,, =
0 0 —(kort - VE+ Q- Ry) Kon NP, - Ve
0 Q- Ry Koff - VE —(Kon* NP, - Ve + CLint + Q- Ry)
V- Chao) —Kon* NPy Vy Q'R 0
Vi Chaq) Kon'NP,-Vp+Q-Ry 0 -Q Ry
Al
AUC, .=
Q'Ry 0 —(Kott - Ve + Q; - Ry) Kon * NP, - Ve
0 0 Kot - Ve ~(Kon* NP, - Vg + CLint + Q- RY)
Kot - Vb + Q Ry V' Chao) -Q'Ry 0
—Koit - Vi Vu- Cuag -Q-Ry
Al
AUG,, =
Q'Ry 0 0 Kon* NPy - Vg
0 QR 0 —(Kon* TP, - Ve + CLint + Q- Ry
Kot - Vb + Q- Ry —Kon NP, + Vi Vb Cha( 0
—Kef * Vi Kon* NP, Vp+ Q- R, Vi Cuqo -Q Ry
A]
AUC,, =
QR 0 —(Kott - Ve + Q- Ryp) 0
0 Q- Ry Kot - VE 0
Kot - Vb + Q- Ry —Kon* NPy - Vy -Q-Ry Vb Coa0)
—Keit * Vi Kon* NPy - Vp+ Q- Ry 0 Vi Cua0)
Al

By expanding AUC, , by the cofactor in the first row,

0 ~(kott* VE+ Q" Ry) Kon* NPy Ve
Vo Cony- QR, Kort Ve ~(Kon- NP, Ve + CLiNt+ Q- Ry
Kon* NP+ Vi + Q- R 0 -QR
AUC, o= on* NPy Vp+Q-Ry " Q-Ry
0 =Kot VE+ Q- Ry) Kon* NPy - Ve
Vi Cuao) Q'R Kot Ve —(Kon*NPy- Ve + CLint+ Q- Ry)
—Kon* NPy Vy —Q'Ry 0
Al

the numerator of the term, Vy, - Cy, y0), is as follows:

=V Cpa0)° (Kot * Ve CLINt - Koy NP,V

+ Kot - Ve CLint- Q- Ry + Kot - Ve Q- Ry Kon* NPy Vi

+ Q- Ry Kon NPy Ve Kon- NP,V

+ Q- Ry Kkon NP, Ve Q- Ry+ Q- Ry CLint - Koy NP, - Vi,

+Q-Ry-CLint-Q-Ry+Q Ry Q-Ry-kon- NP Vy) (A1)
the numerator of the term, V, - C, o), is as follows.
= Vu . Cu’a(o) . (koff . VE - CLint - kon . nPu . Vb
+koff‘VE'Q'Ru‘kon'nPu'Vb
+ Q- Ry Kon - NPy - Vg + Koy - NP, - Vy
+Q- Ry - CLint - Koy - NP, - Vp
+Q’Rb'Q'Ru'kon'nPu'Vb
+ Q- R, Q- Ry kon NPy - Vi) (A12)

By expanding |A| in the first row,
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QR Keit - Ve —(Kon* NP,V + CLINt+ Q- Ry)

A=Q-Ry'| ~kn'NPy-Vy —Q-Rpy 0

Kon"NPy-Vp+Q-R, 0 —Q Ry
+ (Kott - Vo + Q- Rp) -

0 —(Kott - Ve + Q- Ry) Kon* NP, - Ve
Q Ry Kot - VE —(Kon - NP;-Ve + CLint + Q- Ry)
Kon* NPy Vp+ Q- Ry 0 -Q Ry
0 —(Kot - Ve + Q- Ry) Kon - NPy - Ve

+ Keff - Vi Q'Ry Keff * VE —(Kon* NP;Ve + CLint+ Q- Ry)

—Kon - NPy -V -Q'Ry 0

= Kot - Vo Koit - Ve CLINt- Q- Ry + Koy - V- Q- Ry - CLiNt - Q- R,

(A13)

+ Kot * Ve * Q- Ry * CLINt - Koy * NPy Vi + Kot - VE- Q- Ry - CLiNt - Q- Ry

therefore, AUC, , can berepresented using (A11), (A12), (A13)
as the following equation.

AUC,, = {(A1l) + (A12)}/(A13)

In a similar way, by expanding AUC, , by the cofactor in the
second row, the numerator of theterm, Vy, - Cy 4q), isasfollows:

=Vp Coa0 {Q Ry Q- Ry Kot Ve + Koi - Ve Q- Ry Kes Vi
+ Ko - Ve CLINt - Kot - Vi + Q- Ry - Q- Ry~ Keg * Vi
+Q-Rb-kon-nPu-VE-koﬁ'Vb-i-Q-Rb'CLint-koff'Vb}

(A14)
the numerator of the term, Vy, - C, 40), is as follows:

= V- Cuag* (Kot V- CLINt - kg - Vi + ki V- CLINE- Q- Ry
F Kot * Ve Q Ry Koft * Vo + Kot - Ve Q- Ry Q- Ry
+Q-Rp-Kon- NPy Ve Kot - Vp+ Q- Ry - CLint - Kygt - Vi
+Q Ry Q- Ry~ Kot Vio} (A15)

therefore, AUC, , is represented using (A13), (A14), (A15) as
the following equation.

AUC,, = {(A14) + (A15)}/(A13)
The CLtot can be determined as follows:
CLtot = D/(AUC,, + AUC,,)

where D is dose of UCN-01 and the sum of V}, - Cp 40y and
Vi * Cua0- Then, the numerator of CLtot is as follows:

D X (A13) = (koff *Vp * Kgts - Vg - CLint - Q- Ry

+k0ff'Vb'Q‘Rb'CLint'Q'Ru
+k0ﬁ'VE-Q'Rb'CLint'kon~nPu~Vb
+ Kot - VE- Q- Ry - CLint- Q- Ry - D (Al6)

the denominator of CLtot is obtained as (A17).

=D-{Q Ry Q- Ry (Kon NPy Vg + Kon- NPy - Vi
+ Kot - Ve + Kott - Vi) + Q- Ry Kott Ve (Kon* NPy Vip + Kot * Vi)
+ Q- RbKon* NPy Ve (Kon - NPy - Vi + Kot - Vip)}
+ D - CLint- {Ke - VE*(Kon* NPy * Vi + Kot * V)
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+ Q- Ry (Kon* NP, - Vi + Koii - Vip)}
+ Vi Cpao - CLint- (Kot Ve Q- Ry+Q-Ry- Q- Ry)
+ Vu * Cu,a(O) * CL|nt * (koff * VE N Q * Rb) (Al7)

Defining the following equation as the condition at time O:
Vi Coao) = D * Kon * NP /(Kon - NP + Kogf),
Vi - Cuag) = D - Kot/ (Kon - NP + Kqir)
(A17) is written as follows:
=D-{Q-Rp-Q Ry (Kon* NPy Vg + Kgn - NPy -V
+ Koft - Ve + Koft - Vip) + Q- Ry Kot - Vi (Kon " NP, - Vi
+ Kott - Vb) + Q- Ry Kon* NP, Ve (Kon * NPy + Vip + Kot * Vip)}
+D-CLint - {ke - Ve*(Kon* NPy Vi + Kot - Vip)
+ Q- Ry (Kon- NPy Vp + Kot - Vip)} + D - CLint- (Ko - Ve Q- Ry,
+Q Ry Q- Ry)Kon* NP/(Kgn - NPy + Kofr)
+ D - CLint- (Kot - Ve Q* Rp)Koft/(Kon * NPy + Ketr) (A18)
CLtot can be obtained as (A16)/(A18), i.e., Eq. 5 in the text.

APPENDIX B
From the Eq. 7, R, can be written as follows.

Ry = (R—Ry-f)l(1 —fp) (B1)
When Cg represents the concentration in red blood cells, the
following equation is obtained.

Cr=[Ct-R - Ct-(1— Ht]/Ht (B2
Assuming that the unbound drug concentration in red blood
cells is in equilibrium with the unbound drug in plasma, the
unbound fractionin red blood cdlls, fg, can bewritten asfollows:

fr = fp - HU/(R — 1 + Ht) (B3)
S0 that

R = [fy - Ht + fg - (1 — HU)]/fR) (B4)

substituting (B4) into (B1), and assuming R, to be one as shown
above, Eq. 8 in the text is obtained.

Ry =[fr- (1 — ) + Ht- (f, — fR)I/f/(1 =) (8)
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