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Reversible Pharmacokinetic Profiles of Canrenoic Acid and Its Biotransformed Product, Canrenone in

the Rat
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Pharmacokinetic profiles of canrenoic acid (CRA) and canrenone (CR), the reversible metabolite of CRA, were
studied in the rat after intraportal (pv) administration in comparison with those after intravenous (iv) administration
using an interconversion model. In the clearances for the irreversible loss, CL,, of CR was larger than CL , of CRA.
Nevertheless, the real plasma clearance of CR was less than that of CRA. The distribution volume V', of CRA was almost
close to the real distribution volume Vs« ap of CRA at the steady state. The hepatic available fraction of CRA, Fu and
sequential hepatic available fraction of generated metabolite, Fu2, were estimated.

Simultaneous computer multi-line fitting of plasma concentration-time data was carried out and the adequacy of
pharmacokinetic parameters in this model was tested using the iterative nonlinear least-squares regression program,
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Potassium canrenoate [Soldactone®, potassium 17f-
hydroxy-3-oxo-17x-pregna-4,6-diene-21-carboxylate], (CRA-
K) is used as a water-soluble steroidal diuretic. It is
structurally related to spironolactone [Aldactone®], a use-
ful aldosterone antagonist. Canrenoic acid (CRA), the free
form of CRA-K, is found to be in enzymatic equilibrium
with canrenone (CR),! > while CRA and CR are chemi-
cally rather stable in vitro at the pH of plasma.” CRA is
mainly excreted into urine as its ester glucuronide,” but it is
presumed® that the pharmacological activities of spirono-
lactone and CRA-K may be related to the urinary excre-
tion of CR in man.

The purpose of the study described here was to character-
ize the reversible pharmacokinetics of the CRA-CR system
and to estimate the available fractions of CRA as a prodrug
and CR in the rat.

Theoretical

An interconversion model which incorporates a first-pass
biotransformation is illustrated in Fig. 1.” This model
assumes that both the parent drug (D) and its relevant
metabolite (M) have linear dispositions and that elim-
ination and interconversion processes are restricted to the
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Fig. 1. Linear Interconversion Model with First-Order Input Step
Describing the Pharmacokinetics of Canrenoic Acid CRA (D) and Its
Metabolite CR (M) in the Rat

See the text for details.

respective central compartments.

The symbol X; (i=1 to 3) is the amount of drug in the
central (#1 and #2) and peripheral (#3) compartments, &,
kis, k31, k,; and k,, are the first-order rate constants
describing the drug transfer, and k,, and k,, are the first-
order rate constants describing the drug loss from the
compartment. The intravenous (iv) administration of the
drug, CRA-K, may be made into compartment #1 of
distribution volume ¥V to give a concentration Cp, of CRA.
Alternatively, administration of CRA-K through the
hepatic portal vein (pv) may be made, where X, is
the amount of CRA at the administered site. CRA may
be eliminated by clearances CL,, (=k,,V,) and CL,,
(=k,, V). The metabolite, CR, administered intravenously
occupies a distribution volume V), at compartment #2 to
give a concentration Cy, and may be eliminated by the
clearances CL,, (=k,V,) to generate CRA and CL,,
(=kyV,). Following pv administration of CRA-K, a
certain fraction of X, enters compartment #1 intact (Fy,),
escaping hepatic biotransformation. A part of the remain-
ing fraction (1— Fy,) of X, undergoes first-pass biotrans-
formation entering the systemic circulation (compartment
#2) as a metabolite, CR. The F};, indicates the fraction of
the generated metabolite CR which enters compartment #2,
escaping sequential hepatic biotransformation.!?

After an iv dose of the drug (D,,), plasma concentration
profiles of drug and metabolite can be measured. When the
distributional clearances of metabolite between compart-
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ments #2 and #3 are proportional in Fig. 1, mass balance
considerations indicate that

CL*AUCY "+ CLRv AUCR™ =dose™ 1)
CLYPAUCYY —(CLy+ CLEAUCR=0 )

Similarly, after an iv dose of the preformed metabolite
(M,,), the corresponding expressions are

CLY AUCY™ + CLY AUCK =doseM 3)
(CLY + CLY3)AUCE™ — CLY AUCH~=0 (4)

where administered drug doses are given in molar unit,
AUC; (i=D and M) indicates the total area under the
plasma concentration vs. time curve and superscripts repre-
sent the route of administration of the drug and the
metabolite.

The four fundamental clearances!!’ in the reversible
drug-metabolite system may be determined by solving Egs.
1—4. If all clearance terms remain constant between treat-
ments such that

CLYy =CLY{=CL,,,

CLYy=CLYy=CL, 2}
CLY=CLYy=CLy,,

o " ®

CLy1'=CLy*=CL,,

then the following equations are derived from Egs. 1 and 3.
AUCHN*doseP — AUCB*doseMv

 AUCB~AUCY™— AUCB~AUCH

CLy, (6)

AUCD~doseM~— AU CMivdoseP
 AUCS~AUCM~— AUCB~AUCH

CL,, ™

Subsequently, from Eqs. 2 and 4,

AUCHdoseM~
CLiy= D M D; M ®)
AUCB~AUCY™— AUCB~AUCY
and
AUCY~doseP
CL,, 9)

T AUCB AUCY™— AUCE~AUCY

A system of first-order linear differential equations with
constant coefficients can be written from Fig. 1:

dX,/dr=—[Fy +(1 = Fy)Fyp +(1 = F )1 = Fip)lk X, = —k X, (10)
(11)
(12)

(13)

dX,/dt=F kX,—E X, +k, X,
dXo/dt=(1 — Fy )Pk X o+ ko Xy — E} X, + 3y X,
dXs/dt=ky3 X, — k32 X5

where E; (i=1 to 2) is the sum of first-order exit rate
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constants from each compartment, and the amounts of
drug after pv administration are X,=dose®> and X, =
X,=X;=0 at the initial time, respectively.

The Laplace transforms'? of the plasma concentration
vs. time equation of the drug C(s) and its metabolite C’M(s)
after pv administration of drug (D,,), for instance, are
given by Eqgs. 14 and 15.

Cgm(s}zdosenpvk [FH1(5+R)(5+S)+(1 —Fyy)Fyoky(s +k32)] (14
v, (s+o)(s+B)s+y)s+k)

Capv(s):doseﬂvvk [kau(s+k32)+(1 —Fy)Fa(s+afs+ kaz)] 5
V, (s+ o)(s+ B)s+y)(s+k)

where «, B, y, R and S represent the individual rate

constants, and s is the Laplace parameter. The following

relationships hold:
E =kjotk =0 }

(16)
Ey=kyotky tkayy

(5+R)s+S)=(s+ E))(s+k3;) —kysks, 17)
RS =k, (kyo+ky,) (18)
B+y=R+S=E,+ks, (19)
By =k (kyokao+kiokay +kikao) (ki +k,5) (20)
and R or S=[(ﬁ+y)i\/([3+y)2~4k32(k20+k21)]/2, (B>R>S5>7)

21

AUC values are given as AUC=lim,.,((s).!> The gen-
eral solutions for AUC’s under different administration
routes of the drug and preformed metabolite are summariz-
ed in Table I (Egs. 22—27).

Using the AUC values given in Table I, systemic avail-
able fractions'*'® are defined by Eq. 28 for the drug, and
by Eq. 29 for its relevant metabolite.

Fp=(AUCBr*/doseP>)/(4AUCR/doseP)

=1—(1=Fy)[l = Fy, 13 (28)
Fy=(AUCyp+/dose®)(AUCE/doseP)
=1+(1—=Fy)lFp/fn—1] (29)

where f; and f,, are conversion fractions as cited in the
experimental section. Then, the available fraction as the
sum of both drug and its metabolite is given by Eq. 30.

v (CLyAUCRP + CL,,AUCBr)/dosePr
 (CL{oAUCS" + CL,,AUCR)/dose®™
=1—-(1=Fy )1 -Fy,)

(30)

TaBLE 1. Areas under the Curve of the Drug and Its Metabolite after Intravenous and Portal Vein Administrations®

Route of b
Compound administration AUc Eq.
Drug (CRA-K) Intraportal AUCRr =dose®r ks, [Fy, (kyo + k1) + (1 — Fig ) Funky 1/ V0B 22
AUCYK =dose®kyy[ Fy kyp +(1— Fu)Fyp(kio+k12)) V0 By 23
Intravenous AUCP ™ =dose®™(ky + ks, 3o/ Vit fy 24
AUCYH=dose®k,,kq,/V 08y 25
Preformed metabolite (CR) Intravenous AUCH =doseMk,,/V, By 26
AUCYH=doseMvky ks, [V, afy 27

a) There are the following relationships among the first-order rate constants: a=kiotkiy BHy=kyotky +hystks, and By=kyylkiokso+kioky, +kyoka0l/
(kyo+kiz).  b) Superscripts indicate the route of administration of CRA-K (D) and CR (M).
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The hepatic available fraction Fy;, and sequential hepatic
available fraction Fy, are obtained by solving the simul-
taneous Eqs. 28 and 29.

Experimental

Meterials CRA-K was purchased from Sigma Chemical Co. (St.
Louis, U.S.A.). CR was obtained as follows'®: after stirring CRA-K
(1.0 g) with 2ml of HCl and 3.6 ml of water in 20 ml of MeOH for 3 h, the
white crystals were collected and recrystallized from AcOEt-ether, mp
135—137°C. Fluorene (FL) as an internal standard for high-performance
liquid chromatography (HPLC) and other reagents were of special reagent
grade.

Chromatographic Conditions HPLC was carried out using a Shimadzu
LC-6A apparatus equipped with a variable-wavelength photometric de-
tector (Shimadzu SPD-6A), column oven (Shimadzu CTO-6A), reversed-
phase column (Cosmosil 5Cg, 0.461d.x15cm) and guard column
(Cosmosil 10Cg, 0.461.d. x 5cm). The column was maintained at 35 °C and
eluted with 0.5% AcOH-MeCN (4:6, volume ratio) at a flow rate of
0.7 ml/min. The elution was monitored at 285 nm (0.08 AUFS). Retention
times were as follows: 4.6 min for CRA, 8.2 min for CR and 15 min for FL
(internal standard). Regression lines for calibration were obtained by
least-squares analysis of ratios of the peak areas of drug concentration at
0.00025, 0.0005, 0.001, 0.005, 0.01, 0.05 and 0.1 umol/ml to the peak area
of 0.1 ug/ml of FL in rat plasma, bile and urine (Table II).

Animal Experiments Male Wistar rats (Shizuoka Laboratory Animal
Center, Hamamatsu, Japan), weighing 250—380 g, were anesthetized with
sodium pentobarbital (50 mg/kg, intraperitoneally). The jugular vein, bile
fistula or urinary bladder were each cannulated with polyethylene tubing.
After the cannulation, a bolus injection of 0.03 mmol/kg of CRA-K or CR
was made intravenously (iv) or through the portal vein (pv). After dosing,
blood samples were drawn through the cannula at appropriate time
intervals and then were centrifuged immediately to separate the plasma.
Bile and urine samples were collected through the cannulas during 6 h after
drug injection.

Sample Analysis Samples of 200 ul for plasnia, bile or urine were
added to 200 pl of internal standard solution (100 ug/ml of FL in MeCN),
and each was made up to 500 ul with MeCN: The mixture was centrifuged
for 10min at 3000rpm. A 20ul aliquot of the supernatant fluid was
subjected to HPLC.

Pharmacokinetic Calculations Apparent plasma clearance (CL,,,) and
apparent distribution volume at the steady state (V, ,.) were obtained'”
using the area under the plasma concentration vs. time curve (AUC) and
the mean residence time (M RT), which were calculated by applying the
trapezoidal rule with extrapolation to infinity.!® The terminal elimination
rate constant (1) was determined by least-squares linear regression of the
logarithm of plasma concentration vs. time profiles. The values are given
as mean values of data with standard deviation (S.D.). Student’s 7 test was
used as the test of significance.

The pharmacokinetic parameters (CL,,, and ¥, .,)) in the interconver-
sion moment analysis and conversion fractions were calculated using the

respective drug doses, 4UC, fundamental clearances and ¥, values as
follows.!!:14:1%)
Real plasma clearance;
CLiap=CL1o+CLy, (31
CLicanu=CLyo+CLy, (32)

TasLe II. Statistical Parameters of the Calibration Curves® for the
Assay in the Rat

Regression Correlation
Compound coefficient
Slope (4)  Intercept (B) )

CRA Plasma 9.136 9.88x 107¢ 0.999
Bile 8.016 2.73x107% 0.998
Urine 7.392 5.83x 107 0.999
CR  Plasma 8.858 6.60x 1074 0.998
Bile 7.575 4.26x107* 0.999
Urine 7.436 4.37x107* 0.998

a) Y (peak area ratio)= B+ AX (umol/m}).

Vol. 38, No. 4

Real distribution volume at the steady state;
Vss real,lD ™ ( ss,app.D Kd; Vw app. M)/l(1 - Kdékd%)
Vereatn=Vcappm— K&V, app.0)/(1 — Kd  Kd})
where Kdy=CL,,CL, /(CLyy+CLy)* and Kd?=

(33)
(34)
CL,CL, (CL1y+CL,,)

First-time conversion fraction of metabolite to drug;

fa=(AUCH~|doseM")(AUCR~/dose®) = CLy, (CLyy+ CLy,)  (35)
First-time conversion fraction of drug to metabolite;
fu=(AUCH/dose®)(AUCH~/dose™~) = CL,,/(CLo+CL,;)  (36)

Computer Analysis The multi-line fitting program used was MULTI
written in Basic'® for an NEC PC-9801 personal computer. The least-
squares algorithm used was the Simplex method at the preliminary fitting,
and the converged values were further analyzed by the modified
Marquardt method. C~2 was adopted as the weight of data points. The
plasma concentration vs. time equations of CRA (D) and CR (M) are:

doseP [(E, —a)(ks, — ) —ky3ks,
Cg": efat
Vi (B—a)y—0)
5)("32 BY—ka3ks, e"”+(EZ — ks, — ) —ka3ks, e‘y‘:|
—B—P) (a—y)B—7)
:doseD‘V(Pl e 4 Pye L Pye™™, (B>, and a=k o +k;,)
(37

( 32—3)

By~ /3)

_ﬂ,

C%vzdose‘)“kn[ (k32—a)7 w
v, B—a)y—2) (a—

(
(k3 —7) —vl]
" e
(x~yXB-7)
Cmiv_doseM” [(ksz*ﬁ)e_m
v, G-
=doseM*(Q,e P+ Q,e7")
doseMivkzl ’: (k3 —2) e—az+ (k32 P
- B-aky—2) ~B-$)
(k32 —7) ,.,,:l
22 T e
(@=B-7)

doseP#vk

(38)

(k3,—7) w”tjl
+ e’
B-

(39)

T _eh

(40)

B

kn'“) k23k32)+(1”Fm)Fuzku(kaz—a)e
(B—o)y — o)k —a)

N Fuy(Ey— Bk — ﬁ)_kzsksz)‘*'(l“FH1)FH2k21(k32*ﬂ)e‘ﬁl

=By —Bk—B)

+FHI(( )’)(ksz_)’) k23k32)+(1 Fy)F ks (ks —7)

~at

[Fm((Ez

e

9]

(41)

(@—XB—k—7)
ky—ky3k32) + (1= Fy)Fyzky (ks ~
(2 —k)B—k)y—k)

k)(kaz -

Fﬂl((Ez_
+

FHl 12(k32
(B—a)y— )k~ a)
+ka12(k32—ﬁ)+(l Fy)Fyala—
(2= By = B)k— )
7)+(14FH1)FH2(“_V)(’(32_V)e_
(@=yXB—7Xk—7)
+kalz(k32—k)+(1—FHI)FHZ(oc—k)(kn—k)e_m]
(a—~k)B—kNy—k)

PV — .

M=

dosePrk [
V,

Pks—B)

e B

Fyikyialks, —
+

(42)
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where o, f and y represent the rate constants, P,, P,, Py, Q, and Q, are
coefficients and the distribution volumes of compartments #1 and #2
are given by V,=1/(P,+P,+P;) and V,=1/(Q,+Q,), respectively.
Pharmacokinetic parameters to be estimated are set as P(1), P(2)--- in
Eqgs. 37—42.

Resuits and Discussion

Plasma Concentration vs. Time Profiles and Dispositions
of CRA and CR in the Rat Semilogarithmic plots of the
mean plasma concentrations of CRA and CR against time
after bolus iv administrations of 0.03 mmol/kg doses of
CRA-K or CR are indicated in Fig. 2, and those after pv
administration of 0.03mmol/kg dose of CRA-K in Fig. 3.
In both figures, a major characteristic of the metabolite CR
generated from CRA is the nearly parallel decline in the
terminal CRA and CR concentration vs. time curves. Thus,
CRA is found to be in enzymatic equilibrium with CR in

™
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Fig. 2. Mean Plasma Concentration vs. Time Courses of the Drug and
Its Metabolite Produced after Intravenous Administration of
0.03 mmol/kg Doses of Potassium Canrenoate CRA-K or Canrenone CR
in Rats

O, CRA (n=5); @, metabolite CR generated from CRA; A, CR (n=5); A,
metabolite CRA generated from CR. Lines indicate the curves obtained by computer
multi-line fitting.
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Fig. 3. Mean Plasma Concentration vs. Time Courses of the Drug and
Its Metabolite Produced after Portal Vein Administration of 0.03 mmol/kg
Dose of Potassium Canrenoate CRA-K in Rats

O, CRA (n=3); @, metabolite CR generated from CRA. Lines indicate the curves
obtained by computer multi-line fitting.
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rats. The pharmacokinetic parameters obtained by the
moment method are summarized in Table III.

The terminal log-linear slope (1,=0.908h7!) of elim-
ination of CR generated from CRA-K is not significantly
different (p >0.05) from 4 and 4, values after independent
iv doses of CRA-K and CR, respectively. Similarly, the
terminal slope (A, =0.874h ") of CRA generated from CR
is not significantly different (p >0.05) from the 1, and Ay

TasLe III. Pharmacokinetic Parameters® Calculated by the Moment
Method after Intravenous (iv) and Portal Vein (pv) Administrations of
0.03mmol/kg Doses of Potassium Canrenoate (CRA-K) or Canrenone
(CR)

Administration site

Drug

iv pv
CRA-K
Ip ) 0.925+0.176 in 0.917+0.141
AUCS~ (nmol-h/m)» 11.6 +1.2 AUCS~8.77 +0.19
MRTS (h) 0.229+0.025 MRTBS0.341 +0.086
CLypp (hekgy? 269 +0.21
Veappn (1/kg)? 0.638+0.013
X0, (umol/kg)®  0.203+0.079 (0.67%)
XD, (umolkg)  0.010+0.004 (0.04%
Ay (h~) 0.908 +0.161/ g 0.866 +0.155"
AUCE»~ (nmol-h/ml) 107 +1.9 AUCS~9.77 +1.37
MRTy~ (h) 0.715+0.066 MRTP~0.784+0.141
X2y (umolkg)  0.063+0.025 (0.21%)
X2, (umolfkg)  0.003+0.001 (0.01%)
CR
Ang (Y 0.828+0.114
AUCH™ (nmol-h/ml) 154 +2.5
MRT~ (h) 0.881+0.110
CL,pm (1/h-kg) 2.03 +0.36
Vss.app,M (ng) 1.70 iOIS
n ) 0.874+0.2299
AUC¥~ (nmol-h/ml) 4.30 +0.28
MRTR" (h) 0.895+0.135

a) Each value indicates the mean+S.D. of five experiments. b) AUC=
{3 Cdr+ CyfA and MRT=([3 1Cdt+TCrfA+ Cy/A?)/AUC, where 1 is the terminal
elimination slope. ¢) Apparent plasma clearance: CL,,,=dose;,/4UC. d) Ap-
parent distribution volume at the steady state: ¥, ,,,=CL,,,- MRT. e) X, and
X,., are cumulative amounts of drug or metabolite excreted into bile and urine
(06 h), respectively. Percent of drug dose excreted into bile and urine is parenthe-
sized. f,g) Not significantly different (p>0.05) from 1, and A, after iv dosing of
CRA-K and CR, respectively. h) Not significantly different (p>0.05) from both
Ap after iv and pv dosing of CRA-K.

TaBLe IV. Pharmacokinetic Parameters and Available Fractions
Characterizing the Reversible Disposition of CRA and CR in the Rat

Parameter and available

fraction® CRA (D) CR (M)
CL, (1/h-kg) 1.06
CL,, (1/h-kg) 2.42
CLy, (1/h-kg) 1.65
CL,, (1/h-kg) 0.973
CL,.. (1/h-kg) 3.48 2.62
Veoren (1/k) 0.061 1.68
; 0.37
1. 0.69
F, 0.76
F,, 0.91
F 0.84
Fu, 0.69
Fp 0.49

a) See text for definition of symbols.
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values after independent iv doses of CRA-K and CR. The
plasma clearance is proportional to the elimination rate
constant of the drug at constant volume of distribution.
Therefore, it may be concluded that all clearance terms in
the reversible CRA-CR system remain constant between
treatments as defined in Eq. 5.

After iv administration of CRA-K, the biliary and
urinary free fractions recovered within 6 h were 0.67%, and
0.04%, and its metabolite CR collected in bile and urine
were only 0.219; and 0.019; of the drug dose, respectively.

The parameters unique to the reversible drug-metabolite
system, including the four fundamental clearances of re-
versible and irreversible elimination, real plasma clearances
and real distribution volumes at the steady state, are
indicated in Table IV. The real plasma clearance of CR,
CL, 1018 less than that of CRA (CL,.,, p) at 2.621/h per kg.
Nevertheless, the irreversible clearance process of metab-
olite CL,, is about 1.5times larger than that of CRA
(CL,y) at 1.651/hperkg. The metabolic process CL,,
operating on CR is 2times or more larger than the back-
conversion process CL,, at 2.421/hperkg. The real distri-
bution volume at the steady state of CRA, Vg ..., p is about
one-tenth less than its apparent distribution volume at the
steady state (V' ,p.p) at 0.0611/hperkg. The first-time
conversion fraction of CRA to CR, f,, is about 2times
larger than that of CR to CRA, f,.

Estimation of the Available Fraction The available frac-
tions calculated mathematically using Egs. 28—30 are
indicated in Table IV. The systemic available fraction of
CRA, Fp, 15 0.76, and the total available fraction as the sum
of CRA and generated CR, F, is 0.84. The ratio, Fy,/fm»
being given less than unity, the 4UCy, ratio of metabolite
F\ cited above in Eq. 29 is appreciably less than unity at
0.91.

Figure 4 illustrates the relationships between the ratios of
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AUC at various values of Fy; and Fy,. The experimental
result in the rat reversible CRA-CR system is plotted in the
left-lower zone of Fig. 4. Thus, it may be considered that
the application of CRA-K as a prodrug is useful in
parenteral dosage form in order to avoid the sequential
hepatic first-pass biotransformation of the generated active
metabolite CR.

Simultaneous Computer Multi-Line Fitting of Plasma
Concentration vs. Time Date The physiological or real vol-
ume of distribution at the steady state (V, .,;) of the drug
would be represented by the sum of the actual central and
peripheral spaces of the drug. When the exponential Egs.
37 and 39 are applied to each plot of the mean plasma
concentration against time after independent iv doses of

3 0.0
2 /
2 0.3
2 .
?c 2 0.5 ¢
j 0.7
© 0.8
g /
= 0.9
S 1 =11,
3 I At
S —-’—’////
[
fx

0

0.2 04 06 081 2 3

Fuz / fm

Fig. 4. Relationship among the Ratios of AUC Obtained from
Intravenous and Intraportal Drug Administrations and the Available
Fractions of Drug Dose

Equation 29 in the text was used to draw the curves. (Q) indicates the point
obtained from the reversible CRA-CR system in rats.

TaBLE V. Pharmacokinetic Parameters® Obtained from the Plasma Concentration-Time Curve Fittings

Initial value?

Simultaneous multi-line fitting

Parameter
ng’ Chiv Cgiv’ Caiv! CMW’ ng Cg", Caiv, CMiv, Cg“, CB, Capv

P (kg/D) 9.45+3.78

a (h7hH 51.74+22.6 37.5+7.6 36.0+2.1
0, (kg/l) 1.04+0.18

P, (kg/l) 0.846 +0.458

B (h7h 8.09+1.92 8.4442.58 9.744+1.94
0, (kg/l) 0.329+0.044

Py (kg/l) 0.0597+8.53x 1073

y (hh 0.860 +0.056 0.949 +0.059 0.918 +0.045
vV, (1/kg)? 0.096 0.085+0.018 0.119+6.4x1073
V, (1/kg) 0.725 0.722+0.143 0.604 +0.101
ki, (h™H? 11.0 143+73 11.6+6.2
k,, (h7hH 25.2 23.1+5.2 244+5.0
kyo (7Y 2.28 2214+1.15 2.87+1.26
ky (h71) 1.34 0.996+0.276 1.5340.34
ky, (h™hH® 2.59 3.09+091 2.65+0.58
ko (h7H) 14 18.4+13.8
F,® 0.69 0.68 +0.62
Fia 0.49 0.41+0.50
Ssh 0.289 2.14 3.50
AICH —6.80 48.9 96.1

a) Converged values are given with standard deviation. 5) CB*=dose®(P;e™*+ Pye ¥+ Pye™ ") and CM» =doseM™(Q,e P +Q,e™™). ¢) ¥V, =1/(P,+P,+P;) and

Va=1/Q1+Q,). d) ko= CLio/Vy, k= CL/Vy, kg = CLy/V; and ky, = CL,\/V>.

e) kj, is obtained from Eq. 20. f) k=1/F,(MRT»~MRTS"). g) Fy, and F,,

are obtained by solving the simultaneous Eqs. 28 and 29. /) Residual sum of squares. (C))~* was adopted as the weight of data, where C; is the value of the i-th point. i) An

information criterion proposed by Akaike.!®
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CRA-K and CR, the distribution volume ¥, in the central
compartment of CRA is obtained as 0.096/kg, and V, of
CR as 0.7251/kg as indicated in Table V. The V, value is
almost close to V, ,..;.p of CRA. On the other hand, the V,
value is about one half of V.., x of CR. Thus, the linear
interconversion model indicated in Fig. | may be appli-
cable, where CRA is treated by a one-compartment model
and CR by a two-compartment model. In order to estimate
the pharmacokinetic parameters by computer calculation,
simultaneous multi-line fitting®” of plasma concentration vs.
time equations was carried out using the iterative nonlinear
least-squares regression program, MULTL.!®

The multi-line fitting of plasma concentration vs. time
equations of CB*, C*, Cyv and CP* cited above in Egs.
37—40 was tested. Then, using the converged values ob-
tained as initial values, a similar fitting was made to the
plasma concentration vs. time equations of Cp, Cyiv, C\™,
CMiv, CBev and Cyp in Eqs. 37—42. The converged pharma-
cokinetic parameters are summarized in Table V, resulting
in a successful agreement. The fitting curves are indicated
in Figs. 2 and 3. The values of Fy, and Fy;, were satisfactory
at 0.68 and 0.41 in comparison with the values listed in
Table IV.

Conclusion

A linear interconversion model incorporating a hepatic
first-pass biotransformation was employed in order to
assess the availabilities of CRA and its active metabolite
CR in rats. '

1) Biotransformation of CRA to CR is reversible, and the
terminal slopes of the plasma concentration vs. time profile
are nearly parallel. The first-time conversion fraction of
CRA to CR, f,, was obtained as 0.69.

2) In consequence of hepatic first-pass metabolism after
pv administration of CRA-K, the values of Fy; and Fy,
were obtained as 0.69 and 0.49, respectively. As the ratio,
Fyp/fn becomes less than unity, the AUC ratio of the
metabolite, Fy=(A4UCE/dose®)/(4AUCy~/dose) is ap-
preciably less than unity.

3) The distribution volume ¥V, of CRA is almost close to
its Vi eap- Therefore, the relationship a=k,,+k,, exists
for the first-order rate constants of CRA, and the linear
plasma concentration vs. time equation Ci of CR after iv
administration is biexponential. The application of the
multi-line fitting technique with the plasma concentration
vs. time equations of CRA and its metabolite CR in an
interconversion model (Fig. 1) seems to be useful to
estimate the pharmacokinetic parameters.

Appendix

Symmetrical Linear Interconversion Model Analysis for iv Administered
CRA and CR In Fig. 2, the terminal semilogarithmic slopes of mean
plasma concentration against time for the drug and its generated me-
tabolite after iv administration of CRA or CR resemble each other.
Therefore, a symmetrical linear interconversion model®® is a possibility, as
indicated in Fig. 5, where Cp, Cy, C; and C, are the drug concentrations
and V; (i=1 to 4) are the distribution volumes in the central (#1 and #2)
and peripheral (#3 and #4) compartments, respectively.

The plasma concentration vs. time equations of CRA(D) and CR(M) in
this model are as follows:

D‘V_dosemv [(ku —)(E,—a)kaz — o) —kyaks] e
oy, L (B—a)y— o6 —a)

at

1017
(k31 - ﬁ)[(Ez - ﬁ)(kn - ﬁ) - k24k42] e*ﬂ'
(=B —BYS—B)
(k3y = PUE; = kaz —7) —kzaka] -
(@=B—6-)
(k3 — OY(E; — 8)(kaz — ) — kaakas) . M]
(e~ XB— )y —0)
=dose® (I, e+ 1, e Pyl e " +1e7%, (a>y>F>0)
43)

—at

o, dose™ ks [ (kyy —at)kas — 2) o, ko1 = Blkis B
! v, LB—o-ofs—a)  (—Br—BXS—h)
4 (k31 = )kaz—7) (k33— O)kgp—9) e"":|
(x—=7XB—7N6—7) (2 —3)(B~0)y—9)
o 805 [(ku—a)[usl—a)(kn—a)—knkad -
v, (B—a)y—a)é—0a)
(ka2 = B(E, —Plksy — B)~ky3ks] "
(@~ B)y—B)No—B)
(kyz = VE; = k3 —7)—ky3k3] -
@=9B=70—7)
(k“—é)[(El—6)<k31—6)—kx3k311e_&,]
(o —0)B— )y —9)
=doseM(J, e"* +J e F +Jye "+, e7%)
doseMiy, [ (kg =hs=9) ko= Bk =f)
v, (B—o)y~a)d—) (= B)y— B —B)
L =k —) (ks —3)kys —9) e]
{e=7)B~7)6—7) (0~ 6)(B— )y —9)

where «, f, v and & represent the individual rate constants, J; (i=1 to 4)
and J; (j=1 to 4) are coefficients, and the following relationships hold:

~yt

(44)

at

b

(43)

Cll\)‘llv__

- at —pt

—yt

(46)

E=kothkythyy, Ey=kyothytka (47)
Ejthky=a+p, E2+k42:3’+5} (48)
(Ey +k3)(Ey +kag)=(a+ B)y+0)
ksikaz =aPyol{kokao +kiokay +ky2k0) 49)
(kyo+hypdkyy + (koo +ha ks =0 +70+ Kok (50)
[(y+0)kyo+ K1) —kypkaslhesy

+ [+ Bk + ka1 ) = ky ok Tkay =iy + 6) + (2 + B) (5D
Vi=l (L +L+L+1), V,=1/(J;+L+J3+J,) (52)

The computer multi-line fitting of CB, Cy, it and C¥* indicated in
Eqgs. 43—46 was tested. The converged pharmacokinetic parameters are
listed in Table VI, and Akaike’s information criterion (4IC)'¥ was
obtained as 55.7. This value is larger than 48.9 in Table V obtained from
the multi-line fitting of the linear interconversion model where CRA is
treated by a one-compartment model and CR by a two-compartment

b %1(CRA) | ks 53
v Co, Vi Cs, Vs
k31
k12 ka1
y #2(CR) [P [ 24
v CM, Vz C4, VA
ka2

Fig. 5. Symmetrical Interconversion Model for CRA-CR System
See the text for details.
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TaBLE VI. Pharmacokinetic ~ Parameters” Obtained from the

Symmetrical Linear Interconversion Model Analysis

Initial value Multi-line fitting
Parameter

Cl[))ivb)’ Ck}ivc) ng, Caiv’ lev’ Cfgiv
1, (kg/1) 8.42+4.19
J, (kg/l) 1.01+0.58
a (h™H? 51.4+31.2 53.94+20.8
I, (kg/1) 0.0731+0.312
J, (kg/1) 0.196 +0.607
g (7Y 3.29+293 3.90+0.74
I, (kg/l) 0.455+0.266
Jy (kg/l) 0.525+0.615
y (7Y 5.51+1.69 6.19+1.26
I, (kg/l) 0.0403+0.0226
Jo (kg/D) 0.239+0.141
d (h7™h 0.736+0.175 0.762+0.087
vy (1/kg)® 0.111 0.113+0.013
V, (1/kg) 0.508 0.767+0.253
kio (h™H 9.55 11.8+2.78
ki, (h71) 21.8 28.0+11.7
ky (A7) 3.24 2.10+0.95
kyy (h™1) 1.92 1.7441.60
ki (h™ 12 6.64 6.43+2.88
kg (B71) 1.03 1.48 +0.39
Ss" 0.184 2.35
AlCH —6.51 55.7

a) Converged values are given with standard deviation. b) CBv=doseP x
(he™+Le P+ Le "+ 1,e ) at 0.03mmol/kg dose of CRA-K. ¢) CMiv=
doseM(Jie™* + e P 4 Jye 4 J,e7) at 0.03 mmol/kg dose of CR. d) a+
B>7y+0d because of MRTS™ < MRTN». ¢) Vi=U+ L+ L+ 1) and V= 1/(J, +
Sot s+ D). f) kig=CLo/V,, kyy=CL,[V,, kyy= CLy/V, and ky =CLy,/V,.
g) k3, and k;, are obtained by solving the simultaneous Eqs. 50 and 51. k) Resid-
ual sum of squares at the weight of data of C~2. i) An-information criterion pro-
posed by Akaike.

model.

Akaike’ proposed the minimum AJC estimation to select the best
model from several possible models. This estimation also selects the model
with the smaller number of parameters according to the ‘principle of
parsimony.” It may be concluded that symmetrical linear interconverstion

Vol. 38, No. 4

model analysis as shown in Fig. 5 for the CRA-CR system should be
rejected in the present case.
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