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Aims

 

St John’s wort (SJW) decreases the blood concentration of ciclosporin A (CsA), which
may result in allograft rejection. In addition, the time course of this interaction is not
parallel with the administration of SJW. We aimed to develop a pharmacokinetic model
to predict the time profile of blood CsA concentrations during and after the intake of
SJW.

 

Methods

 

We developed a pharmacokinetic model incorporating turnover of detoxicating pro-
teins, with the assumption that the amount of detoxicating proteins is in inverse
proportion to the ratio of trough blood concentration to daily dose (C/D ratio) of
CsA. First, we collected time profiles of blood CsA during and after the intake of SJW
from the literature. Next, we analysed the relationship between D/C ratio and the
daily dose of SJW at steady state. Subsequently, the developed model was simulta-
neously fitted to the time profiles of C/D ratios by using a nonlinear least-squares
method to obtain model parameters.

 

Results

 

The model analysis revealed that the induction of the detoxicating proteins by SJW
was saturable with an elimination rate constant of the detoxicating proteins (

 

k

 

e

 

) of
4.72 month

 

−

 

1

 

. Elimination half-life of the detoxicating proteins calculated from the 

 

k

 

e

 

value was 4.4 days, suggesting that the dose of CsA should be carefully monitored
for up to 2 weeks after the cessation of SJW intake.

 

Conclusions

 

The present model may provide additional information for use in identifying optimal
dosage regimens of CsA during and after the intake of SJW to prevent an adverse
drug interaction between CsA and SJW.

 

Introduction

 

St John’s wort (

 

Hypericum perforatum

 

, SJW) is effec-
tive in the treatment of mild to moderate depression
[1]. However, an SJW-associated decrease in the blood
concentration of a variety of drugs, such as theophyl-
line and ciclosporin A (CsA), has been reported [2].
The interaction between SJW and theophylline is
attributable to the induction of the primary metabolic

enzyme of theophylline, cytochrome P450 (CYP) 1A2,
by an ingredient of SJW, hypericin [2]. On the other
hand, the interaction between SJW and CsA has been
attributed to the activation of the nuclear receptor,
pregnane X receptor (PXR), by another ingredient of
SJW, hyperforin, which induces both CYP3A4 and
multidrug resistance 1 (MDR1) [3]. It seems likely
that the induction and de-induction of detoxicating
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proteins such as CYP3A4 and MDR1 would involve a
certain time-lag.

CsA is one of the key drugs for post-transplant
patients. It has been reported in Germany that 7.3% of
inpatients were self-medicated with SJW [4]. Before or
after transplantation, patients tend to feel anxious and
may take supplements with antidepressive activity, such
as SJW. Indeed, there are many reports of an interaction
between CsA and SJW [5–12]. In most cases, the blood
concentration : dose ratio of CsA fell gradually after the
start of SJW and recovered gradually after cessation.
However, there is no pharmacokinetic model, based on
the induction and de-induction of the detoxicating pro-
teins by SJW, to provide optimal dosage regimens of
CsA for avoiding the interaction between CsA and SJW.

The purpose of this study was to analyse retrospec-
tively the clinical cases of an interaction between SJW
and CsA and to develop a pharmacokinetic model based
on the turnover of the detoxicating proteins to predict
the time profile of this interaction.

 

Methods

 

Collection of cases

 

We collected case reports of the interaction that
describes the time profile of the blood concentration of
CsA, dose of CsA and the amount of SJW intake from
the literature and calculated the time course of the
trough blood concentration : dose ratio (C/D ratio) of
CsA. Details of the cases are shown in Table 1.

 

Analysis of the dose–response relationship of SJW for the 
induction of the detoxicating proteins

 

We calculated the inverse of the C/D ratio (D/C ratio)
of CsA at steady state during the period of taking SJW

(SJW period) and the SJW-free (control) period for each
case. The latest blood sampling time during the SJW
period was assumed to be at steady state, and was
employed to calculate the D/C ratios for the SJW period
(D/C (SJW)) in all cases. The mean D/C ratio of the
control period for each case was assigned as the control
D/C ratio (D/C (control)) except for one case, in which
the latest D/C ratio during the control period was
employed as D/C (control) because the control period
was preceded by an SJW period. We analysed the rela-
tionship between the ratio of D/C (SJW) to D/C (con-
trol) (extent of decrease in C/D ratio) and the daily dose
of SJW in order to survey the characteristics of the
dose–response relationship of SJW for the induction of
detoxicating proteins.

 

Development of the pharmacokinetic model

 

The interaction between SJW and CsA was modelled
based on the following assumptions (Figure 1). The
amount of the detoxicating proteins (P), a hypothetical
value that is assumed to reflect the amount of CYP3A4
and/or MDR1, determines the blood CsA concentration.
The indirect response model with zero-order synthesis
and first-order elimination has been commonly used to
explain the indirect pharmacological responses [13].
Therefore, we applied the indirect model to explain the
change in the amount of P by SJW, i.e. P is synthesized
with a zero-order rate constant, 

 

K

 

s

 

 (AU/month), and
disappears with a first-order rate constant, 

 

k

 

e

 

. The mass
balance equation for P is given as follows:

(1)dP
dt

Ps e= - ◊K k

 

Table 1

 

Details of nine cases included in this study

 

Age (years) Gender Transplanted organ Co-medications Reference

 

Case 1 61 Male Heart Azathioprine, corticosteroid [5]
Case 2 63 Not cited Heart Azathioprine, corticosteroid [5]
Case 3 29 Female Kidney, pancreas Prednisone, clonidine [6]
Case 4 55 Female Kidney Benzbromarone, betaxolol, amlodipine,

pravastatin, magnesium
[7]

Case 5 44 Female Kidney Mycophenoloate mofetil, prednisone [8]
Case 6 63 Male Liver Acetyldigoxin [9]
Case 7 55 Female Kidney Allopurinol, verapamil, enalapril,

furosemide, cisapride, zinc,
alpha-tocopherol, alpha-lipoic acid

[10]

Case 8 58 Male Kidney Azathioprine, prednisone [11]
Case 9 Not cited Not cited Kidney Not cited [12]
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The intake of SJW is considered to increase 

 

K

 

s

 

. The
analysis in the previous section demonstrated that the
extent of decrease in the C/D ratio of CsA is saturable
and SJW dose-dependent. Therefore, 

 

K

 

s

 

 can be
described by equation 2:

(2)

where 

 

K

 

s0

 

, X, I

 

max

 

 and 

 

K

 

m

 

 represent a zero-order synthe-
sis rate constant of P in the absence of SJW (AU/month),
the daily dose of SJW (mg day

 

−

 

1

 

), the maximal induc-
tion potency of SJW for P and the dose of SJW required
to induce half-maximal induction (mg day

 

−

 

1

 

), respec-
tively. In each case, the C/D ratio was assumed to be in
inverse proportion to P for each patient. The relationship
between C and D can be represented by equation 3:

(3)

where C, D and 

 

α

 

 represent the trough blood concentra-
tion of CsA (ng ml

 

−

 

1

 

), the daily dose of CsA (mg day

 

−

 

1

 

)
and a constant ((mg day

 

−

 

1

 

)/(ng ml

 

−

 

1

 

)/AU), respectively.
Equation 3 can be rewritten as follows:

 
(3

 

′

 

)

K K
K

s s
m

I
X

X
= ◊ + ◊

+
Ê
Ë

ˆ
¯0 1 max

C
D

P
=

◊a

P
D
C

= ◊1
a

 

Substituting equation 3

 

′

 

 into equation 1 gives equation
4:

(4)

Substituting equation 2 into equation 4 gives equation
4

 

′

 

:

 (4

 

′

 

)

 

Model analysis

 

Equation 4

 

′

 

 was simultaneously fitted to the time pro-
files of C/D ratio for all the cases, taking the dose pro-
files of SJW as input functions, by using a nonlinear
least-squares method (MLAB, Civilized Software Inc.,
MD, USA) to obtain common pharmacokinetic param-
eters, I

 

max

 

, 

 

K

 

m

 

 and 

 

k

 

e

 

, and an individual parameter for
each case, 

 

α

 

·

 

K

 

s0

 

. The 

 

K

 

m

 

 value was modelled based on
a log-normal distribution.

 

Results

 

Analysis of the dose–response relationship of SJW for the 
induction of the detoxicating proteins

 

The increase in the steady-state D/C ratio of CsA by
SJW was dose-dependent and described by saturable
Michaelis-Menten kinetics, suggesting that the induc-
tion of detoxicating proteins by SJW is saturable (Figure
2).

 

Model analysis

 

As a result of model analysis, I

 

max

 

, 

 

K

 

m

 

 and 

 

k

 

e

 

 were
calculated to be 2.61, 428 (mg day

 

−

 

1

 

) and 4.72 (/month),
respectively. Moreover the individual parameter values

 

α

 

·

 

K

 

s0

 

, ranged from 3.33 to 10.0 ((mg day

 

−

 

1

 

)/(ng ml

 

−

 

1

 

)/
month) (Table 2). The developed model could ade-
quately explain the observed time profile of the C/D
ratio in each case (Figure 3).

 

Discussion

 

We have reported a pharmacokinetic model to explain
the mechanism-based inhibition of CYP3A4 by grape-
fruit juice in which the turnover of CYP3A4 protein was
incorporated. The model provided the dosing-interval
dependency of the extent of interaction based on the
time-dependent changes of the active CYP3A4 content
[14]. With regard to the induction of detoxicating pro-
tein(s), model analysis based on the turnover of pro-
tein(s) has not been carried out. CsA concentration is
decreased as a result of the induction of detoxicating
proteins by SJW intake. Therefore, we employed the C/

d
D
C

dt
D
C

s e= ◊ - ◊a K k

d
C
D
dt

I X
X

C
D

s
m

e

( )
= ◊ ◊ + ◊

+
Ê
Ë

ˆ
¯ - ◊ Ê

Ë
ˆ
¯

-

-

1

0

1

1a K
K

kmax

 

Figure 1 

 

Pharmacokinetic and pharmacodynamic model of the interaction between 

SJW and CsA. X is the daily intake of SJW (mg day

 

−

 

1

 

), 

 

K

 

s

 

 is the rate constant 

of synthesis of detoxicating proteins (AU/month), 

 

k

 

e

 

 is the elimination rate 

constant of the detoxicating proteins (/month), P is the amount of the 

detoxicating proteins (AU), D is the daily dose of CsA (mg day

 

−

 

1

 

), C is 

CsA trough blood concentration (ng ml

 

−

 

1

 

), 

 

K

 

s0

 

 is the rate constant of 

detoxicating proteins in the absence of SJW (AU/month), I

 

max

 

 is the 

maximal induction potency of SJW for detoxicating proteins, 

 

K

 

m

 

 is the dose 

of SJW required to induce half-maximal induction (mg day

 

−

 

1

 

), and 

 

α

 

 is a 

 

constant ((ng ml

 

−

 

1

 

)/(mg day

 

−

 

1

 

)/AU)

Induction of
synthesis

Detoxicating
proteins

P

D

a · P
C =

CsA oral dose
D

CsA
Concentration C

SJW intake
X

Ks

Imax · X
Km + X

Ks = Ks0 · (1+ )

ke
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D ratio as an indicator of CsA metabolism. In this study,
we developed a model to explain the induction of the
detoxicating proteins by SJW, and established that the
model  could  adequately  explain  the  time  course  of
the C/D ratio of CsA (Figure 3).

However, the estimation of 

 

K

 

m

 

 value for the induction
was not definite enough. A possible explanation for this
was that the preparations were not standardized, so that
there may be variations in the bioavailability, contents
of ingredients and so on among products.

The elimination rate constant of the detoxicating pro-
teins, 

 

k

 

e, was calculated to be 4.72 month−1, so that the
elimination half-life was 4.4 days. This result suggests
that a period of 2–3 weeks may be required for normal-
ization of the level of the detoxicating proteins after the
cessation of SJW intake. Therefore, the dose of CsA
should be carefully monitored and modified as neces-
sary for at least 2 weeks after the start or cessation of
SJW intake.

Although the present model incorporated the induc-
tion of detoxicating proteins by SJW, the nature of these
proteins is unspecified in this study. The major contrib-
uting proteins are thought to be CYP3A4 and/or MDR1
in the intestine and/or liver, but contributions from other
proteins or from the same proteins in other organs can-

not be excluded. However, it is not feasible at present to
analyse quantitatively the contributions of plural pro-
teins in various organs to the metabolism and excretion
of CsA, so we considered them collectively, and this
approach seemed to be adequate for the present purpose.

The present model is based on the turnover of the
detoxicating proteins, and parameters other than α ·Ks0

are drug-independent. As the interaction between SJW
and CsA is well known and their co-administration is
usually avoided in the clinical setting, it may be not
feasible to evaluate further whether the present model
can be applied to the clinical cases. Therefore it might
be worth investigating whether the kinetics of induction
and de-induction of the detoxicating proteins obtained
in this study can be applied to analyse other interactions
between SJW and different drugs for which the kinetics
are regulated by CYP3A4 or MDR1.

By applying the developed model, the optimal dose
of CsA after the cessation of SJW intake can be calcu-
lated from equation 5:

(5)

where T (day), t (day) and D0 represent the duration of
SJW intake, the period after the cessation of SJW intake

D D I
X

X
T t

m
e e= ◊ + ◊

+
◊ - - ◊( ){ }◊ - ◊( )È

ÎÍ
˘
˚̇0 1 1max exp exp

K
k k

Figure 2 
Relationship between the dose of SJW and D/C ratio of CsA at the steady 

state. Dose-to-trough blood concentration ratio (D/C ratio) of CsA in the 

SJW period and SJW-free period at the steady state was calculated in nine 

cases and plotted. The latest blood sampling time during the SJW period 

was employed to calculate the D/C ratio for the SJW period. The mean 

D/C ratio of the SJW-free (control) period for each case (case 1–4, 6–9) 

was assigned as the D/C (control) except for case 5, in which the latest 

D/C ratio during the SJW free period was employed as D/C (control). The 

line represents the parameter obtained by this analysis and points 

represent the ratio of D/C (SJW) to D/C (control) calculated in each case
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Table 2
Pharmacokinetic and pharmacodynamic parameters 
obtained by the model analysis for the interaction between 
SJW and CsA

Imax 2.61 ± 1.80
Km (mg day−1) 428 (100.2–1828)*
ke (month−1) 4.72 ± 1.42
α ·Ks0 ((mg day−1)/

(ng ml−1)/month)
Case 1 5.53 ± 1.42
Case 2 5.05 ± 1.62
Case 3 3.33 ± 1.03
Case 4 5.20 ± 1.61
Case 5 5.09 ± 1.69
Case 6 10.0 ± 3.75
Case 7 6.58 ± 2.31
Case 8 8.10 ± 2.65
Case 9 6.92 ± 2.11

Estimate ± SD.*range Imax : maximal induction potency of
SJW for P. Km : the dose of SJW required for half-maximal
induction  (mg day−1).  ke  :  the  elimination  rate  constant
of the detoxicating proteins (/month). α: a constant
((mg day−1)/(ng ml−1)/AU). Ks0 : the synthesis rate con-
stant of detoxicating proteins in the absence of SJW (AU/
month).
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Figure 3 
The falls of CsA blood concentration due to 

intake of SJW [5–12] along with the fitting 

lines obtained with the developed model. The 

time profiles of the trough blood 

concentration : dose ratio (C/D ratio) of CsA 

were calculated in nine cases. The C/D ratios 

of CsA were fitted with the developed model. 

The sum of squares normalized by dividing by 

the number of samples in case1 to case 9 as 

an indication of goodness of fit were 0.00856, 

0.0118, 0.0462, 0.0120, 0.00275, 0.00985, 

0.126, 0.0143 and 0.00366, respectively. 

Point, box and line represent C/D ratio, the 

period of SJW intake and the fitting line, 

respectively
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and the dose of CsA in the SJW-free period, respec-
tively. Bauer et al. have reported that they were obliged
to increase the dose of CsA from 2.7 to 4.2 mg day−1

kg−1 to keep CsA blood concentration in the therapeutic
range during the intake of SJW for 10 days [15]. They
carefully controlled the dose of CsA to maintain a ther-
apeutic concentration during the SJW period and found
that the dose of CsA reached the steady state about
2 weeks after the start of SJW in most cases. This find-
ing is consistent with our conclusion that dose of CsA
should be modified for at least 2 weeks after the start of
SJW intake. Substitution of Bauer’s parameters, includ-
ing D0 (2.7 mg day−1 kg−1), T (14 days), t (0 day) and X
(600 mg day−1), into equation 5 yields the D value of
6.0 mg day−1 kg−1. Taking into consideration the fact that
they allowed a range of 70–150 ng ml−1 for CsA con-
centration and that they may have minimized the mod-
ification of the dose, the D value calculated from
equation 5 is comparable with the mean actual dose
(4.2 mg day−1 kg−1). To estimate the dose more accu-
rately, the model parameters should be defined by more
clinical reports.

In conclusion, we have developed a pharmacokinetic
model to describe the induction and de-induction of
detoxicating proteins by SJW. Although the obtained
parameters remain to be verified further by other case
reports and studies, the present model may provide addi-
tional information to estimate the optimal dosage regi-
men of CsA during and after the intake of SJW to
prevent adverse drug interaction between CsA and SJW.

This work was supported in part by a Grant-in-Aid for
Scientific Research (category B) from the Japan Society
for the Promotion of Science (JSPS) (Yasufumi Sawada,
#16390043).
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