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I. Introduction

Serious side-effects caused by drug interactions have
attracted a great deal of attention and have become a social
problem since the coadministration of ketoconazole and

2 Address for correspondence: Yuichi Sugiyama, Department of
Pharmaceutics, Faculty of Pharmaceutical Sciences, University of
Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan, Phone:
81-3-5689-8094, Fax: 81-3-5800-6949, E-mail: sugiyama@seizai.f.u-
tokyo.ac.jp.

terfenadine was reported to cause potentially life-threat-
ening ventricular arrhythmias (Monahan et al., 1990), and
an interaction between sorivudine and fluorouracil re-
sulted in fatal toxicity in Japan (Watabe, 1996; Okuda et
al., 1997). The possible sites of drug-drug interaction which
can change pharmacokinetic profiles include: (1) gastroin-
testinal absorption, (2) plasma and/or tissue protein bind-
ing, (3) carrier-mediated transport across plasma mem-
branes (including hepatic or renal uptake and biliary or
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urinary secretion), and (4) metabolism. Pharmacodynamic
interactions such as antagonism at the receptor may also
increase or decrease the effects of a drug.

In this review, after brief comments on (2) and (3), we
intend to focus on (4) and to discuss the possibility of the
quantitative prediction of drug-drug interactions in vivo
based on the analyses of data from literature obtained
by in vitro experiments using human liver samples. Fur-
thermore, strategic proposals for avoiding toxic interac-
tions will be given from a pharmacokinetic point of view.

II. Drug-Drug Interactions Other Than Involving
Metabolism

A. Drug-drug interactions involving plasma protein
binding

Although interactions involving plasma protein bind-
ing are well known, they rarely cause clinically serious
problems (Rowland and Tozer, 1995; Rolan, 1994). The
reasons are summarized below.

The unbound fraction (f,)° of a drug in plasma is
increased when it is displaced by other drugs at the
plasma protein binding sites. Subsequent alterations in
plasma concentration profiles can be caused by changes
in both clearance (CL) and volume of distribution (V) of
the drug. The effect on the steady-state concentration
(Cqs) and the area under concentration-time curve
(AUC) can be predicted from the change in CL. It should
be noted that the effect of protein binding replacement
depends on the magnitude of CL and the route of admin-
istration. As shown in table 1, an analysis based on the

P Abbreviations: «;, membrane permeation constant from the lumen
into the cell; 5,FU, 5-fluorouracil; ATP, adenosine triphosphate; AUC,
area under concentration-time curve; AUCyy, AUC after intravenous
administration; AUC,,,, AUC after oral administration; AUC,,, AUC for
unbound drugs; BA, bioavailability; BBM, brush border membrane;
BLM, basolateral membrane; BVU, 5-bromovinyluracil; C/M ratio, cell-
to-medium unbound concentration ratio; C,,;, steady-state total drug
concentration in the cell; C.. ., Steady-state unbound drug concen-
tration in the cell; C,, concentration in the liver; CL, clearance; CL,,
hepatic clearance; CLy, ,,,, clearance for a particular metabolic pathway;
CL;,, intrinsic clearance for metabolism; CL;, ., overall intrinsic
clearance; CL,,,;, oral clearance; CL,, renal clearance; CL,,, total clear-
ance; C,, ., maximum concentration; C, .qium, Steady-state total drug
concentration in the medium; C,,,;, concentration in portal vein; C
steady-state concentration; C,, concentration in systemic blood; C, .,
C,, for unbound drugs; D, dose; DBSP, dibromosulfophthalein; DPD,
dihydropyrimidine dehydrogenase; E, enzyme; E, ., amount of active
enzyme; E,, gut extraction ratio; E,, hepatic extraction ratio; EI, en-
zyme-inhibitor complex; E; .., amount of inactive enzyme; EIS, en-
zyme-inhibitor-substrate complex; E_, total concentration of the en-
zyme; ES, enzyme-substrate complex; F,, fraction of drug absorbed
from the gastrointestinal tract into the portal vein; F ., fraction of drug
dose absorbed into and through the gastrointestinal membranes; fj,
unbound fraction in blood; F,, fraction of absorbed dose that passes
through the gut into the hepatic portal blood unmetabolized; fj,, fraction
of CL, in CLy; F}, hepatic availability; f,,, fraction of the metabolic
process subject to inhibition in CL,; f;, unbound fraction in the cell; f,,
unbound fraction in plasma; I, inhibitor; I,,, concentration of inhibitor in
the liver; L, ..., maximum concentration of inhibitor in portal vein;
Lin max.w, Maximum unbound concentration of inhibitor in the portal
vein; I, ,, unbound concentration of inhibitor in the portal vein; Iy,
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TABLE 1
Relationship between the area under concentration-time curve (AUC) or
AUC for unbound drugs (AUC,) and the hepatic blood flow (Q,,), the
hepatic intrinsic clearance (CL,,,,), and the blood unbound fraction (f,)
based on the well-stirred model (Wilkinson, 1983)

Administration Condition AUC a1 AUC,
General D(Qp + f, - CLipe) D(Qn + £,:CLin)
Q- fy- CLim,h Qh'CLint,h

Intravenous — Q,<<f; - CLy,, D D-f,
Qu Qu
Q,>>1,, - CLyyyn D D

fp+ CLint,h CLint,h
Oral All D D

£, + CLingn CLint,h

well-stirred model has revealed that the protein binding
replacement has little effect on the C,, and AUC for
unbound drugs (C, o, and AUC,) after oral administra-
tion, which are parameters directly related to the phar-
macological and adverse effects, irrespective of the mag-
nitude of CL. In the case of low clearance drugs, C, .
and AUC, after intravenous administration also are
affected little by protein binding replacement. The only
situation for a possible interaction is after the intrave-
nous administration of a high clearance drug and there
are few examples of this in clinical practice (Rolan,
1994).

The alteration of V; caused by protein binding re-
placement also has an effect on the blood drug concen-
tration (Rowland and Tozer, 1995). In the case of drugs
with a relatively large V4, V4 increases in parallel with
f,. Although this leads to a transient reduction in total

maximum concentration of inhibitor in the systemic blood; I, o>
steady—state maximum concentration of inhibitor; ..., concentra-
tion of inhibitor in portal vein; I, steady—state total plasma concen-
tration of inhibitor; L, concentration of inhibitor in systemic blood;
I, unbound concentration of the inhibitor; k,, first order absorption
rate constant; k,.,, degradation rate constant of the enzyme; k,
elimination rate constant; K;, inhibition constant; K; ,,,, apparent
inactivation constant; k;, .., maximum inactivation rate constant;
K., Michaelis constant; k., apparent inactivation rate constant;
K, liver—to—blood concentration ratio; P, product; p—gp, p-glycopro-
tein; Py ,,,, apparent influx clearance from the gut lumen into epi-
thelial cells; P,, efflux clearance from epithelial cells to the gut
lumen; P, absorption clearance from the epithelial cells to the portal
vein; PS, intrinsic clearance for membrane permeation; PS, e,
membrane permeation clearance by active transport; PS, g, intrinsic
clearance for efflux; PS;,, intrinsic clearance for influx; PS, e,
membrane permeation clearance by passive diffusion; Q,, blood flow
rate in the hepatic artery; Qy,, hepatic blood flow rate; Q,,,, blood flow
rate in the portal vein; R, degree of inhibition; R., degree of increase
in Cgg and AUC; S, substrate; t’, time after oral administration; t,,,
elimination half life; t ;, small intestinal transit time; T,,,, time to
reach the maximum concentration; V,, ., absorption rate; V,,, aver-
age luminal volume; Vg, volume of distribution; V},, volume of liver;
v, maximum influx rate into the liver; V,, .., maximum meta-
bolic rate; v,, initial uptake velocity obtained in the absence of
ATP-depletors; v ,,qive, initial uptake velocity obtained in the pres-
ence of ATP-depletors; V., volume of portal vein; X,, change in
gut extraction ratio; X;,, change in hepatic extraction ratio.

in,max>
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blood concentration caused by the redistribution of the
drug into tissues, the unbound concentration is not af-
fected. However, in the case of drugs with a small Vy,
which depend on f, to a lesser extent, the total blood
concentration is not affected so much by the change in f,,,
but the unbound concentration is greatly altered.

Figure 1 shows the simulation of the effects of protein
binding replacement on the blood concentration profile
during a constant intravenous infusion, where the pro-
tein binding and the tissue distribution of the drug are
assumed to reach equilibrium rapidly, i.e., the concen-
tration changes rapidly in response to a change in f,. In
this simulation, changes in both CL and V, associated
with the change in f, were considered. As just described
above, the steady-state unbound concentration is altered
with the change in f,, only for a high clearance drug. It is
also clear from figure 1 that, in the case of drugs with a
small V,, a transient increase in the unbound concen-
tration is observed even for a low clearance drug, and
caution for the possible occurrence of side effects is
needed.

B. Drug-drug interactions at the transport carrier

Very few studies have focused on drug-drug interac-
tions involving carrier-mediated transport across mem-
branes, including the interactions involving renal secre-
tion and reabsorption and those where p-glycoprotein

(a) (b}
100 418=0.1 —0oc=ec—— 100 4 <fs=9.1
/- Total ] Total fe=0.2
fs=0.2
5 fe=0.2 5 fe=0.p
g 10 fo=0) 109 fa=0.)
z:u; Unbound § E Unbound
c =4
8 S
1 T T T 1 T T T
0 10 20 30 40 0 10 20 30 40
time (min) time (min)
() ()]
100 4 S f8=0.1 100 = -
f /’[ B | 3 / 1 fs 0.1I
:/ fe=0.2 ;/ fe=0.2
4 Total ] Total
I
§ 1 8 f8=0.2
g 10 | fo=0.2 5 10 g : f
-— ':‘ + - E g=
g Unbound 18=0.1  § 3 Unbound
5 5 3
o o
1 T T T 1 1 T T T
0 10 20 30 40 0 10 20 30 40
time (min) time {min}

Fic. 1. Effects of protein binding replacement on the blood concentra-
tion profile during a constant intravenous infusion of (a) a high clearance
drug with a high V,, (b) a high clearance drug with a low Vg, (¢) a low
clearance drug with a high Vg, or (d) a low clearance drug with a low V.
The protein binding and the tissue distribution of the drug are assumed
to reach the equilibrium rapidly. An ideal situation is assumed where the
concentration of the interacting drug (the displacer of the protein bind-
ing) immediately reaches a constant value at 10 min.
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(p-gp) plays a role (Tsuruo et al., 1981; Slater et al., 1986;
Kusuhara et al., in press).

Along with metabolism, renal excretion is one of the
most important processes affecting the total body clear-
ance of a drug. Alterations in this process caused by
drug-drug interactions should, therefore, be carefully
considered. Secretion of drugs at the renal tubule is an
active transport process, where organic anion transport-
ers, organic cation transporters, and p-gp are known
transport carriers (Hori et al., 1982; Takano et al., 1984;
Tanigawara et al., 1992). The renal clearance of a drug is
reduced by inhibition of these transport processes. It is
known that both organic anion transporters and organic
cation transporters exist on both the basolateral mem-
brane (BLM) and the brush border membrane (BBM)
and that they are different from each other, whereas
p-gp is only present on the BBM. The inhibitors of these
transporters interact with other drugs; for example, in-
hibition of the renal excretion of penicillin and other
related drugs by probenecid (Hunter, 1951), methotrex-
ate excretion by nonsteroidal anti-inflammatory drugs
(Statkevich et al., 1993), and digoxin excretion by quin-
idine (Tanigawara et al., 1992) all involve this kind of
interaction.

Most studies of pharmacokinetic drug-drug interac-
tions reported so far have been limited to the analysis of
hepatic metabolism. However, the hepatic clearance of
many drugs has been found to be determined mainly by
hepatic uptake (Yamazaki et al., 1995, 1996). The over-
all intrinsic clearance (CL;, ;) can be expressed using
the intrinsic clearance for metabolism (CL,,;) and that
for membrane permeation (PS) as follows:

CLint,all = Psinf' CLint/(PSeff + CLint) [1]

where PS;, is intrinsic clearance for influx, and PS¢ is
intrinsic clearance for efflux.

It is clear from equation (1) that CL;, . equals CL;,
in the case of drugs with large (PS > CL;,,) and sym-
metrical (PSS, = PS¢ membrane permeability. Other-
wise, hepatic clearance is affected by the membrane
permeability of the drug. In such cases, it is important to
evaluate drug-drug interactions involving not only me-
tabolism but also membrane permeation. In our labora-
tory, several cases of drug-drug interactions were found
in rats at the level of transporters involved in hepato-
biliary transport as shown below. In the future, similar
interactions at the transporter level possibly may be
found in the clinical situation. The interactions found in
rats include: inhibition of biliary excretion of glucu-
ronides and sulfates of liquiritigenin, a flavonoid, by
organic anions such as dibromosulfophthalein (DBSP)
and glycyrrhizin, which has a glucuronide moiety (Shi-
mamura et al., 1994); inhibition of biliary excretion of
glycyrrhizin by DBSP (Shimamura et al., 1996); inhibi-
tion of biliary excretion of leukotriene C,, which has a
glutathione moiety, by DBSP (Sathirakul et al., 1994);
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and reduction of plasma clearance, based on hepatic
uptake and biliary excretion, of octreotide, a small oc-
tapeptide, by DBSP and taurocholate (Yamada et al.,
1997). In vivo drug-drug interactions involving mem-
brane transport remain to be predicted based on in vitro
studies of the membrane permeability of drugs.

III. Drug-Drug Interactions Involving
Metabolism in the Liver

As a pharmacokinetic parameter directly related to
the pharmacological and/or adverse effects of drugs, it is
very important to predict the hepatic clearance. Because
the use of animal scale-up is limited in the case of
hepatic metabolic clearance due to large inherent inter-
species differences, we have developed an alternative
methodology to predict in vivo metabolic clearance in the
liver; it is based on in vitro studies using mainly rat liver
microsomes and isolated rat hepatocytes (Sugiyama and
Ooie, 1993; Iwatsubo et al., 1996). Recently, with the
greater availability of human liver samples, the method
of in vitro/in vivo scaling can now be applied to human
studies. We have already demonstrated that the method
can be applied to P450 metabolism in humans based on
in vitro and in vivo data obtained from the literature
(Iwatsubo et al., 1997). However, the prediction of in-
trinsic clearance was not successful for some drugs, pos-
sibly because of the contribution of active transport into
the liver and/or first-pass metabolism in the gut.

In order to prevent toxic drug-drug interactions, it is
important to quantitatively predict pharmacokinetic
changes caused by coadministration of drugs that are
known to inhibit the hepatic metabolism of the drug
under study (Sugiyama and Iwatsubo, 1996; Sugiyama
et al., 1996). In this review, we have focused on the
drug-drug interactions via inhibitory mechanisms and
have tried to predict in vivo interactions from in vitro
data on drug metabolism obtained from the literature.

A. Examples of In Vivo Drug-Drug Interactions
Involving P450 Metabolism

Drug-drug interactions involving metabolism are one
of the principal problems in clinical practice to evaluate
the pharmacological and adverse effects of drugs. Par-
kinson (1996) summarized examples of substrates, in-
hibitors, and inducers of the major human liver micro-
somal P450 enzymes involved in drug metabolism. In
the case of drugs that undergo metabolism by CYP3A4
and 2D6, particular attention should be paid to the
interactions resulting in alterations in blood concentra-
tions possibly accompanied by a change in its effects,
because a number of drugs are metabolized by these
enzymes (Bertz and Granneman, 1997). For example,
blood concentrations of imipramine and desipramine,
substrates for CYP2D6, are elevated several-fold by co-
administration of fluoxetine, another substrate for
CYP2D6 (Bergstrom et al., 1992). Similarly, concentra-
tions of terfenadine, which is metabolized by CYP3A4,
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are increased in patients taking erythromycin, which is
also a substrate for CYP3A4 (Honig et al., 1992). Quin-
idine is metabolized mainly by CYP3A4 but inhibits the
metabolism of substrates for CYP2D6, such as
sparteine, rather than those for CYP3A4 (Schellens et
al., 1991). Furthermore, in the case of drugs whose me-
tabolism is mediated by multiple isozymes (e.g., diaze-
pam), drug-drug interaction may be complicated because
of possible dose-dependent changes in the contribution
of each isozyme to the overall metabolism (Iwatsubo et
al., 1997).

B. Inhibition Mechanism of Drug Metabolism by P450

Drug metabolism by P450 can be inhibited by any of
the following three mechanisms.

The first is mutual competitive inhibition caused by
coadministration of drugs metabolized by the same P450
isozyme, such as the above-mentioned (see Sec. A.) com-
binations of imipramine or desipramine and fluoxetine
(CYP2D6). In this case, as reported for metoprolol and
propafenone (CYP2D6) (Wagner et al., 1987), blood con-
centrations of both drugs may be increased.

The second is the inactivation of P450 by the drug
metabolite forming a complex with P450. This type of
inhibition is designated as “mechanism-based inhibi-
tion” (Silverman, 1988). Inhibition by macrolide antibi-
otics, such as erythromyecin, is a typical example of this
type of interaction. As shown in figure 2, P450 demeth-
ylates and oxidizes the macrolide antibiotic into a nitro-
soalkane that forms a stable, inactive complex with
P450 (Periti et al., 1992).

The third is inhibition by the binding of imidazole or a
hydrazine group to the haem portion of P450. In the case
of cimetidine, the nitrogen in the imidazole ring binds to
the haem portion of P450 causing nonselective inhibition
of many P450 isozymes (Somogyi and Muirhead, 1987).

C. Inhibition Patterns of Drug Metabolism

The effects of inhibition of drug metabolism on in vivo
pharmacokinetics are highly variable and depend on the
properties of the drug, the route of administration, etc.
(Rowland and Martin, 1973; Tucker, 1992). Except for

N N N N
[Fe**] Amine [Fe**]
> < 02,NADPH » >

N N

Apoprotein

N=0

‘ Macrolide

A nitrosoalkanes
Uncomplexed
macrolide-induced
cytochrome P450

Complexed
cytochrome P450

Fig. 2. Inhibition mechanism of P450 by macrolides (Periti et al.,
1992).
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the case of mechanism-based inhibition, inhibition of
drug metabolism can be classified into the following
three categories, and the equations corresponding to
each inhibition type have been derived (Todhunter,
1979).

1. Competitive Inhibition. Competitive inhibition is a
pattern of the inhibition where the inhibitor competes
with the drug for the same binding site within an en-
zyme protein:

E+S<ES —-E+P

K,, (Michaelis constant for S)
E+I=EI

K, (Inhibition constant for I)

where E is the enzyme, S is the substrate, ES is the
enzyme-substrate complex, P is the product, I is the
inhibitor, and EI is the enzyme-inhibitor complex. In the
case of competitive inhibition, the metabolic rate (v) can
be expressed by the following equation (2):

VoS
T K,1+IK)+S

(2]

v

where V,, .. is the maximum metabolic rate.

It is clear from equation (2) that the inhibition by a
given concentration of I is marked when the substrate
concentration is low and becomes less marked with an
increase in the substrate concentration.

2. Noncompetitive Inhibition. Noncompetitive inhibi-
tion is a pattern of inhibition where the inhibitor binds
to the same enzyme as the drug but the binding site is
different, resulting in a conformation change, etc., of the
protein:

E+S = ES—E+P
K.
E+I = EI
K;
EI+S = EIS
Km
ES+1I = EIS
K;

where EIS is the enzyme-inhibitor-substrate complex. It
is assumed that the inhibitor binds to the free enzyme
and the ES complex with the same affinity. In the case of
noncompetitive inhibition, the metabolic rate can be ex-
pressed by the following equation (3):

_ {Vmax/(]- + I/Kl)} * S
V= K. +8S

(3]

It is clear from equation (3) that the degree of inhibi-
tion does not depend on the substrate concentration.

3. Uncompetitive Inhibition. Uncompetitive inhibition
is a pattern of inhibition where the inhibitor binds only

391

to the enzyme forming a complex with the drug:

E+S = ES—E+P
Km

ES+1 = EIS
K

1

Unlike competitive and noncompetitive inhibition, the
inhibitor cannot bind to the free enzyme. In the case of
uncompetitive inhibition, the metabolic rate can be ex-
pressed by the following equation (4):

V= KJ1+UK)+S

[4]

It is clear from equation (4) that the inhibition becomes
more marked with increasing substrate concentration.

The degree of inhibition depends on the inhibition
pattern when the substrate concentration is high. How-
ever, when the substrate concentration is much lower
than K, (K., >> S), the degree of inhibition (R) is ex-
pressed by the following equation (5), independent of the
inhibition pattern, except in the case of the uncompeti-
tive inhibition (Tucker, 1992):

_ v(+inhibitor) B 1
~ v(—inhibitor) 1+ I/K;

(5]

In clinical situations, the substrate concentration is usu-
ally much lower than K. In this review, we will discuss
the most frequently observed case in which equation (5)
can be applied.

D. Prediction of In Vivo Drug-Drug Interactions Based
on In Vitro Data

1. General Equations. The following factors determine
the degree of change in C,, and AUC caused by the
drug-drug interaction in vivo:

1) The route of administration (intravenous or oral, i.e.,
whether the drug first passes through the liver or not).

2) Fraction (f},) of hepatic clearance (CL;) in total
clearance (CLy,).

3) Fraction (f,) of the metabolic process subject to
inhibition in CL,.

4) Unbound concentration of the inhibitor (I,,) around
the enzyme.

5) Inhibition constant (K;).

6) Plasma unbound concentration (C, ) of the drug
subject to inhibition.

7) Michaelis constant (K,) for the drug subject to
inhibition.

f, and f, are expressed as follows:

. CL

h=CL, + CL, o
CLin

fm t,1 [7]

N CLint,l + CLint,Z
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where CL,, is hepatic clearance, CL, is renal clearance,
and CL;,; ; and CL, , represent the intrinsic clearance
for the metabolic pathway inhibited and not inhibited by
the inhibitor, respectively (CL;,; = CLj,41 + CLiy2). In
equation (6), it is assumed that only the liver and kidney
are the clearance organs. Equation (6) can be rearranged
to give the following equation:

CL,=CL,(1/f, - 1) (8]

Equation (7) can be rearranged to give the following
equation:

CLint,Z = CLint,l(]-/fm - 1) [9]

The fractional clearance for a particular metabolic path-
way (CL, ,,) can be expressed as f;, multiplied by f,,.

R, defined as the degree of increase in C, and AUC caused
by the drug-drug interaction in vivo, can be calculated as
shown below, depending on the route of administration.

a. INTRAVENOUS ADMINISTRATION. The change in AUC
after intravenous bolus administration (AUC,,) and C
during intravenous infusion can be expressed by the fol-
lowing equation, if the dose or infusion rate is constant:

_ AUC,(+inhibitor) C(+inhibitor)

Re = AUC, (inhibitor) _ C_(—inhibitor)
_ CLy CL,+CL, CL, + CL(1/f, — 1)
~CL,’ CL, +CL, CL, +CLy1/f, - 1)

- CLy/t, - 1
T CL, + CL/f, - CL, f,-CL,/CL, + 1 f,

[10]

!

where ' represents the value after alteration by the
drug-drug interaction.

i. High clearance drug. Because f; - CL,,, is much
larger than the hepatic blood flow rate (Q) (Q, <
fy - CL;,y), CL,, is rate-limited by the flow rate (CL, =
Q). When the altered CL,, is still rate-limited by the
flow rate (CL,,’ = Q), i.e., Q, < f;. CL;,,/, then CL,’
equals CL;. Thus, R. can be calculated to be unity by
equation (10), indicating no change in AUC,, or C,. This
is not the case when the inhibition is so extensive that
CL,, is not limited by the flow rate any more.

ii. Low clearance drug. In the case of a low clear-
ance drug, CL,, = f;, - CL;,; and CL,’ = f,. CL;,,". If the
protein binding is not altered by the inhibitor, the ratio
(y) of CL;, and CL,," can be calculated as follows:

_ CLy’ _ £, - CLyyy’ _ £, - (CLiyy" 1 + CLing2)
Y7 CL, f£,-CLy £y (CLiy, + CLigs)

~ CLyy' 1 + CLig ,(Vf, — 1)
"~ CLjyq + CLi (U, — 1)

_ CLint’,l + CLint,l/fm - CLint,l
CLint,l/fm

= fm ° CLint’,l/CLint,l +1- fm

ITO ET AL.

Combining equations (10) and (11) yields the following
equation:

1
" fy(fy - CLiy /CLipe, + 1 —f,) +1— 1,

1 [12]
B fh : fm . CLint,,l/CLint,l + 1 - fh . fm

R.

Because C,, ;, encountered clinically is usually much less
than K,,,, CL;,,; ; and CL;,; ; can be expressed as follows:

CLint,l = Vmax/Km and CLint’,l = Vmax/Km(]- + Iu/I{i)
where I, is the unbound concentration of the inhibitor.
Therefore,

CLint’,l/CLint,l = [13]

1+ I/K;

can be derived. Combining equations (12) and (13) yields
the following equation:

1

Re= o WA+ IR +1—£ f,

[14]

It is clear from equation (14) that, in the case of the
intravenous administration of a low clearance drug, the
degree of increase in AUC;, is determined not by K, or
Cuss but by K, I, fy, and £, if K,, > C, .

b. ORAL ADMINISTRATION. The change in AUC,, after a
single oral administration and that in Cg,, after re-
peated oral administration can be expressed by the fol-
lowing equation (15), if the dose and administration
interval is constant:

_ AUC,(+inhibitor) _C, ,(+inhibitor)
¢ AUC,(—inhibitor) ~ C ,,(—inhibitor)

_ CLOral . (CLh + CLr)/(Fh M Fa)

" ClLg.' (CLy + CL/(F, -F,)

N {CLh’ + CLh(l/fh - 1)}/Fh,

- CLy/f, F,/
" (CL, +CLy/f, — CL,) F,

- 1 F,’
B fh ° CLh,/CLh +1- fh Fh

where F}, is hepatic availability and F, is the fraction
absorbed from the gastrointestinal tract into the portal
vein.

Some kind of mathematical model has to be intro-
duced for the calculation of the hepatic intrinsic clear-
ance (CL;,,) in vivo. In order to avoid a false negative
prediction of drug-drug interactions, we tried to evalu-
ate the maximum inhibitory effect expected. The well-
stirred model was selected as one which can detect the
maximum effect of the inhibitor. In the case of oral
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administration where D is dose, D/AUC,,, = D/7/C ,, =
CL,/F,, = f, - CL;,; can be derived based on the well-
stirred model, irrespective of the value of CL,, relative to
Q;,, where D is dose. In this model, therefore, either
AUC,, or Cg ,, is affected directly by the reduction in
CL;,; without a contribution from the hepatic blood flow
rate. For this reason, the well-stirred model can detect
the maximum effect of an inhibitor. Thus, the well-
stirred model was used in the following discussion of the
prediction of drug-drug interactions after oral adminis-
tration.

i. High clearance drug. Because f; - CL,,; is much
larger than the hepatic blood flow rate (Q,, << f;, - CL;,,,),
CL,, is rate-limited by the flow rate (CL;, = Q). When
the altered CL, is still rate-limited by the flow rate
(CLy' = Qp),ie., Q, < f, - CL;,,/, then CL,’ equals CL,,.
On the other hand, F, = Q./(f,-CL;,) and F,' = Q./
(fy - CLy,:"). Therefore, the following equation (16) can be
derived from equation (15):

Fh, CLint CLint,l + C]-‘int,2
< Fh a CLintl a CLint,,l + CLint,Z

. CLint,l + CLint,l(]-/fm - 1)
~ CLyy' 1 + CLyy (£, — 1)

(16]

_ CLint,I/ fm
B CLint,,l + CLint,l/fm - CLint,l

1
" £, ClLiy /CLiyy + 11,

Furthermore, as C,, . encountered clinically is usually
much less than K, CL;,,; ; and CL;,,;’ ; can be expressed
as follows:

CLint,l = Vmax/Km and CLint’,l = Vmax/Km(]- + Iu/Ki)

Therefore,

1

CLint' 1/CLiy 1 = 1r1/K

[17]
can be derived. Combining equations (16) and (17) yields
the following equation:

1
Re= e WA +1/K) +1-f,

(18]

ii. Low clearance drug. Since the first-pass hepatic
availability is close to unity for low clearance drugs, the
final equation (14) should be the same for intravenous
and oral administration.

The effect of the inhibitor on the C,,,, after oral ad-
ministration also depends on the clearance of the drug.
Assuming that the drug absorption from the gastroin-
testinal tract is sufficiently rapid, C,,,, is proportional to
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F, . Based on the well-stirred model, F}, can be expressed
as follows:

F, = Q/(Qy + fi, - CLyy)

It is clear from equation (19) that F, is minimally af-
fected by the change in CL;,; in the case of a low clear-
ance drug (Q, > f;, - CL;,: F,, = 1), but is inversely
proportional to CL;,, in the case of a high clearance drug
Qn, < fy - CL ¢ Fy, = Q/fy, - CLy,p), in which case C, .,
also changes in inverse proportion to CL; ;.

In summary, it is important to know the values of K,
I,, f,,, and £, in order to predict in vivo drug-drug inter-
actions. Approximated f;, and f,,, values can be estimated
from the urinary recovery of the parent compound and
each metabolite. K; values can be evaluated by kinetic
analysis of in vitro data using human liver microsomes
and recombinant systems and this has already been
done for many compounds. The key, therefore, is the
evaluation of I,,.

2. The evaluation of the unbound concentration of the
inhibitor in vivo. Although I, is the unbound concentra-
tion of the inhibitor around the metabolic enzyme in the
liver, it is impossible to directly measure this in vivo.
However, many drugs are transported into the liver by
passive diffusion, allowing for the assumption that the
unbound concentration in the liver equals that in the
liver capillary at steady-state. This means that estimat-
ing the unbound concentration of the inhibitor in the
liver capillary may be enough for some drugs. This as-
sumption is not valid, however, in the case of drugs
which are actively transported into or out of the liver;
the unbound concentration in the liver may be higher in
the former case or lower in the latter than in the liver
capillary (fig. 3). In these cases, another experiment
using human hepatocytes, human liver slices, etc., is
required to estimate the kinetic parameters for the ac-
tive transport. Furthermore, the unbound concentration
in the liver capillary is always changing and a concen-
tration gradient is formed from the entrance (portal
vein) to the exit (hepatic vein). Which of these concen-
trations should be considered as I,,? An underestimation
of I, may lead to a “false negative” prediction of actually

P
Cout < Cp < Cin

Blood capiliary

(19]

Cout Cin
‘ & |e———— Blood flow
Metabolism —a———— /f,\-r Hepatocytes
... Active influx

... | Active effiux
m Poor membrane permeability

Fic. 3. Relationship between unbound drug concentration in the liver
capillary (C; ) and that in the liver (C;). C;,, and C,,,, represent the drug
concentration at the entrance (portal vein side) and the exit (hepatic vein
side) of the liver, respectively.
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occurring in vivo drug interaction from in vitro data. In
order to avoid a false negative prediction caused by
underestimation of I, the plasma unbound concentra-
tion at the entrance to the liver, where the blood flow
from the hepatic artery and portal vein meet, was con-
sidered the maximum value of I, and was used in the
prediction (I, ,; fig. 4).

Practically, the maximum plasma concentration in
the circulation (I,,,,) has been estimated for many in-
hibitors. When the value of I, is not reported, it can be
predicted from both the plasma concentration at a single
time point after administration and the pharmacoki-
netic parameters such as the elimination half life (t;/5 p).

According to the model in figure 4, influx into the liver
consists of contributions from the hepatic artery and
portal vein (after gastrointestinal absorption). When the
drug is absorbed from the gastrointestinal tract with a
first-order rate constant (k,), the maximum influx rate
into the liver (v; ) can be expressed as follows:

in,max

Vin,max é QaImax + vaImax + ka ° D : Fa . eikat' [20]
where Q, and Q,, represent the blood flow rate in the
hepatic artery and the portal vein, respectively, F,, is the
fraction absorbed from the gastrointestinal tract into the
portal vein, and t’ is the time after oral administration
(after subtraction of the lag-time).

When the absorption rate is maximum (i.e., t' = 0),
the final term in equation (20) can be expressed as
k,-D-F, and thus:

Vin,max = (Qa + va)Imax + ka ‘D- Fa [2 1]

Systemic
blood (Iblood)

-~

I

Tout . Tin Qa

Liver |

Qh Qpv
* ka

Gl tract

ka.D.Fa
Qh

Fic. 4. Model for estimating inflow concentration of the inhibitor into
the liver after oral administration (I,,). I, I, and I, .4 represent the
inhibitor concentration at the exit of liver (hepatic vein side), the inhib-
itor concentration at the liver capillary, and inhibitor concentration in the
systemic circulation, respectively. Q,, Q,, and Q,, (=Q, + Q,,,) represent
blood flow at hepatic artery, portal vein, and hepatic vein, respectively.
k,, D, and F, represent the absorption rate constant, dose, and the
fraction absorbed from the gastrointestinal tract into the portal vein,
respectively, of the inhibitor.

Iin = Ibioos +

ITO ET AL.

As Q, = Q, + Q,,, the following equation can be derived:

Iin,max = Vin,max/Qh: @ + (ka : D/Qh) ° Fa
Contribution Contribution [22]
from the from the
systemic absorption
circulation

Therefore, I, .. can be predicted if the parameters
such as k, and F, are available for the inhibitor. Taking
the plasma protein binding into consideration, the un-
bound I, ax (Iin max.w) can be calculated as I, .« £,
Finally, comparing the value of I;,, ;.. . as I;, , and that
of K; obtained in vitro allows the prediction of the max-
imum degree of in vivo drug-drug interaction caused by
metabolic inhibition.

In general, the apparent absorption rate of the orally
administered drug is maximum when the gastrointesti-
nal absorption of the drug is so rapid that the rate-
limiting step is the gastric emptying rate. A first order
rate constant (k,) of about 0.1 min~' is reported for
gastric emptying in rats and humans (Oberle et al.,
1990). On the other hand, the absorption rate constant
in humans can be calculated from the time to reach the
maximum concentration (T, ,,) and the elimination con-
stant (k) as follows:

Tmax = ln(ka/kel)/(ka - kel)

max

(23]

In practice, however, because of the possible estimation
error of T .. caused by interindividual differences etc.,
the calculated value of k, sometimes exceeds 0.1 min~?,
though it should never exceed that, theoretically, for
gastric emptying. Therefore, the theoretically maximum
value of 0.1 min~! was used for k, when it was calcu-
lated to be larger than 0.1 min ™. Moreover, in order to
avoid a false negative prediction, the maximum k, of 0.1
min~! was used to obtain the largest inhibitor concen-
tration if k, was unknown.

E. Examples of the Prediction of Drug-Drug
Interactions Based on Literature Data

The methodology described above (see Section II1.D.)
has been applied to the prediction of in vivo drug-drug
interactions from in vitro data gathered from the liter-
ature.

1. Successful Cases of In Vitro/In Vivo Prediction. a.
TOLBUTAMIDE-SULFAPHENAZOLE. Interactions between
tolbutamide and sulfa-agents cause serious side effects
such as hypoglycemic shock in patients (Christensen et
al., 1963) and exhibit the marked interspecies differ-
ences in animals. Veronese et al. (1990) reported about a
five-fold increase in both AUC,,, and t;,, of tolbutamide
in humans following coadministration of 500 mg sulfa-
phenazole (table 2, fig. 5).

The t,/, of intravenous tolbutamide is prolonged and
the CL,,, is reduced markedly in rats, too, by sulfa-
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TABLE 2
Inhibition of tolbutamide metabolism (CYP2C9) by coadministration of sulfaphenazole

Dose (mg) Route

AUC (ng - hr/ml) CLy; (ml/min)

control
+ sulfaphenazole

500 p.o.

587
3100

27.5

CL, (ml/min) CL,, (ml/min)

CL,,* (ml/min) CL,, ./CLy, I, /K

0.42 27.1

21.7 0.8 125-250

2 methyl hydroxylation (2C9)+carboxylation (sequential).

60

50 A

40

30 4

20 9

o - T T T T =¥

0 10 20 30 40 50 60
TIME (h)

TOLBUTAMIDE PLASMA CONCENTRATION (mg/L)

Fic. 5. Effect of sulfaphenazole coadministration on plasma concentra-
tion of tolbutamide (Veronese et al., 1990). A: Tolbutamide (500 mg p.o.)
alone; A: Tolbutamide (500 mg p.o.)+Sulfaphenazole (500 mg p.o., q12h).

phenazole (Sugita et al., 1981). On the contrary, the
CL,,; of tolbutamide is increased 15 to 30% in rabbits
with little change in the t,,, (fig. 6) (Sugita et al., 1984).
Because tolbutamide is a low clearance drug with a
small urinary excretion, the CL,, after intravenous ad-
ministration is expressed by the following equation (24):

CL,,, = D/AUC =f{; - CL;, [24]

Sugita et al. (1984) tried to reconstruct the CL,, in
vivo based on the values of unbound fraction in blood (f;)
and CL;,, estimated separately by in vitro binding and
metabolic studies. Sulfaphenazole inhibits both plasma
protein binding and hepatic metabolism of tolbutamide,
causing the increase in f, and the reduction in CL,,,, in
both species. Although the CL,. falls to about one-
fourth and the f;, increases about two-fold in rats, result-
ing in about a half-fold reduction in the CL,, the CL;,
falls to about one-half and the f; increases about two-fold
in rabbits resulting in little change in the CL,, (fig. 7).
The effects on the CL;,, and f of tolbutamide are not
constant among sulfa-agents; sulfadimethoxine also re-
duces the CL,,. by about one-half in rabbits but in-
creases the f) more than two-fold, resulting in an in-
crease in the CL,, and a reduction in the AUC (Sugita et
al., 1984).

The interaction between tolbutamide and sulfa-
phenazole involves both plasma protein binding and he-

patic metabolism in humans, too. The main metabolic
pathway of tolbutamide in vitro is CYP2C9-mediated
hydroxylation, and the metabolite undergoes sequential
metabolism forming a carboxylate in vivo (Thomas and
Tkeda, 1966; Nelson and O'Reilly, 1961). The K; of sul-
faphenazole, a specific inhibitor of CYP2C9, for tolbut-
amide methyl hydroxylation in human liver microsomes
in vitro is 0.1-0.2 uM (Miners et al., 1988; Back et al.,
1988). The I,,.. of sulfaphenazole after a 500 mg dose
was 70 uM in humans, and the absorption term [the
second term in equation (22)] was calculated to be 8.0
uM using k, = 0.0095 min~*, D = 500 mg, Q,, = 1610
ml/min, and F, = 0.85. I;,, ,,,., Was, therefore, calculated
to be 78 uM, indicating that the contribution of systemic
circulation is greater than that of absorption. Taking the
f, value (0.32) of sulfaphenazole into consideration,
L, /K; was calculated to be 125-250 (table 2). The
plasma protein binding of tolbutamide is also inhibited
by sulfaphenazole in humans, resulting in about a three-
fold increase in f}, (Christensen et al., 1963). However,
the inhibition is considered almost complete in terms of
the product of f; and CL;,, because the extent of inhibi-
tion of metabolism is much greater than that of its
plasma protein binding. The contribution of the
CYP2C9-related metabolic pathway of tolbutamide is
about 80% of the total (f, - f,, = CL, ,/CL;,, = 0.8) (table
2). Therefore, complete inhibition of this metabolic path-
way leads to an 80% reduction in CL;,, and the AUC,,
is predicted to be five times larger than the control
value, which is consistent with the observed increase
(table 2).

b. TRIAZOLAM-KETOCONAZOLE. Von Moltke et al. (1996)
reported that plasma triazolam concentration after oral
administration of 0.125 mg was greatly elevated by oral
ketoconazole (200 mg), producing a nearly nine-fold re-
duction in the apparent oral clearance. They predicted
this interaction based on in vitro studies using human
liver microsomes (table 3). Triazolam is eliminated in
humans mainly by CYP3A-mediated metabolism to
a-hydroxy (OH)- and 4-OH-triazolam. Ketoconazole is a
powerful inhibitor of both these metabolic pathways,
with a mean K, value of 0.006 and 0.023 uM, respec-
tively (Von Moltke et al., 1996). In order to estimate
ketoconazole concentrations in the liver, they conducted
an in vitro study using mouse liver homogenates in
human plasma spiked with ketoconazole; a liver/plasma
partition ratio of 1.12 was obtained. On the other hand,

2102 ‘ST aunc uo 1sanb Aq Bio'speuinofadseasiwreyd wolj papeojumoq


http://pharmrev.aspetjournals.org/

PHARMACOLOGICAL REVIEWS v

aspet.’

396

(B)

ITO ET AL.

e} o}
2004~ ~ 1~~~ J . J o=
N%-Ac SP
1505“‘ g——e—2 2 ¢e—¢
sp
E 1
()] [] b4
3 500’} igg'}—'—5———&———;—__5___%___4
i L
5 4003. 300} !\
g ‘ i\-\\‘
Pl 3 200 ~E—
N R S
@ LN ~ —
e i!-\\,‘_\ 100} ~_
8 200 " -\;\' TB (Control) \
© \* \<\§ 50 ™~
£ 1501 5\ ~ — — TB (CONTROL]
«© ~
= TB (+sP) & [N * T8 (+SP)
o \ N e
SR o sp
100 \
L ]
T 10
T y T L A 1 1 A d Jd
1 2 3 4 5 6 ] 5 3 4 s L
Time (hr)

Fic. 6. Effect of sulfaphenazole (SP) coadministration on plasma concentration of tolbutamide (TB) in rabbits (A) and rats (B) (Sugita et al., 1981, 1984).
Open and closed symbols represent plasma concentrations of sulfaphenazole (or its metabolite, N4-Ac SP) and tolbutamide, respectively.

the partition ratio was calculated to be 2.03 in the in vivo
mouse study where the ketoconazole concentrations in
plasma and liver were measured. The concentration of
ketoconazole in the liver was estimated by multiplying
this partition ratio by the total ketoconazole concentra-
tion in plasma in the clinical study (0.04-9.32 uM).
Using the in vitro K; values, ketoconazole concentration
in the liver, and the contribution of both metabolic path-
ways (62.5% and 47.5% for a- and 4-OH-pathway, re-
spectively), the predicted degree of reduction (>95%) in
triazolam clearance in vivo was consistent with the 88%
reduction actually observed in vivo (table 3). However, it
should be noted that in this report, the total concentra-
tion of the inhibitor was used instead of unbound con-
centration in the liver. The unbound concentration
needs to be estimated because the K; values obtained in
the in vitro studies are based on the concentration in the
medium.

Using our method proposed above (see Section II1.D.),
the ketoconazole-triazolam interaction would be pre-
dicted as follows: The I,,,,, . of ketoconazole during ad-
ministration of 200 mgx2/day was 6.6 uM (Daneshmend
et al., 1981), and the absorption term [the second term
in equation (22)] was calculated to be 1.4-2.5 uM using
k, = 0.0099-0.018 min~ !, D = 200 mg, Q,=1610 ml/
min, and F, = 0.59. The k, was calculated from equa-
tion (23) using the values of T, and t,,, (=0.693/k,;)
(Daneshmend et al., 1984). The I, ,,,., is, therefore,

calculated to be 8.0-9.1 uM. Since the f, of ketocon-
azole is 0.01, the I;,, .., is calculated to be 0.080—
0.091 uM and the obtained I, ;.. ,/K; value is 13-15
and 3.5—4.0 for the «-OH and 4-OH pathways, respec-
tively, using a K, value of 0.006 and 0.023 M, respec-
tively. Therefore, the reduction in the clearance can be
estimated as follows, considering the contribution of
each pathway to the total metabolism:

R X 0.525 + X 0.475

1 1
~1+(13-15) 1+ (3.5-4.0)

= 0.128-0.143

Thus, an 85.7-87.2% reduction is predicted by this
method, which is very close to the observed reduction
(88%) (table 3). The degree of the inhibition should be
larger if ketoconazole is actively transported into the
liver.

Two cases have been shown here in which the inter-
action that had actually occurred in vivo was success-
fully predicted based on in vitro metabolism data. On
the other hand, we believe that the ability to predict by
the above-mentioned methods based on in vitro data
should be very high in the case of drug combinations
that do not interact with each other in vivo. In other
words, the absence of in vivo drug-drug interactions
should be successfully predicted, which has been partly

2102 ‘ST aunc uo 1sanb Aq Bio'speuinofadseasiwreyd wolj papeojumoq


http://pharmrev.aspetjournals.org/

s
2
g
>
e
i
<
&
0
0
i
0
é
é

aspet.’

PREDICTION OF IN VIVO DRUG-DRUG INTERACTIONS

Rat Rabbit
a) fg
°
- - invitro
Q
2
E1.0f-------ommmemmomoe-
2
T‘; L. invitro '~ invitro
[+ 4 2'0 C) CLtot'pred(‘fB‘cLlnt )
1.0f-=---=--mmmmmm o ----
0
X x X Xx
()] iy
% ‘o % o
% %

Fic. 7. Prediction of interspecies difference in the interaction of tol-
butamide and sulfaphenazole (SP) or sulfadimethoxine (SDM) from in
vitro data (Sugita et al., 1984).

confirmed in our study, though the data are not shown
here.

2. Interactions Predictable for the Objective Metabolic
Pathway but not Predictable for the Overall Data. a.
SPARTEINE-QUINIDINE. Schellens et al. (1991) reported
that the CL,,, of sparteine (dose: 50 mg) fell from 979 to
341 ml/min (35% of the control value) after coadminis-
tration of 200 mg quinidine (table 4). The main meta-
bolic pathway of sparteine is CYP2D6-mediated dehy-
dration. Because quinidine is a specific inhibitor
of CYP2D6, it is reasonable that metabolic inhibition
is involved in this quinidine-induced reduction in the
CL,,.; of sparteine. The K; of quinidine for the CYP2D6-
mediated metabolism in human liver microsomes in
vitro is reported to be 0.06 uM. The I, ., of quinidine
after a dose of 200 mg was 4.1 uM, and the absorption
term [the second term in equation (22)] was calculated to
be 0.86-22 uM using k, = 0.0027-0.069 min *,
D =200 mg, Q, = 1610 ml/min, and F, = 0.83. I, a0y
is, therefore, calculated to be 5-26 uM. Because the f,, of
quinidine is 0.15, the I;, , and I;, ,/K; are calculated to
be 0.75-3.9 uM and 13-65, respectively (table 4). Thus,
it was predicted that the dehydration pathway of
sparteine would be almost completely inhibited by quin-
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TABLE 3
Comparison of the prediction of triazolam-ketoconazole interaction by
von Moltke’s and our method

Our method von Moltke’s method
K; (uM) a-OH 0.006 0.006
4-OH 0.023 0.023
I iasma (LMD 8.0-9.1 9.32
Tiver (uM) — 10.4-18.9
(K, = 1.12-2.03)
Tuyye, (FT0p100ma) (WMD) 0.080-0.091 —
live «-OH — 1730-3150
4-OH — 452-822
Ty, /K a-OH 13-15 —
4-OH 3.5-4.0 —
Predicted degree of 86-87% >95%
inhibition

idine. The contribution of the dehydration pathway of
sparteine to the total elimination is about 25%
(f, - f, = CLy, /CLy, = 0.25) (table 4). Therefore, the
complete inhibition of this dehydration pathway will
reduce the CL,,,; to 75% of the control value, which is
about two-fold larger than the observed reduction to
35%. The reasons for this discrepancy may include the
possibility that metabolic pathways other than dehydra-
tion may also be inhibited by quinidine.

b. TERFENADINE-KETOCONAZOLE. Honig et al. (1993) re-
ported that blood concentrations of terfenadine (dose: 60
mg), detectable only in one of six subjects when admin-
istered alone (I,,,, = 7 ng/ml), became detectable in all
subjects following coadministration of 200 mg ketocon-
azole, with the highest I, in the same subject elevated
to 81 ng/ml (table 5). The main elimination pathway of
terfenadine is CYP3A4-mediated N-dealkylation and
hydroxylation yielding a carboxylate, which may un-
dergo sequential N-dealkylation (Garteiz et al., 1982). K;
values of ketoconazole for terfenadine metabolism in
vitro have been reported by two groups. Jurima-Romet
et al. (1994) reported the K; values of 3 and 10 uM in
human liver microsomes and <1 and 3 uM in human
hepatocytes (Jurima-Romet et al., 1996; Li et al., 1997)
for the N-dealkylation and hydroxylation pathways, re-
spectively. Based on the K; values in human liver micro-
somes reported by Von Moltke et al. (1994), I, /K, value
was calculated to be 3.3-3.8 and 0.33-0.38 for the N-
dealkylation and hydroxylation pathways, respectively (ta-
ble 5) [see our previous review (Ito et al., 1998) for the
details]. As the estimated contribution (f, - f,, = CL,,/
CL,,,) of these two pathways to the total metabolism was
about 0.13 and 0.45, respectively, the increase in the avail-
ability and C,,, caused by the metabolic inhibition was
predicted to be about 1.3-fold according to equation (14).
However, the C,,,, was actually increased more than 10-
fold. The possible reasons to explain this great discrepancy
include: inaccurate measurements of clinical concentra-
tions of terfenadine being around the detection limit of the
assay, and the contribution of the other 50% of the metab-
olism of terfenadine neglected in the analysis. As shown
later (see Section III.H.2.), interactions involving metabo-
lism and/or efflux process in the gut may have some con-

2102 ‘ST aunc uo 1sanb Aq Bio'speuinofadseasiwreyd wolj papeojumoq


http://pharmrev.aspetjournals.org/

PHARMACOLOGICAL REVIEWS v

aspet

398

ITO ET AL.

TABLE 4
Inhibition of sparteine metabolism (CYP2D6) by coadministration of quinidine

Dose (mg) Route AUC (ng - hr/ml) CL,, (ml/min)
control 50 p.o. 851 514
+ quinidine 2440
CL, (ml/min) CL,, (ml/min) CL,, ,,* (ml/min) CL;, o/CLy,, L, /K
154 360 126 0.25 13-65
2 dehydration.
TABLE 5
Inhibition of terfenadine metabolism (CYP3A4) by coadministration of ketoconazole
Dose (mg) Route Cnax (ng/ml) CL;y; (ml/min)
control 60 p.o. <7 84300
+ ketoconazole 81
CL, (ml/min) CL,;, (ml/min) CL,, ,, (ml/min) CL;, o/CLy,, L, /K
negligible 84300 11000%, 37900° 0.13%, 0.45° 3.3-3.8*
0.33-0.38>
2 the values for N-dealkylation.
b the values for hydroxylation.
TABLE 6
Inhibition of imipramine metabolism (CYP2D6) by coadministration of fluoxetine
Dose (mg) Route AUC (ng - hr/ml) CLyy; (ml/min)
control 50 p.o. 372 537
+ fluoxetine 703
CL, (ml/min) CL,, (ml/min) CL,, ,,* (ml/min) CL;, /CLy, L, /K
negligible 537 96.7 0.18 0.066

2 2-hydroxylation.

tributions in the in vitro/in vivo discrepancy. If the value of
L;, ,/K; comparable to that for N-dealkylation (3.8) can be
applied to other metabolic pathways, the AUC is predicted
to increase more than five-fold, which is close to the results
in vivo.

3. Interactions Not Predictable by In Vitro/In Vivo
Scaling. a. IMIPRAMINE-FLUOXETINE. Coadministration of
tricyclic antidepressants such as imipramine and desi-
pramine with fluoxetine may induce severe side effects
including delirium and grand mal seizure (Preskorn et
al., 1990). The AUC,, of imipramine (dose: 50 mg) is
reported to increase about 1.9-fold after coadministra-
tion of 60 mg fluoxetine (table 6) (Bergstrom et al., 1992).
The main elimination pathways of imipramine are 2-hy-
droxylation and N-demethylation yielding desipramine,
which undergoes further 2-hydroxylation. The 2-hy-
droxylation pathway is mainly catalyzed by CYP2D6.
On the other hand, fluoxetine is a specific inhibitor of
CYP2D6 with a K, of 0.92 uM for the 2-hydroxylation of
imipramine in human liver microsomes (Skjelbo and
Brosen, 1992). The I, of fluoxetine after administra-
tion of 60 mg is 0.2 uM (Aronoff et al., 1984), and the
absorption term [the second term in equation (22)] was
calculated to be 0.83 uM using k, = 0.012min ', D = 60
mg, Q, = 1610 ml/min, and F, = 0.80. The k, was
calculated from equation (23) using the values of T, and
t12(=0.693/kel). Therefore, the I, ., is 1.02 uM, indicat-

ing that absorption makes a major contribution. Because
the f, of fluoxetine is 0.06, the I, ,, and I, /K; are calcu-
lated to be 0.061 uM and 0.066, respectively (table 6).
Furthermore, the contribution (f,-f,, = CL,, ,/CL¢,) of
this metabolic pathway (2-hydroxylation) is about 18% of
the total. According to equation (14), therefore, the meta-
bolic inhibition in vivo was not predicted to have a signif-
icant effect on the AUC in spite of the approximately 2-fold
increase actually observed (table 6). Possible reasons for
this discrepancy include the estimation error of K; and the
possibility that other metabolic pathways and pharmaco-
kinetic processes also may be altered by fluoxetine.

b. CAFFEINE-CIPROFLOXACIN. Stille et al. (1987) re-
ported that the AUC,, of caffeine (dose: 220 to 230 mg)
increased about 1.6-fold after coadministration of 250
mg ciprofloxacin (table 7). The main metabolic pathways
of caffeine are 1-demethylation, 3-demethylation, 7-
demethylation, and 8-hydroxylation, mediated by
CYP1A2. Because antimicrobial agents such as cipro-
floxacin are specific inhibitors of CYP1A2, metabolic
inhibition should be involved in the ciprofloxacin-
induced increase in the AUC,, of caffeine. The K; of
ciprofloxacin for caffeine 3-demethylation in human
liver microsomes in vitro is around 150 uM (Kalow and
Tang, 1991). The I, of ciprofloxacin after administra-
tion of 250 mg is 4.3—6.0 uM (Guay et al., 1987), and the
absorption term [the second term in equation (22)] was
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TABLE 7
Inhibition of caffeine metabolism (CYP1A2) by coadministration of ciprofloxacin

Dose (mg) Route AUC (ng - hr/ml) CLy, (ml/min)
control 220-230 p.o. 22.4 84.0
+ ciprofloxacin 35.2
CL, (ml/min) CL,, (ml/min) CL,, ,* (ml/min) CL;, o/CLy,, L, /K
negligible 84.0 66.4 0.79 0.07-0.15

2 1-demethylation+3-demethylation+7-demethylation +8-hydroxylation.

calculated to be 9.3-22 uM using k, = 0.02—0.04 min " ?,
D = 250 mg, Q;, = 1610 ml/min, and F, = 0.92. There-
fore, the I;,, .., was calculated to be 14-28 uM, indicat-
ing that the contribution of absorption is greater than
that of the systemic circulation. Because the £, of cipro-
floxacin is 0.8, the I;,, , and I;,, /K, are calculated to be
11-22 uM and 0.07-0.15, respectively (table 7). The
contribution (f,, - f,,, = CL, ,,/CL,) of this pathway to
the total elimination is about 79% (table 7). Therefore, if
the maximum value of I;, ,/K; (0.15) is used in the eval-
uation of the inhibition of this pathway, the ciprofloxa-
cin-induced increase in the AUC,, of caffeine can be
predicted as follows:

AUC,,(+inhibitor)/AUC,,(control)

=V - £/ 1+ I1/K)+ (1 —f-f)} =11

A 1.6-fold increase was actually observed, which indi-
cates a greater degree of inhibition than predicted. Pos-
sible reasons for this discrepancy include the estimation
error of K;, the possibility that other metabolic pathways
may also be inhibited by ciprofloxacin, and the accumu-
lation of ciprofloxacin in the liver because of active
transport. Indeed, we have recently demonstrated that a
new quinolone antibiotic, grepafloxacin, is actively
taken up by the rat liver (Sasabe et al., 1997).

c. CYCLOSPORIN-ERYTHROMYCIN. Vereerstraeten et al.
(1987) reported that the AUC,, of cyclosporin (dose: 6
mg) increased about 1.6-fold after coadministration of
1.1 g erythromycin (table 8). Cyclosporin has many met-
abolic pathways, among which the metabolism to M1,
M17, and M21 are mediated by CYP3A4 (Lensmeyer et
al., 1988). These metabolites are sequentially metabo-
lized to form carboxylates in vivo (Pichard et al., 1990).
Because erythromyecin is a specific inhibitor of CYP3A4,
metabolic inhibition should be involved in this increase
in the AUC,, of cyclosporin. The K; of erythromycin for
cyclosporin hydroxylation in human liver microsomes in

vitro is about 75 uM (Miller et al., 1990). The I, of
erythromycin after a 1.1 g dose is 10-12 uM (Vereer-
straeten et al., 1987), and the absorption term [the sec-
ond term in equation (22)] was calculated to be 15-93
uM using k, = 0.02-0.10 min !, D = 1.1 g, Q, = 1610
ml/min, and F, = 0.58. In the calculation of k, using
k,(=0.693/t,,5) and T, (Lensmeyer et al., 1988) based
on equation (23), the maximum and minimum values
were obtained taking the interindividual variation in
T, ,ax into consideration. As mentioned above (see Sec-
tion III.D.2.), however, it would be preferable to use the
maximum value of k, in order to avoid a false negative
prediction of the possibility of a drug-drug interaction.
Equation (22) gives an I, ., 0f 26-105 uM. Because the
f, of erythromycin is 0.16, I, ,, and [;,, ,/K; are calculated
to be 4—-17 uM and 0.05-0.23, respectively (table 8). The
contribution of these metabolic pathways of cyclosporin
to the total elimination (CL, =1, - CL;,,) is about 76%
(fy, - £, = CLy, /CLy,, = 0.76) (table 8). Therefore, if the
maximum value of I;,, ,/K; (0.23) is used in the evalua-
tion of the inhibition of these pathways, the erythromy-
cin-induced increase in the AUC,,, of cyclosporin can be
predicted from equation (14) as follows:

AUC,,(+inhibitor)/AUC,,(control)
=1/t - £/1 + I/K) + (1 — £, - £,)} = 1.2

This value is smaller than the observed 1.6-fold increase
in AUC,,.

As mentioned above (see Section III.B.), however, the
inhibition by erythromycin may not be due only to a
competitive inhibition mechanism. Its demethylated
metabolite is known to inactivate P450 by forming a
complex with this enzyme (Periti et al., 1992). Therefore,
it may be inappropriate to estimate the pharmacokinetic
alteration based only on the same methodology used for
competitive inhibitors. Another methodology has to be
developed for the prediction of in vivo drug-drug inter-

TABLE 8
Inhibition of cyclosporin metabolism (CYP3A4) by coadministration of erythromycin

Dose (mg) Route AUC (ng - hr/ml) CL;y; (ml/min/kg)
control 6 p.o. 9720 3.90
+ erythromycin 15200
CL, (ml/min/kg) CL,, (ml/min/kg) CLy, " (ml/min/kg) CLy, /CLy, L, /K
0.23 3.67 2.97 0.76 0.05-0.26

2 formation of M1, M17 and M21.
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actions based on the so-called “mechanism-based inhibi- 1) Confirmation of the involvement of P450 by in vitro
tion” of P450 from in vitro data; it should include the inhibition studies, e.g., using SKF-525A and CO.
possible effects of inhibitor exposure time and the turn- 2) Identification of the P450 isozyme by metabolic
over of the enzyme, as will be discussed later in details studies using human P450 expression systems and
(see Section III.G.). the inhibition studies using P450 antibodies or in-
Table 9 summarizes the results of the prediction of hibitors specific for each isozyme.
drug-drug interactions based on in vitro data. In some 3) Searching the in vivo pharmacokinetic data for the
cases, in vivo pharmacokinetic parameters (C,, .., AUC) coadministered drug that possibly inhibits the
were changed to some extent by drug-drug interactions P450 isozyme catalyzing the metabolism of the
although the values of I /K; calculated from in vitro data drug under investigation. The maximum plasma
were too small to expect any metabolic inhibition in vivo. unbound concentration of the coadministered in-
This finding suggests that alterations in in vivo phar- hibitor (I;, jax.) can be estimated by I, (or
macokinetic parameters may be caused by other factors Lpaxss)s Ka (or Ty and ty5), Fy, and £, as described
such as interactions involving absorption or excretion. by equation (22).
Furthermore, in the case of macrolide antibiotics such as 4) Evaluation of the unbound concentration of inhib-
erythromycin, the model describing “the mechanism- itor in the liver, which may be larger than I;, ,,,.x u
based inhibition” should be introduced to predict the in the case of an inhibitor that is actively trans-
drug-drug interaction. ported into hepatocytes (fig. 3). The unbound con-
In order to avoid false negative predictions, one should centration ratio (liver/plasma) should be measured
not limit an interaction to a particular metabolic path- by the method given below (see Section III.H.1.)
way, especially when the ratio of the pathway in ques- using human hepatocytes (or rat isolated hepato-
tion to the total clearance (f}, - f,, = CLy, ,,,/CLy) is small, cytes if human samples are not available). A 5- to
as in the cases with the terfenadine-ketoconazole inter- 10-fold safety margin may also be considered for
actions. The most important factor in the prediction is the concentration ratio if there are no experimental
the accurate estimation of I /K,. In other words, if the results available.
calculated value of I /K for a particular metabolic path- 5) In vitro measurement of the K, of the inhibitor for
way is high, the possible occurrence of drug interaction the metabolism of the study drug using human
in vivo should be suspected, because it is likely that this liver microsomes or human P450 expression sys-
inhibitor also inhibits another metabolic pathway(s) tems.
which has not been identified yet. 6) Assessing the possibility of metabolic inhibition by
o . comparing the values of I, .., and K. If the
F. Procgdyre for Predicting Inhzbztorty Effects of I, /K value is larger than 0.3-1, you may
Coadministered Drugs on the Hepatic Metabolism of want to consider designing the in vivo drug inter-
Other Drugs action studies. The limit of I, ;... +/K; value should
The following is a proposed procedure for predicting depend on the pharmacodynamic and/or toxicody-
the metabolic inhibition by one drug that is expected to namic features and the therapeutic window of the
be coadministered with the study drug being developed. drug investigated.
TABLE 9
Summary of the prediction of in vivo drug-drug interaction from in vitro data based on competitive or noncompetitive inhibition mechanism®
Inhibitor—Inhibited drug (Preditad X{}%’iatio% I, JKd
(1) Successful cases: (1) Sulfaphenazole—tolbutamide X5.3 200
(2C9) (x5.0)
(ii) Ketoconazole—triazolam x8.3 15 (a-OH),
(3A4) (X17.8) 4 (4-OH)
(2) Successful for the metabolic pathway but (ii1) Quinidine—sparteine X2.9 60
unsuccessful for the total: (2D6) (x1.3)
(iv) Ketoconazole—terfenadine X10 4
(3A4) (X1.3)
(3) Unsuccessful for the metabolic pathway: (v) Fluoxetine—imipramine x1.9 0.07
(2D6) (X1.0)
(vi) Ciprofloxacin—caffeine x1.6 0.15
(1A2) (X1.1)
(vii) Omeprazole—diazepam X2.0 0.03
(2C19) (X1.0)
(viii) Erythromycin—triazolam x2.1 0.017 (a-OH),
(3A4) (X1.0) 0.005 (4-OH)

2 Predictions were based on the inhibition of the P450 isozyme which is mainly related to the metabolism of the corresponding drug.

> Change in AUC induced by the drug-drug interaction (observed value).
¢ Change in AUC induced by the drug-drug interaction (predicted value).

4 Index for the extent of the drug-drug interaction. I, u was calculated using pharmacokinetic parameters of the drug.

2102 ‘ST aunr uo 1sanb Aq Blo sjeuinohadse Aaiwreyd wouy papeojumoq


http://pharmrev.aspetjournals.org/

PHARMACOLOGICAL REVIEWS v

aspet

PREDICTION OF IN VIVO DRUG-DRUG INTERACTIONS

Although a more precise and quantitative prediction
requires the collection of more information and/or elab-
orate experiments, the authors think that the judgment
of “absence of a metabolic drug-drug interaction” may be
reliable if the interaction is not expected by this predic-
tion method. The above metodology has been proposed
based on the idea of avoiding false negative predictions.
Therefore, it should be kept in mind that some of the
predicted drug-drug interactions may not take place in
vivo. We speculate that more than 80 combinations
could be judged as “non-interacting” if 100 kinds of drug-
drug interactions are investigated, at random, by this
methodology. Of the less than 20 combinations involving
possible interactions, cautious investigations using hu-
man in vivo studies would be necessary for some combi-
nations, taking the therapeutic range, pharmacokinetic/
pharmacodynamic characteristics, and severity of the
adverse effects into consideration.

G. Mechanism-Based Inhibition

1. Characteristics of Mechanism-Based Inhibition. In
1993, 15 Japanese patients with cancer and herpes zos-
ter died from 5-fluorouracil (5-FU) toxicity caused by
high blood concentrations caused by an interaction be-
tween 5-FU and sorivudine, an antiviral drug (Pharma-
ceutical Affairs Bureau, 1994). The interaction between
sorivudine and 5-FU is based on “mechanism-based in-
hibition”, which differs from the competitive or noncom-
petitive inhibition described so far (Desgranges et al.,
1986; Okuda et al., 1997). A mechanism-based inhibitor
is metabolized by an enzyme to form a metabolite which
covalently binds to the same enzyme, leading to irrevers-
ible inactivation of the enzyme. Several terms such as
“mechanism-based inactivation,” “enzyme-activated ir-
reversible inhibition,” “suicide inactivation,” and “k,,;
inhibition” have all been used as alternatives to “mech-
anism-based inhibition” (Silverman, 1988). It should be
noted, however, that the inhibition is not called “mech-
anism-based inhibition” when the inhibitor is metaboli-
cally activated by an enzyme and inactivates another.
Sorivudine is converted by gut flora to 5-bromovinylu-
racil (BVU), which is metabolically activated by dihydro-
pyrimidine dehydrogenase (DPD), a rate-limiting en-
zyme in the metabolism of 5-FU (fig. 8) (Okuda et al.,
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Fic. 8. Proposed mechanism for lethal toxicity exerted by simulta-
neous oral administration of sorivudine and 1-(2-tetrahydrofuryl)-5-flu-
orouracil (FT), a prodrug of 5-FU (Okuda et al., 1995).
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1995). Then, the activated BVU irreversibly binds to
DPD itself. This type of interaction needs more attention
than the common type of inhibition, because the inhibi-
tory effect remains after elimination of the inhibitor
(sorivudine, BVU) from blood and tissue and this can
lead to serious side-effects.

Many drugs other than sorivudine also are reported to
be mechanism-based inhibitors, including macrolide an-
tibiotics such as erythromycin and troleandomycin
(against CYP3A4) (Periti et al., 1992), furafylline
(against CYP1A2) (Kunze and Trager, 1993), and or-
phenadrine (against CYP2B1) (Murray and Reidy,
1990).

2. Kinetic Analysis of Mechanism-Based Inhibition:
Analysis of In Vitro Data. Is it also possible to predict the
extent of in vivo interactions from in vitro data in the
case of mechanism-based inhibition? The first step in
making such predictions is to construct a model describ-
ing the inhibition. Waley (1985) proposed the model
shown in figure 9 for mechanism-based inhibition. Mass-
balance equations for the enzyme-inhibitor complexes
(EI and EI') and the inactive enzyme (E; ,..) can be
expressed as follows:

dED/Mt =k, [I]-E—(k_; + k) -EI [25]
d(EI")/dt = k,-EI — (ks + ko) - ET’ [26]
dE;./dt = k.- EI’ [27]

where E and [I] represent the concentration of the active
enzyme and the mechanism-based inhibitor, respec-
tively. Because the total concentration of the enzyme
(E,) is maintained at a constant level,

E,=E + EI + EI (28]
Combining equations (25), (26), and (28) yields the fol-

lowing equation, assuming a steady-state for EI and EI’
(i.e., d(ED)/dt = 0 and d(EI')/dt = 0):

El' =k.; ko [I] - E/(ks; - ky + kug(ks + k
1ok (I Ef((k gk + k(s + ky)) 20]

[+ (ks + kyk; + ko))

k+1 k2 k4 _
E+] =—/— EI — EI' — Einact
k-1 l K3
E+P

Fig. 9. Enzyme inhibition by a mechanism-based inhibitor (Waley
1985). E and E, ., represent the active and inactive enzyme, respectively;
I represents the mechanism-based inhibitor; EI and EI' represent the
enzyme-inhibitor complex I and II, respectively; and P represents the
product.
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Therefore, the initial inactivation rate of the enzyme
under steady-state conditions (Vi . = dE;,../dt) can be
expressed as follows using equations (27) and (29):

Vinaet = ki1 koo kg [I1 - EJ/((kyy - ko + kyy(kg + ky))
<[] + (kg + k)(k_; + ko))
= (ky - ky/(ky + ks + ky) - [I] - E)/((kg + k)/(k,
+ky+ k) (kq + kok,; + [I])

[30]

As the initial inactivation rate of the enzyme at steady-
state is equal to the initial decreasing rate of the active
enzyme,

Vinaet = —dE/dt(t = 0) = ke - E(t = 0) = ks - B [31]
where k., represents the apparent inactivation rate
constant of the enzyme. The following equation can be
derived from equations (30) and (31):

Kobs = Vinact/Eo = Kinace * [/ Kiapp + (1) [32]
where
Kinaet = Ko * ky/(ky + kg + ky) [33]
K app = (k3 + k)/(ky + kg + ky) - (ky + kolk 4 [34]

Parameters (ki ., K opp) required for predicting this
model can be determined by in vitro studies as follows
(fig. 10):

(1) Preincubate the enzyme suspension for an appro-
priate period in the presence of various concentra-
tions of inhibitor.

(2) Mix the substrate solution with the enzyme sus-
pension to measure the initial metabolic rate of
the substrate so that the remaining enzymatic
activity can be determined. The incubation time
for this measurement should be as short as possi-
ble (around 1-3 min) compared with the preincu-
bation time, in order to minimize the reaction of
the inhibitor with the enzyme during the incuba-
tion.

In(Enzyme activity) Kobs
0 Kinact
Inhibitor conc.(l)
1
Kinact
2
increase ,
30 K'app

Preincubation time inhibitor conc.(1)

FiG. 10. Method to obtain kinetic parameters in vitro for mechanism-
based inhibition.

ITO ET AL.

(3) Plot the logarithm of the enzymatic activity
against the preincubation time. The apparent in-
activation rate constant (k) can be determined
from the slope of the initial linear phase.

(4) Obtain the parameters (k;, e, K; app) from the re-
lationship between k.. and the initial inhibitor
concentration ([I],) using the nonlinear least
squares regression method.

Table 10 summarizes the results of the analysis of
various combinations of P450 isozymes and mechanism-
based inhibitors (Chiba et al., 1995). The “partition ra-
tio” in table 10 is defined as ky/k, and can be obtained as
the ratio of the amount of the inhibitor released as the
product and the amount covalently bound to the enzyme.
The larger the contribution of this inactivation pathway
to the total elimination of the inhibitor in the in vitro
system, the smaller the partition ratio. The partition
ratio of the most powerful mechanism-based inhibitor is
zero (every turnover produces inactivated enzyme).

It is clear from this model analysis that, in the case of
mechanism-based inhibition, the inhibitor is metaboli-
cally activated by an enzyme and irreversibly inacti-
vates the same enzyme by covalent binding, exhibiting
the following characteristics:

a. Preincubation time-dependent inhibition of the en-
zyme (time-dependence).

b. No inhibition if cofactors necessary for producing
the activated inhibitor (eg., NADPH for P450 me-
tabolism) are not present in the preincubation me-
dium.

c. Potentiation of the inhibition depending on the in-
hibitor concentration (saturation kinetics).

d. Slower inactivation rate of the enzyme in the pres-
ence of substrate compared with its absence (sub-
strate protection).

e. Enzyme activity not recovered following gel filtra-
tion or dialysis (irreversibility).

f. 1:1 Stoichiometry of the inhibitor and the active site
of the enzyme (stoichiometry of inactivation).

Mechanism-based inhibitors should satisfy these crite-
ria.

3. Prediction of In Vivo Interactions from In Vitro Data
in the Case of Mechanism-Based Inhibition. How can
inhibitory effects in vivo be estimated from the micro-
scopic inhibition parameters obtained from in vitro stud-
ies?

A simulation study was carried out using the perfu-
sion model in figure 11 and the pharmacokinetic param-
eters in table 11. The inhibitor is assumed to inactivate
a certain CYP isozyme in the liver in a “mechanism-
based” manner. The differential equations for the sub-
strate (S) and inhibitor (I) can be expressed as follows:
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TABLE 10
Comparison of inactivation parameters for mechanism-based P450 inactivators (Chiba et al., 1995)

Inactivator Target P450 Assay Method (Source) Kinact (min~1) K; app (M) Partition Ratio
1-754,394 3A4 Testosterone 6B-hydroxylation (human liver microsomes) 1.62 7.5 1.35
Furafylline 1A2 (R)-warfarin 6-hydroxylation (human liver microsomes) 0.87 23 3-6
Gestodene 3A4 Nifedipine oxidation (human liver microsomes) 0.39 46 9.0
6B-Thiotestosterone 3A1/2 Testosterone 6B-hydroxylation (rat liver microsomes) 0.37 34 NA*
Tienilic acid 2C9 Tienilic acid 5-hydroxylation (recombinant CYP 2C9) 0.22 4.3 11.6
N-methylcarbazole 2B4 Reduced CO-binding P450 spectrum (purified CYP 2B4) 0.21 23 NA
L-754,394 2D6 Bufuralol 1’-hydroxylation (human liver microsomes) 0.18 32 40.1
N-methylcarbazole 2B1 Reduced CO-binding P450 spectrum (purified CYP 2B1) 0.14 5.2 NA

2 NA, Not available.
Substrate Inhibitor TABLE 11
Q absorption absorption Parameters used in the simulation of mechanism-based inhibition
Systemic blood Portal vein] |Systemic blood|  [Portal vein Substrate Inhibitor
C Cportal | Iportal — —
Vsdys vggn; %S V’;%,;, Dose = 2 umol Dose = 5000 umol
F,=0.8 F, =08
|_ Liver J |_ Liver f, =01 f, =02
ch h k, = 0.01 min? k, = 0.02 min*
p Vh L K,, = 100 uM K, =10 uM
o - cLint Jib - cLint Voa(0) = 200 wmol/min Vimax(0) = 30 umol/min
Metabalism Metabolism Vd =70L Vd =20L
Fic. 11. Physiological model for the description of the time profiles of K, =1 K,=1
substrate and inhibitor concentrations in the plasma and liver. See the Enzyme Physiological parameters
legend of Table 11 for the abbreviations used. kgeg = 0.0005 min ! Q = 1610 mL/min
K opp = 20 uM V,, = 2800 mL
k, = 0.06 min ! V. =70 mL

For S;
V- (dCy/dt)
[35]
= Q" Cportal — Q* C/K, — £, CL, - C/K,,

CLipt = Via/ (K, + £, - C/K,) [36]
Vinax = Vinax(0) * By (tV/E, [37]
Viortar * (ACporia/dt) = Q-+ Cyps + Vaps = Q- Cpopin [38]
Vs = ko *D-Fre @t [39]
V4 (dCyy/dt) = Q- C/K, — Q-+ Cyys (40]

For I;
Vi (dLy/dt) = Q- Lpia — Q- L/K, — £, CLyy, - L/K,  [41]
CLjp = Vi (K, + £ - L/K)) [42]
Viortar * (Alporia/dt) = Q * Liye + Vipe = Q * Lporar  [43]
Vs = kD F-e ket [44]
V- (dL/dt) = Q- L/K, — Q- Ly [45]
where Q represents blood flow rate, Cg ¢ and L repre-

sent concentration in systemic blood, V4 represents vol-
ume of distribution in the central compartment, C,,,a1
and I, represent concentration in portal vein, V ..
represents volume of portal vein, C,, and I; represent
concentration in the liver, V,, represents volume of liver,
fy, represents unbound fraction in blood, CL, . represents
intrinsic metabolic clearance, F, represents fraction ab-
sorbed from the gastrointestinal tract, K,, represents

Michaelis constant for the metabolic elimination, V.

inact

E, = 5 nmol P450/g liver

portal

Q, blood flow rate; Cgys and Iy, concentration in systemic blood; V4, volume of
distribution in the central compartment; C,o.¢a and Lo, concentration in portal
vein; Vi1, volume of portal vein; C;, and I, concentration in liver; Vy,, volume of
liver; f;,, unbound fraction in blood; CLy,;, intrinsic metabolic clearance; F,, fraction
absorbed from the intestinal tract; K, Michaelis constant for the metabolic elimi-
nation; V., Maximum metabolic rate for the metabolic elimination; K, liver-to-
blood concentration ratio.

represents maximum metabolic rate, and K, represents
liver-to-blood concentration ratio.

The following assumptions were made in the mass-
balance equations (35 to 45):

a. S and I are simultaneously administered orally.

b. Both S and I are eliminated only in the liver and
their elimination can be described by the Michae-
lis-Menten equation.

c. Distribution of S and I in the liver rapidly reaches
equilibrium, and the unbound concentration in the
hepatic vein is equal to that in the liver at equilib-
rium (well-stirred model).

d. The unbound molecule in the liver is related to the
elimination.

e. The contribution of the CYP isozyme subject to
inactivation is small in total elimination of the in-
hibitor in the liver (i.e., the elimination of the in-
hibitor itself is not altered by inactivation of the
enzyme).

f. Gastrointestinal absorption can be described by a
first-order rate constant.

Furthermore, it should be noted that V... of the sub-
strate is assumed to be proportional to the amount of
active enzyme (E, ) in equation (37).
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The differential equations for active and inactive en-
zyme in the liver (E,. and E, ..., respectively) can be
described as follows:

dEact _ kinact . Eact . fb : Ih/Kp
dt N Ki,app + fb * Ih/Kp

dEinact _ kinact . Eact . fb : Ih/Kp
dt N Ki,app + fb * Ih/Kp

+ Kaeg(Eo = Eoer)  [46]

- kdeg : Einact [47]
where k,., represents the degradation rate constant
(turnover rate constant) of the enzyme. The initial con-
ditions (at t = 0) are E,, = E, and E; ... = 0. In the
absence of an inhibitor, the enzyme level in the liver is at
steady-state and the degradation rate (kyq, * E,) is equal
to the synthesis rate, which is assumed to be unaffected
by an inhibitor.

a. Basic sIMULATION. Using the physiological model in
figure 11 and the parameters in table 11, time courses of
inhibitor blood concentrations, active enzyme levels in
the liver (E, ), and substrate blood concentrations have
been simulated with the dose of the inhibitor ranging
from 0 to 50,000 wmol (fig. 12). The above eight differ-
ential equations (three for the substrate, three for the
inhibitor, and two for the enzyme level in the liver) were
numerically solved. The elimination rate of the active
enzyme (E,.,) increases with an increasing dose of the
inhibitor, resulting in the prolonged elimination of the
substrate.

b. EFFECT OF THE TURNOVER RATE OF THE ENZYME. The
effect of the turnover rate constant of the enzyme (kg,,)
on the profiles of E, and the substrate elimination were
investigated in the simulation study. Basic parameters
in table 11 were used except that k4., was changed to
cover the range of 0.00005—0.005 min_'. As the inhibi-
tor itself is gradually eliminated from blood and liver,
the enzyme level recovers to reach its initial level by
replacement of the inactivated enzyme by newly synthe-
sized enzyme (fig. 13). The faster the turnover rate of the
enzyme, the faster the enzyme level is restored to its
initial level.

c. TIMING OF INHIBITOR ADMINISTRATION. One of the
characteristics of the mechanism-based inhibition is
that the effect remains even after the inhibitor is elim-

Eact Substrate blood concentration

6 15
0 zmol

4 1500pmal 10
3\/ 2
2 15000 x mol 5
1\ 50000 4 mol
T :
0 & 12 18 24 o 6 12 18 24

hr hr b

Inhibitor blood concentration

1000 50000 1« mol

50000 2 mol 15000 u mol

1500 zmol

nmol P450/g liver

Fic. 12. Effects of the dose of inhibitor on inhibitor blood concentra-
tion, the active enzyme level in the liver and substrate blood concentra-
tion. The substrate and the inhibitor were assumed to be administered
simultaneously.
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6 - Eact 15 - Substrate blood concentration

0.00005 min-'

\\
~.,0.0005 min-!
™.

nmol P450/g liver
w

= -
0.0005 min-'. .
“._0.005 min'!
Tr 0.00005 min-!
0 ; : . . 0 . . . 5
0 6 12 18 24 0 6 12 18 24
hr hr

Fic. 13. Effects of turnover rate of the enzyme on the active enzyme
level in the liver and substrate blood concentration.

inated from the body. Therefore, the inhibitory effect
may depend on the timing of the substrate administra-
tion, even if the same dose of the inhibitor is adminis-
tered. Simulations shown in figure 14 indicate that the
most potent inhibitory effect can be obtained by having
an appropriate interval between administration of the
inhibitor and the substrate. Too short an interval will
lead to completion of the kinetic event of the substrate
before sufficient inactivation of the enzyme occurs, and
too long an interval will allow the enzyme to recover.
Both situations will result in a reduction of the inhibi-
tory effect.

d. POSSIBILITY OF IN VITRO/IN VIVO SCALING. Figure 15
shows the effects of two parameters obtained in the in
vitro studies (kj,,.; and K; ,,,) on the simulated in vivo
profiles of E_., and substrate blood concentrations. As
expected, in vivo inactivation of the enzyme and prolon-
gation of substrate elimination become marked with a
larger k;,,,.; and a smaller K .. In the future, it will be
necessary to examine whether this method can properly
predict in vivo effects from in vitro data. What kind of
approach should be taken to verify this methodology?
For example, although estimation of the unbound con-
centration of inhibitor in the liver is important for any
prediction, it is impossible to measure this, especially in
humans. Instead, kinetic parameters can be determined
to fit the inhibitor blood concentration profile, which is
measured in most cases. However, undetermined pa-
rameters, such as the liver-to-plasma concentration ra-

Substrate blood concentration

Eact
- 15 -

5| _ Control

0hr 51

nmol P450/g liver
w

1
Time of the
administration
of inhibitor

oL v ol ., "3 Control
-24-18-12-6 0 6 12 18 24 -24-18-12-6 0 6 12 18 24
hr hr

Fic. 14. Effects of administration interval of the inhibitor and sub-
strate on the active enzyme level in the liver and substrate blood concen-
tration.
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Kinact © —— 0.012 min-1 -~ 0.06 min-1 0.3 min-1

6 - Eact 45 - Substrate blood concentration
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> 4
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15 ~ Substrate blood concentration

6
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> 4

8 3
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s 2

E
0

0 6 12 18 24
hr

Fic. 15. Effects of k;,, .., and K, ., on the active enzyme level in the
liver and substrate blood concentration.

tio, need to be varied within certain limits in the simu-
lation study so that the range of alteration in the profiles
of E,.. and substrate can be predicted.

It is also important to confirm the validity of the
prediction method in animal studies, where the inhi-
bition studies can be performed both in vitro (using e.g.
liver microsomes for P450) and in vivo. Because invasive
experiments are possible in this case, including mea-
surements of the distribution kinetics of the inhibitor in
the liver, this may allow for more accurate predictions.

H. Problems To Be Solved for the More Precise
Prediction of Drug-Drug Interactions

1. Estimation of the Tissue Unbound Concentration of
the Inhibitor That Is Actively Transported into Hepato-
cytes. As described above (see Section III.D.), in vivo
drug-drug interactions based on inhibition of hepatic
metabolism can be predicted by the values of K; and the
unbound concentration of the inhibitor in the liver,
which cannot be directly measured in vivo. The analyses
have been based on the assumption that the steady-state
unbound concentration of the inhibitor in the liver is
equal to that in the hepatic capillary (sinusoid), because
many drugs are transported into hepatocytes by passive
diffusion. However, in the case of an inhibitor that is
concentrated in hepatocytes by active transport
(Yamazaki et al., 1995, 1996), the extent of the interac-
tion may be underestimated if plasma concentrations
are used in the prediction.

Zomorodi and Houston (1995) investigated the effect
of omeprazole on diazepam metabolism using rat liver
microsomes and hepatocytes. Omeprazole inhibited both
3-hydroxylation and N-demethylation of diazepam, and
the K; in hepatocytes was smaller than that in micro-
somes for both pathways (table 12). On the other hand,
as shown in figure 16, the in vivo clearance of diazepam
was reduced depending on omeprazole concentration,

405

TABLE 12
Omeprazole inhibition of diazepam metabolism in hepatic microsomes
and hepatocytes (Zomorodi and Houston, 1995)

Pathway
3HDZ NDZ
Microsomal K; (uM)? 108 = 30 226 = 76
Hepatocyte K, (uM)® 28 + 11 59 + 27
Microsomal K /K| 11 0.1
Hepatocyte K, /K; 2.5 0.6
2Mean * SD, n = 4.
> Mean *= SD, n = 3.
0.18
o 0.16
H
5 0414l
w
g 0‘12i
g e
g 01
Q \\ 5
5 oo - -
3 "e -
g oo0e )
= - a
£ o004 - Te—
g . - -
0 002 »
-
O — 4oy e g
0 10 20 30 40 50 60

OMEPRAZOLE STEADY STATE CONC (mgiL)

Fic. 16. Relationship between diazepam clearance and steady-state
concentration of omeprazole in rats (Zomorodi and Houston, 1995).

Inhibition kinetics
(V. vs. Inhibitor (1) )

Metabolism kinetics
(V. vs. Substrate (S) )

v
Vmax Vo
Vmax/2 / Vo/2
1
Km({cell) Km{ms} S(medium) Ki(cell) Ki(ms) I{medium)

Fic. 17. The difference in K, or K; values obtained in the metabolism
studies using hepatocytes (Cell) and microsomes (MS) in the case of a
drug which is actively transported into the liver. V represents the initial
velocity of the metabolite formation.

which was maintained under steady-state conditions. In
this in vivo study, the K; was calculated to be 57 uM
from equation (48).

CL = CL/(1 + I/K)) (48]

where CL, represents diazepam clearance in the ab-
sence of omeprazole, and I represents the steady-state
total plasma concentration of omeprazole. The in vivo K;
showed closer agreement with the K, values obtained in
hepatocytes than with those observed in microsomes
(table 12). Their results, however, should be interpreted
cautiously, because the K; was calculated based on the
amount of drug added to the medium instead of the
unbound concentration, and the total plasma concentra-
tion in vivo was used as the I, in equation (48) instead
of the unbound concentration, which should be related to
the metabolic inhibition. As shown in figure 17, K, or K;
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values obtained in the metabolism studies based on the
medium concentration of substrates and inhibitors, re-
spectively, may be smaller in hepatocytes than in micro-
somes if the molecule is actively transported into hepa-
tocytes. The difference is reflected in the cell-to-medium
unbound concentration ratio (C/M ratio) as shown in
equation (49):

C/M ratio = K ,(MS)/K,,(Cell) = K{(MS)/K;(Cell) [49]

where MS and Cell in parentheses indicate the values
obtained in microsomes and in cells, respectively. There-
fore, the difference in the K, values of omeprazole ob-
tained in liver microsomes and hepatocytes may be ex-
plained by the accumulation of omeprazole in
hepatocytes by active transport.

The active transport of drugs can be evaluated by
measuring the drug uptake into hepatocytes or liver
slices in the presence and absence of adenosine triphos-
phate (ATP)-depletors such as rotenone and FCCP
(Yamazaki et al., 1993; Nakamura et al., 1994). Assum-
ing both active transport and passive diffusion for the
influx into hepatocytes and only passive diffusion for the
efflux from the hepatocytes (figure 18), the initial uptake
velocity in the presence of an adequate concentration of
ATP-depletor represents the uptake by passive diffu-
sion, because the active transport of the drug is com-
pletely inhibited. C/M ratio in the steady-state can be
described by equation (50):

C/M I'atiO = (PSactive + PSpassive)/P Spassive = [50]

Vo/ Vpassive

where PS, ... and PS,, ., represent the membrane
permeation clearance by active transport and passive
diffusion, respectively; v, and v .. represent the ini-
tial uptake velocity obtained in the absence and pres-
ence of ATP-depletors, respectively. This C/M ratio can
also be calculated by measuring the steady-state drug
concentration (sum of the bound and unbound forms) in
the cell and that in the medium in the absence and
presence of the ATP-depletor as follows:

Ceet/Crnedium(control)
Ccell/ Cmedium( + ATP‘depletOI')

_ Ceell, free/ f1/C pedium(control)
B Ccell,free/fT/Cmedium( + ATP'depletOI‘)

[51]

Ceell frec(cOntrol)
= e e — /M ratio

Cmedium

where C.; and C, .g4ium represent steady-state total
drug concentration in the cell and that in the medium,
respectively; Ce e ree Tepresents steady-state unbound
drug concentration in the cell; and f; represents the
unbound fraction in the cell. It is assumed that f; is not
affected by the ATP-depletor and that C,g .. €quals
Cedium 1N the presence of the ATP-depletor. Equation
(51) can be used even when active transport is involved

ITO ET AL.

PSpassive
PSpassive

Medium

PSactive

Fic. 18. A model for drug transport into and out of the hepatocyte.
PS, ive and PS_ . represent the membrane permeation clearance by
active transport and passive diffusion, respectively.

(a) (b)

-l -
S 20 — 30
- o
g~ E
3 \:
a E E 20
= -
<32 =
g 1w g
L c
s— 2 4
2 >°
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% s B 30 %% 5 30

time(min) time(min}

Fic. 19. Effect of ATP depletors on cellular ATP content (a) and the
initial uptake velocity (V,) of [*'Hlcimetidine into hepatocytes (b) (Naka-
mura et al., 1994). @: control; [J: with FCCP (2 uM); A: with rotenone (30
uM); O: with sodium azide (30 mM).

in the efflux process out of the hepatocytes, whereas
equation (50) cannot be applied in such a case.

Nakamura et al. (1994) reported that FCCP, rotenone,
or sodium azide causes a marked reduction in the uptake
of [*H]cimetidine into isolated rat hepatocytes that parallel
the reduction in cellular ATP (fig. 19). The unbound con-
centration ratio of cimetidine in hepatocytes in this case
can be calculated to be about 5.6 according to equation (50).
If the unbound concentration ratio in a linear condition
(Crnedium << K,,)) is calculated from equations (50) and (52)
using the values of V,,.,, K,,, and PS .. which were
determined by fitting the initial uptake velocity (v,) to
equation (53), a value of 7.1 can be obtained:

PSactive = Vmax/(Km + Cmedium) [52]

Vo = Vmameedium/ (Km + Cmedium) + PSpassiveCmediurn [53]

Here, in this calculation, it is assumed that carrier-
mediated saturable uptake represents active transport.
The K, value of cimetidine for the metabolism of
ethoxyresorufin and those values for a-hydroxylation
and 4-hydroxylation of triazolam in human liver micro-
somes are 600 uM, 36 uM, and 160 uM, respectively
(Knodell et al., 1991; Von Moltke et al., 1996). The un-
bound concentration ratios (liver/plasma) when the in-
tracellular unbound concentration is 600 uM, 160 uM,
and 36 uM are calculated to be about 1.5, 3.7, and 6.4,
respectively, using the parameters for carrier-mediated
transport reported by Nakamura et al. (1994). This cal-

2102 ‘ST aunc uo 1sanb Aq Bio'speuinofadseasiwreyd wolj papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

<%

0
Q
)
O

PREDICTION OF IN VIVO DRUG-DRUG INTERACTIONS

culation indicates that the lower the plasma concentra-
tion of inhibitor, the higher the liver-to-plasma unbound
concentration ratio, when the carrier-mediated active
transport (influx) is operating.

We previously reported (Yamazaki et al., 1993) that
concentration of pravastatin, an HMG-CoA reductase
inhibitor, in isolated rat hepatocytes was about 3- to
7-fold higher than that in medium because of active
transport. It was also suggested that simvastatin and
lovastatin, which competitively inhibited the hepatic up-
take of pravastatin, may be transported by the same
carrier as pravastatin (Yamazaki et al., 1993). Since the
HMG-CoA reductase inhibitors such as fluvastatin, sim-
vastatin, and pravastatin inhibit CYP2C9-mediated 4'-
hydroxylation of diclofenac (Transon et al., 1996), the
concentrative uptake into hepatocytes should be taken
into consideration in predicting interactions involving
these drugs.

In the future, more accurate predictions of in vivo
drug-drug interactions may become possible by estimat-
ing the unbound concentration of the inhibitor in the
liver in in vitro studies.

2. Evaluation of Drug-Drug Interactions Involving
Drug Metabolism in the Gut. CYP3A4, an enzyme that
metabolizes many drugs, including cyclosporin, exists
not only in the liver but also in the gut; it plays an
important role in the first-pass metabolism after oral
administration of its substrates (Kolars et al., 1991,
1992; Thummel et al., 1996). De Waziers et al. (1990)
have used Western blot analysis and shown that
CYP3A4 is highly expressed in the duodenum and jeju-
num, secondly to the liver, in humans (fig. 20).

As shown in figure 21, the bioavailability (BA) of cy-
closporin after oral administration was reduced by coad-

1504 1501
1004 CYP3A4 | CYP 2C8-10
50 50
0- o-ld =
LOSDUJ I CK LOSDUJ I CK
150 2004
100- CYP2E1 1501 l CYP 206
5 100
2 5 50
= o 0 o
(=]
et LOSDUJ I CK LOSDUJ I CK
&
L 200 150
Q
150
o CYP9Q wofh  cyp 1Az
100
50 50
ol 0
LOSDUJ I CK LOSDUJ I CK
150 L : Liver
Epoxide hydrolase 0 Esophagus
100 S Stomach
D: Duodenum
- J * Jejunum
50 | 2 lluem
oL C: Colon
LOSDUJ I CK K: Kidney

Fic. 20. Immunoquantification of P450s and epoxide hydrolase in
human liver and extrahepatic microsomes using Western blots (De
Waziers et al., 1990).
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AUCiv AUCoral BA
5 . 14000 ] 0.47
Rifampicin 120004
10000 031
8000
60001 o2
4000 011
2000
0 0.0
14000 0.71
Ketoconazole 12000 067
10000 1 0.5
8000 0.4
6000 1 0.3
4000 027
2000 0.1
o 0.0
30000 7 0.9
Erythromycin
20000 061
10000 1 0.3
0 0.0

Fic. 21. Effects of rifampicin, ketoconazole, and erythromycin on the
disposition of cyclosporin (Hebert et al., 1992; Gomez et al., 1995; Gupta
et al., 1989). Open column: control; Closed column: with the interacting
drug.

ministration of rifampicin, an inducer of CYP3A4, and
increased by coadministration of ketoconazole or eryth-
romycin, which are inhibitors of CYP3A4 (Hebert et al.,
1992; Gomez et al., 1995; Gupta et al., 1989). Wu et al.
(1995) attempted to differentiate the absorption and
first-pass gut and hepatic metabolism of cyclosporin in
humans by a kinetic analysis of the change in BA by
rifampicin-induced induction and ketoconazole- or
erythromycin-induced inhibition of CYP3A4-mediated
metabolism. Based on the model shown in figure 22, BA
after oral administration can be expressed as follows
using the fraction of the drug dose absorbed into and
through the gastrointestinal membranes (F ), the frac-
tion of the absorbed dose that passes through the gut
into the hepatic portal blood unmetabolized (F,), and the
hepatic first-pass availability (F},):

BA = FabngFh
=Fs(1 — E)(1 — Ey)

[54]

where E, and E,, represent gut and hepatic extraction
ratio, respectively. Assuming that F,, . is not altered by
the enzyme inducer or the inhibitor, BA after coadmin-

Fabs FabexFa

Gut »1 Liver

iEe iEH

Fic. 22. Schematic diagram depicting the effects of absorption and
gut and hepatic first-pass extraction on drug oral bioavailability (Wu et
al., 1995). F,.: Fraction of the drug dose absorbed into and through the
gastrointestinal membranes; F: fraction of the absorbed dose that passes
through the gut into the hepatic portal blood unmetabolized; Fy: the
hepatic first-pass availability; BA: oral bioavailability; E; and Ey: gut
and hepatic extraction ratio, respectively.

FabsXFGxFH
r

2T0zZ ‘ST aunc uo 1sanb Aq Bi1o'sjeuinofiadse aalwleyd woiy papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

<%

0
Q
)
O

408

istration of the interacting drug can be expressed as
follows:

BA =F,(1 - X,E)(1 - X,E}) [55]
where X, and Xj, represent the changes in the gut and
hepatic extraction ratio, respectively, during coadminis-
tration of the interacting drug. Assuming that the drug
is eliminated only by the liver and kidney, as is the case
for many drugs, E,, can be calculated by the following
equation:

E, = CL/Q, = (CLy,; — CL,)/Q, [56]
where CL,, can be estimated from the dose divided by
the AUC after intravenous administration and CL, can
be estimated by multiplying CL,,, and the urinary ex-
cretion rate of the parent compound. Furthermore, X, in
equation (55) can be obtained as the ratio of E,, in the
presence and absence of the interacting drug. Equations
(54) and (55) then contain three unknown parameters
(Faps» Eg, and X)), allowing the calculation of E,, and X,
by fixing the value of F,; .. The maximum value of F
was set at 1 (complete absorption), and the minimum
value was calculated by dividing BA by F,, (=1 — E,) at
the time when the metabolism was inhibited by the
interacting drug (assuming F, = 1). As shown in table
13, the calculated extraction ratio in the gut was always
larger than that in the liver, irrespective of the value of
Faps. Furthermore, X, was larger than X; when
F,1,s<86% in the case of rifampicin coadministration and
was smaller than X, in the case of erythromycin coad-
ministration, indicating that the interaction observed in
the gut is about the same or larger than that observed in
the liver.

Therefore, the drug-drug interaction based on meta-
bolic inhibition in the gut after oral administration can-
not be neglected, especially for the drugs metabolized by
CYP3A4. The methodology for the prediction of in vivo

TABLE 13
Gut and hepatic extraction of cyclosporine and the effects of enzyme
inducers and inhibitors at the boundary conditions for absorption
(Wu et al., 1995)

Fabs Eq Xa En Xy
Rifampicin 100% 0.65 1.31 0.33 1.40
86% 0.59 1.40
(XG = XH)
T7% 0.54 1.49
65% 0.46 1.68
Ketoconazole 100% 0.71 0.49 0.14 0.56
86% 0.66 0.36
T7% 0.62 0.25
65% 0.55 Indeterminate
Erythromycin 100% 0.51 0.44 0.20 0.78
86% 0.43 0.23
77% 0.37 Indeterminate

F.1s Fraction of the drug dose absorbed into and through the gastrointestinal
membranes.

Eg, En, Gut and hepatic extraction ratio, respectively.

Xa, Xg, Changes in Eg and Ey, respectively, during coadministration of the
interacting drug.

ITO ET AL.

first-pass gut metabolism from in vitro studies using
human gut samples needs to be established.

On the other hand, it is known that p-gp exists in the
luminal membrane of gut epithelial cells and acts as an
efflux transporter (Saitoh and Aungst, 1995; Terao et al.,
1996). Recent studies have revealed the overlapping
substrate specificity of CYP3A4 and p-gp. As shown in
table 14, many substrates of CYP3A4 are reported to be
substrates or inhibitors of p-gp (Wacher et al., 1995). In
another study (Schuetz et al., 1996) using a cell line
derived from a human colon adenocarcinoma, it was
shown that many of the p-gp inducers also induce
CYP3A4, suggesting the possibility of common regula-
tory factors for these proteins (table 15).

Benet (1995, 1996) has pointed out the possibility that
the synergistic effects of CYP3A4-mediated metabolism
and p-gp-mediated efflux in the gut epithelium may
result in an unexpectedly high first-pass effect in the gut
after oral administration. Thus, the inhibition or induc-
tion of CYP3A4 and/or p-gp caused by drug-drug inter-
actions may affect the first-pass effect in the gut.

The effects of gut metabolism and efflux from epithe-
lial cells to the lumen on the absorption of orally admin-
istered drugs were investigated by a simulation study.
Based on the compartment model shown in figure 23,
the fraction of the drug absorbed into the portal vein (F,)
can be expressed as follows:

P {1 < CL., + P, >}
= CL. +p, L P\ maXp ep L p )| BT

where P,, P;, and CL,,, represent the clearance for ef-
flux from the cell to the lumen, absorption from the cell
to the portal vein, and intracellular metabolism, respec-
tively, and «; is the membrane permeation constant
from the lumen into the cell. a; is a hybrid parameter
with no dimensions, consisting of the transit time in the
lumen, diffusion in the unstirred water layer, and the
permeability through the brush-border membrane of the
gut epithelial cells:

F,

Py app Xt
= v g [58]
where P, ,,, represents the apparent influx clearance
from the lumen into the cell, t,; represents small intes-
tinal transit time, and V,, represents the average lumi-
nal volume.

The results are shown in figure 24. When CL;,,+P5 is
much larger than P,, equation (57) can be rearranged to
yield equation (59):

— 3 —_ —
F,= 7CLM T P3{1 exp( — ay)} [59]

In this case, F, is not affected by a change in P, possibly
caused by inhibition of p-gp (fig. 24 left panel). If CL;,,
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TABLE 14
Substrates for and inhibitors of both CYP3A and P-gp (Wacher et al., 1995)
CYP3A substrates P-gp CYP3A substrates P-gp CYP3A substrates P-gp

Antiarrhythmics Chemotherapeutic agents Hormones

Amiodarone I Etoposide S Dexamethasone S

Lidocaine 1 Doxorubicin S Estradiol sk

Quinidine I Paclitaxel S Hydrocortisone S,I
Antifungals Vinblastine S Progesterone I

Itraconazole I Vincristine S Testosterone

Ketoconazole I Vindesine S Others
Flavonoids Ca-channel blockers Digitoxin Se

Kaempferol (I) E Diltiazem S,I Erythromycin I

Quercetin (I) E Felodipine I RU486 I
Immunosuppressants Nicardipine S,I Tamoxifen I

Cyclosporine S,I Nitrendipine I Terfenadine 1

FK506 S,I Nifedipine I

Rapamycin S Verapamil S,I

S, Substrate; I, Inhibitor; E, Enhancer.
2 Doxorubicin, a precursor of morpholino doxorubicin, is a P-gp substrate.

b 17-B estradiol glucuronide, a phase II metabolite of estradiol, is a P-gp substrate.

¢ Digoxin, a metabolite of digitoxin, is a P-gp substrate.

TABLE 15
Effect of various drugs on expression of P-glycoprotein and CYP3A in LS180 cells (Schuetz et al., 1996)

Treatment Fold-increase in Pgp Rank order (Pgp) Fold-increase in CYP3A4/5 Rank order (CYP3A)
Reserpine 29 + 3.32 1 7.6 +0.6 1
Rifampicin 16.2 = 10.8 2 32+14 3

(range, 6.2-29.9)
Phenobarbital 144 + 3.6 3 6.1 3.3 2
(range, 6.0-22)
Verapamil 10.8 £ 8.3 4 1.7+ 04 7
Midazolam 59+ 1.7 5 1.0
Rapamycin 49 +21 6 1.0
Clotrimazole 41+13 7 45+1.1 5
FK506 3.2+ 0.7 8 1.3 +0.2 9
Isosafrole 2.7*+0.3 9 2.6 0.1 6
Amiodarone 2.4+ 0.7 10 1.0
Triacetyloleandomycin 23 *+0.8 11 1.5+0.2 8
Erythromycin 2.0 +0.6 12 53+1.2 4
Dexamethasone 1.5*+0.3 13 1.0
Nifedipine 1.3+0.1 14 1.0
Phenytoin 1.3 0.1 15 1.0

2 The values are the mean of up to five separate determinations * standard deviations; values of 1.0 = no change from untreated control. All cultures were treated for

48-72 hr with 10 uM drug, except for phenobarbital (1 mM).

( Transit time; tgi)

—>» Gl Tract —>
P1,app T P2 (Efflux Transporter)
A
G Epithelium =
CLint (P450 Metabolism)
P3
N

Portal Vein

Fic. 23. A compartment model used in the simulation of the effects of
gut metabolism and efflux to the lumen on the drug absorption. P,
apparent influx clearance from the lumen into the cell; P,: efflux clear-
ance from the cell to the lumen; P5: absorption clearance from the cell to
the portal vein; CL,: intracellular metabolic clearance.

+ P35 is much smaller than P,, equation (60) can be
derived:

P P, {1 ( CLint+P3>} 60
*~ CLy, + P, —exp —011XT [60]

Here, the reduction of P, is directly reflected in the
change in F, (fig. 24 right panel). This indicates that F,

CLint + P3>>P2 CLint + P3 << P2
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a1=10 a1=10
8 08 08
a1=100
06 @11 08 08
T — & i
04 04 a1=A 04
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Fic. 24. Effect of the inhibition of efflux (reduction in P,) on drug
absorption. F: fraction of the drug absorbed into the portal vein; a;:
membrane permeation constant from the lumen into the cell; P,: efflux
clearance from the cell to the lumen; P, (=0.8): absorption clearance from
the cell to the portal vein; CL,_, (=0.2): intracellular metabolic clearance.

int

is increased with the reduction in P, when the initial
value of P, is large, i.e., in the case of the drugs exten-
sively transported out of the cell into the lumen. This
effect of reducing P, is more marked if the influx clear-
ance of the drug into the cell (a,) is relatively small (fig.
24 right panel). The results in figure 24 suggest that the
effect of p-gp inhibition caused by drug-drug interac-
tions on drug absorption may depend on the relative
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extent of each process (influx from the lumen into the
epithelial cell, efflux from the cell to the lumen, intra-
cellular metabolism, and transport from the cell to the
portal vein).

In the future, in addition to metabolic studies using
human gut samples, drug-drug interactions involving
the efflux process should be quantitatively evaluated by
transport studies using intestinal brush border mem-
brane vesicles to allow for more precise predictions of in
vivo drug-drug interactions.
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