relative expression level of each uptake transporter in Xenopus oocytes is similar to
that in rat liver. This approach has also been applied to human sandwich-cultured
hepatocytes in a study (Liao et al. 2010) that found that the expression of uptake
transporters did not change much in human sandwich-cultured hepatocytf:s, but
decreased rapidly with time in rat sandwich-cultured hepatocytes (Kotani et al.
2011). A recent report showed that the relative contributions of OP'le"lBl to the
uptake of several substrates estimated with OATP1B1 siRNA were similar to those
obtained from RAF methods (Williamson et al. 2013). o

Regarding the biliary effiux transporters, Tian et al. succeeded in the appllcatx_on
of siRNAs targeted to Mrp2 and Mip3 in sandwich-cultured rat hepatocytes (Tian
et al, 2004). The knockdown of Mrp2 resulted in a decrease in the biliary excretion
index (BEI) of carboxy dichlorofluorescein (CDF), whereas knockdown of Mrp3
caused an increase in BEL the extent of the decrease in protein expression was simi-
lar to the change in CDF uptake. Yue et al. also established an adenoviral vector
expressing Berp siRNA; its infection into rat sandwich-cultured hepatocytes led to
a decrease in the BEI for nitrofurantoin, a typical substrate of Berp, but not for
digoxin, a typical P-gp substrate (Yue et al. 2009).

6.3.3 Determination of the Intrinsic Clearance
of Each Transport Process of a Substrate

As mentioned in Sect. 6.2.2, overall intrinsic clearance is determined by several
intrinsic processes; thus, the intrinsic clearance of uptake, backfiux, biliary excre-
tion, and metabolism of a substrate should be determined separately in the accurate
prediction of DDIs. Hepatic uptake intrinsic clearance can be determined by an
uptake assay with isolated hepatocytes. As is often the case with trar}sp(_)rter sut?-
strates, if the uptake is the rate-determining process in the overall intrmsw.hepatw
clearance, the uptake intrinsic clearance can approximate the intrinsic hepatic clear-
ance. Watanabe et al. demonstrated that the predicted hepatic clearances of several
transporter substrates obtained from in vitro uptake assays with rat isolated hfapato-
cytes correlated strongly with their observed biliary excretion clearances in rats
(Watanabe et al. 2009a). The intrinsic hepatic clearance calculated from nonrenal
clearance of compounds was also predicted well in humans from in vitro uptake
assays with human cryopreserved hepatocytes (Watanabe et al. 2011). Soa%'s et al.
reported that the initial disappearance rates of parent compounds from the incuba-
tion buffer (“media-loss assay”) predicted the in vivo intrinsic clearances better than
did their clearances calculated from the AUCs of the parent compounds in the whole
suspension, suggesting that hepatic uptake clearance mainly determines the overall
hepatic intrinsic clearance and that the f value is thought to be nearly equal to 1 for
these compounds (Soars et al. 2007).

The intrinsic clearance for each process can be determined by several methods.
One approach is to evaluate each intrinsic clearance separately with different exper-
imental systems and some assumptions. Watanabe et al. evaluated the uptake

intrinsic clearance from uptake assays with isolated human hepatocytes. They used
an empirical scaling factor calculated from the ratio of in vivo uptake clearance to
in vitro uptake clearance in rats, the sinusoidal efflux clearance from the nonsatu-
rable uptake intrinsic clearance, biliary excretion clearance from transport in rat
CMVs, and metabolic clearance from the S9 fraction to predict the whole-body ’
pharmacokinetics of pravastatin in humans (Watanabe et al. 2009b). Umehara et al.
determined the uptake clearance in isolated rat hepatocytes, sinusoidal efflux clear-
ance, and biliary excretion clearance in sandwich-cultured rat hepatocytes, and
metabolic clearance in rat microsomes for 13 compounds (Umehara and Camenisch
2012). They succeeded in finding a good prediction of in vivo hepatic clearances
from the predicted clearances calculated based on (6.8) with in vitro parameters.

Another approach is to fit the in vitro time profile of the uptake of compounds in
human hepatocytes to a mechanistic compartmental model that considers multiple
intrinsic processes to determine simultaneously several intrinsic clearances from a
single experimental system. Menochet et al. determined the kinetic parameters for
uptake, sinusoidal efflux (considering only nonsaturable diffusion), and metabolism
of repaglinide and telmisartan at the same time by fitting their time- and
concentration-dependent uptake in human short-term (2 h) cultured rat hepatocytes
to an extended mechanistic two-compartment model that included saturable and
nonsaturable uptake clearance, sinusoidal efflux clearance, and metabolic clearance
(Menochet et al. 2012}). Jones et al. determined the multiple intrinsic clearances of
uptake, sinusoidal efflux, and biliary excretion of varions OATP substrates by the
fitting their time profiles of uptake into sandwich-cultured human hepatocytes to a
mechanistic two-compartment model including uptake, sinusoidal efflux, and bili-
ary excretion (Jones et al. 2012). However, further empirical scaling factors are
needed for the accurate prediction of pharmacokinetics of multiple drugs.

6.3.4 Estimation of the K, ,, Value of an Inhibitor
in Hepatocytes

As discussed above, when considering the inhibition of intracellular targets such as
metabolic enzymes and efflux transporters, the intracellular unbound concentration
of inhibitor should be estimated for the accurate DDI prediction. It is impossible to
measure the unbound intracellular concentration of inhibitor drugs in humans, and
appropriate in vitro methods to estimate the K,,,, value are needed. The X, value
is theoretically described as follows (Shitara et al. 2013);

K - Psinf.act + Psdif
P4 T PS, +PS, +CL,,

(6:25)

PSintact; PSair, PSex, and CLy, represent the intrinsic clearances for active influx
transport, diffusional membrane transport, biliary efflux transport, and metabolism,
respectively, assuming that sinusoidal efflux comprises only passive diffusion.



A traditional uptake study with hepatocytes can measure only the uptake amount of
total (unbound +bound) compounds. Thus, some appropriate methods to estimate
separately the unbound intracellular concentration of compounds in hgpatocytes are
needed. Yabe et al. reported K, ,, values of anionic compounds determined by using
the results of an in vitro uptake assay in human hepatocytes with a nonspecific CYP
inhibitor and calculated by the following equation (Yabe et al. 2011):

K =1+ mec.inf /Km,inf

(6.26)
o PS

dif

Vinaxior 800 Koo Tepresent the maximum transport rate and Michaelis—-Menten
constant for active influx transport, respectively. The K, ., value calculated by (6.26)
may include the membrane transport by facilitated diffusion and active transport,
and this method does not consider the metabolic intrinsic clearance, which results
in the overestimation of the true X}, value. Another strategy to estimate the K, ..
value is to stop the active transport without changing any processes (passive diffu-
sion, intracellular binding, etc.). For this purpose, several strategies can be proposed
including (1) decreasing the temperature (on ice), (2) adding a potent inh.ibitor. of
uptake transporters (e.g., rifampicin for anionic compounds), or (3) using high
concentrations of substrates to saturate the uptake transporters. Application of ATP
depletors is theoretically possible, but previous studies suggested that moderate
concentrations of ATP depletors, which did not cause cell toxicity, could not com-
pletely inhibit the function of active transport. Althongh in vitro uptake experiments
with isolated hepatocytes are easy, previous reports indicated that isolated hepato-
cytes lose their cell polarity and the functions of biliary efflux transporters decrease,
thus the predicted K, value may overestimate the real value. By contrast, se}nd-
wich-cultured hepatocytes can reproduce all the transport and metabolic functions
of hepatocytes and is suitable for the estimation of the K, ,, value. However, we note
that expression/function of some transporters and metabolic enzymes c}ecrease rap-
idly with culture time, especially in cultures of rodent cells (Ishlgam.l et'a]. 1995;
Jigorel et al. 2005; Rippin et al. 2001; Kotani et al. 2011). Further validation of the
methods is needed.

6.4 Quantitative Prediction of the Risk of TP-DDIs
in the Liver

6.4.1 Prediction Strategies of TP-DDIs: A Static Model
and Dynamic Model

The I, value is essential for estimating the inhibition potency of inhibitors (R valu?),
thus the precise estimation of the J, value should be needed for the accurate predic-
tion of DDIs. Considering the definition of I,, which is the protein-unbound

concentration of an inhibitor in the vicinity of a target transporter, one must estimate
the unbound inhibitor concentration in the blood facing the hepatocytes when
determining DDIs involving hepatic uptake transporters. By contrast, for DDIs
involving hepatic efflux transporters, one must estimate the unbound inhibitor
concentration in the hepatocytes. However, it is difficult to estimate the I, value”
accurately in humans because it cannot be directly measured. In addition, in a real
situation, the /, value always changes over time. To predict accurately the ratio of
plasma AUC in the presence of inhibitor drugs to that in their absence (AUCR;
AUC ssmmibio/ AUC oner), the time profiles of plasma and tissue concentrations of both
the substrate and inhibitor drugs need to be reproduced. One possible approach is to
construct an appropriate mathematical model to explain the real-time whole-body
disposition of drugs. This approach is referred to as a “dynamic model” in the US
FDA draft guidance (US Food and Drug Administration (FDA) 2012). The physi-
ologically based pharmacokinetic (PBPK) model comprises multiple compartments
corresponding to the tissues and blood pool, which are connected by blood flow to
mimic the blood circulation in the body, Thus, the PBPK model enables one to
observe the itinerary of a drug inside the body after its administration simply by in
silico simulation. However, it is essential, but difficult, to set up the kinetic param-
eters in such a model because only the time profiles of the plasma concentration and
urinary excretion of drugs can be obtained from humans, and multiple sets of
parameters may be able to apparently reproduce the limited clinical data.

In vitro experimental data can be used to provide a clue to the optimized model
parameters; good methods for in vitro—in vivo scale-up have been proposed by several
researchers, but their universality has not been confirmed yet (Barton et al. 2013;
Houston et al. 2012; Zamek-Gliszczynski et al. 2013). Particularly in the early stage
of drug development, the pharmacokinetic properties of drug candidates in humans
have not been well characterized in humans, and it is difficult to apply a dynamic
model approach to DDI prediction. Instead, assuming that the inhibitor concentration
is maintained at the same level, one can simply calculate the R value and subsequent
AUC changes for substrates if one can identify an appropriate I, value. This approach
is referred to as the “static model” in the US FDA draft guidance (US Food and Drug
Administration (FDA) 2012). To avoid false-negative predictions (clinically signifi-
cant DDIs cannot be forecasted by the DDI prediction method), the I, value can be set
as a constant at the theoretical maximum concentration at the target site. Recent prog-
ress for this detailed prediction method is discussed below.

6.4.2  Prediction of TP-DDIs in the Liver with a Static Model

In the prediction of the risk of transporter-mediated DDIs with a static model, one
key factor is to determine what kind of inhibitor drug concentration should be used
to estimate the inhibition potencies of transporters in the liver, According to the
traditional pharmacokinetic theory, the inhibitor concentration must be defined as
that at the vicinity of the transporters, and only the protein-unbound form of
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inhibitors can be involved in the inhibition of transporter function. Thus, the
unbound blood concentration of inhibitors on the basal side of hepatocytes must be
used for the prediction of inhibition potency against hepatic uptake transporters,
whereas the unbound concentration in the hepatocytes must be used against hepatic
efflux transporters. A static model is often applied for the sensitive detection of the
signal of DDI risk, especially in the early stage of drug development when the
detailed pharmacokinetic properties of a newly developed drug have not begn v.vell
characterized in humans. Thus, it is essential to avoid the false-negative prediction,
in which significant DDI actnally oceurs in the clinical situation, even though the
DDI risk has been predicted to be negative. However, we also need to reduce the
number of false-positive predictions because the number of DDI-positive cases
increases as the inhibitor concentrations used for DDI prediction increase. Thus,
one rational solution for this issue is to use the theoretically achievable maximum
unbound concentration of inhibitors at the target site without considering their unre-
alistically excessive concentrations.

In the field of CYP-mediated metabolism, Ito et al. proposed a method to calcu-
late the theoretically maximum unbound concentration of inhibitors at the inlet to
the liver (Ito et al. 1998). The mathematical model for considering this method is
shown in Fig. 6.4. For orally administered inhibitor drugs, the drugs flowing into the
liver comprise those from the circulating blood supplied via the hepatic artery and
those absorbed from the intestine supplied via the portal vein. Thus, it is possible
that the inhibitor concentration is higher at the inlet to the liver than in the systemic
blood. Based on this model, the amount (X,,,) and velocity (v, of the drugs
absorbed from the intestine into the portal vein can be described by the following
equations:

X, = F.F, Dose {1-¢™) (6.27)

= % =k, F,F, Dosee™ (6.28)
t

vabs

F.Fy, k,, and ¢ represent the intestinal availability (fraction of drugs absorbed into
the portal vein from the intestinal lumén), absorption rate constant, and time after
oral administration, respectively. Thus, the flow rate of a drug into the liver (v,) is
calculated as follows:

.

Vo =0, I+Q, I+k, F,F, Dosee™ (6.29)

Ou Cp and 1 represent the blood flow rate at the hepatic artery, blood flow rate at
the portal vein, and the concentration of inhibitors in the circulating blood. When
considering the maximum v;, value based on (6.29), the observed maximum inhibi-
tor concentration in the blood (Z,,,) can be used as the I value, and ¢ should be 0 to
maximize the v, value. Therefore, considering that the hepatic blood flow rate (Q,)
is the sum of @, and Q,,, the protein-unbound maximum inhibitor concentration at
the inlet to the liver (£, mw) can be described as indicated in (6.30).
v, k, F,F, Dose
Iu‘in.mnx = f;i -j = f;? (Imax +__“_____B__) (630)
h

h

Jo indicates the protein-unbound fraction in blood. Because the F,F, and k, values
are not obtained easily, especially in the early stage of drug development, these
values must be set as 1 and 0.1 min~' (maximum gastric emptying time), respec-
tively, because the maximum inhibitor concentration must be estimated for this
calculation. When interpreting the resuits obtained from this approach, one should
keep in mind that if the calculated R value (=1+1/K;) with I3, o 1s close to 1, one
can neglect the risk of DDIs, whereas even if the R value is estimated to be more
than 1, one can never say that DDIs counld occur in the clinical situation because the
1 jnmax value always overestimates the real inhibitor concentration. This method is
useful for sensitively screening out the possible DDI cases but is not suitable for the
accurate prediction of the extent of the change in the AUC by DDIs; instead, predic-
tion with a dynamic model should be considered for such purpose.

Ito et al. demonstrated the effectiveness of the prediction of DDI risk mediated
by CYP enzymes using 7, mx values (Ito et al. 2002). They analyzed the literature
for CYP-mediated DDI cases and showed that the number of false-negative predic-
tions was best minimized by the use of Lyinmax values rather than the unbound con-
centration of inhibitors in the blood (£.max) o total (bound +unbound) concentration
of inhibitors in the blood (I,,,,) and that the mumber of true positive predictions was
also highest using 7, jn mx values. As shown for OATP transporters, Hirano et al, and
Matsushima et al. investigated the inhibitory effects of several inhibitor drugs on the
OATP1B1-mediated pitavastatin uptake and OATP1B3-mediated fexofenadine
uptake in transporter-expressing HEK293 cells (Hirano et al. 2006; Matsushima
et al. 2008). In their analyses, drugs with estimated R values at a therapeutic dose of
more than two include cyclosporine A, rifampicin, rifamycin SV, clarithromycin,
indinavir, and ritonavir for OATP1B1, and cyclosporine A and rifampicin for



OATP1B3. For most of these drugs, clinical DDI cases have also been reported,
suggesting the validity of this prediction using a static model with I, ;, n value.
Examples of the results calculated for marketed drugs using a static model with
I inmax Values are snmmarized in Table 6.1. This table shows that even if the K; val-
ues of drugs for OATP transporters are relatively small, clinically relevant DDIs
should not be seen in most cases in a static model prediction with I, values
because of the low clinical dose and extensive protein binding of drugs. OATP1B1
can transport drugs and bilirubin, the breakdown product of normal heme catabo-
lism (Cui et al. 2001). Thus, the potent inhibition of OATP1B1 by drugs results in
the decreased hepatic clearance of bilirubin and subsequent drug-induced hyperbili-
rubinemia. Campbell et al. examined the inhibitory effects of several drugs on the
OATP1B1-mediated uptake of E,17BG to screen out the drugs that can induce
hyperbilirubinemia (Campbell et al. 2004). Even though they used the I, ., value,
which should be lower than 1,5, m¢ When calculating their R values, indinavir,
cyclosporine A, and rifamycin SV were estimated to inhibit OATP1B1-mediated
transport by 41 %, 43 %, and 96 %, respectively. This is in good agreement with the
clinical reports in which indinavir and cyclosporine A caused unconjugated hyper-
bilirubinemia in some, but not all, human subjects, whereas rifamycin SV caused
hyperbilirubinemia in all subjects. By contrast, saquinavir inhibited OATP1B1
function by only 7 % in their estimation, which is also supported by a clinical report
showing that saquinavir is not known to cause hyperbilirubinemia. Thus, the method
for DDI prediction with a static model may also be used for the detection of the risk
of drug-induced hyperbilirubinemia in the early stage of drug development.

Yoshida et al. recently investigated the predictability of the risk of DDIs involv-
ing OATP transporters using a static model (Yoshida et al. 2012). They systemati-
cally collected the 58 DDI studies involving 12 substrates of OATP transporters
from the literature. They estimated the R value for each case and compared the
predicted AUC increases with those observed and evaluated the effects of three
assumptions on the number of false-negative predictions. In the first assumption, the
maximum inhibitory effects of CYP3A and efflux transporters (P-gp, MRP2,
BCRP) were considered if they were judged to be inhibited by drugs in the small
intestine when using the drug interaction number (DIN) proposed by Tachibana
et al. (2009). They defined DIN as the dose divided by the K; value and set up the
threshold values as 2.8 L for CYP3A and 10.8 L for P-gp, above which inhibition of
CYP3A or P-gp may occur in the human intestine. Thus, if the DINs of inhibitor
drugs exceeded the threshold values, F,F, values were assumed to be 1 when inhibi-
tor drugs were coadministered. When evaluating the impact of this assumption, the
number of false-negative predictions was decreased slightly from 19 to 16 studies
with this assumption for F,F; values.

In the second assumption, Tachibana et al. compared the number of false-negative
predictions when an inhibitor concentration was set to the following three choices:
theoretically maximum unbound concentration at the inlet to the liver (4, ,ma) (cal-
culated from (6.30)), maximum unbound concentration in the blood circulation
(Z,.max), and maximum total (unbound+bound) concentration in the blood circula-
tion (Ja) (Fig. 6.5). As expected from the previous results of a static prediction of

Table 6.1 Inhibitory effects of selected drugs on the transport function of OATP1B1 and OATP1B3

R value for
OATP1B3

R value for
OATP1B1
1.6

3.0

Dose

K; or ICsp value for

OATP1B3 (uM)

13
2.0

K; or ICs, value for
OATPIB1 (uM)

I u,in,max

(uM)

7.7

L max (WMD)

0.69
0.83
0.54
0.23

(mg) fi

Name

HIV protease inhibitors Amprenavir

Pharmacological action

1.6
2.8
22

0.1

700
300
600
400
750

3.6
4.0

0.096
0.05

1.8
3.1

Atazanavir

2.3

3.3
5.1

Darunavir

1.2

28
2.0
31

0.89
0.91
2.1

0.015
0.01
0.02

0.50
0.93
1.0
18
1.1

28

Lopinavir

0.086
0.57

Nelfinavir

1.6
1.3
L6
14
1.2
4.0

29

800
400
500
400
200

38
28
32
54
38

11

Ritonavir

1.5
2.6

091

0.087
1.2
1.0

04

0.02
0.0042:
0.54
0.36
0.47
0.1

Saquinavir

18
21

Tipranavir

1.8
1.6
1.3
9.7

Clarithromycin

Macrolides

6.5

11

Erythromycin

33
1.3

0.65
0.18

800
200
9.6

120

Telithromycin

0.68

0.15
0.6

Cyclosporin A
Tacrolimus

Immunosuppressants

1.0

1.1

0.0080
2.6

0.00055
0.58
0.25

1.5

0.01
0.06
23

106.6 0.01
600

1

200

45

Bezafibrate
Fenofibrate

Fibrates

1.0
1.2
1.2
1.0
1.0
1.0
1.0

043
3.2

1.3
1.0

0.0065*
0.12

10
74

20

Gemfibrozil

14

(GEM-glu)®

<0.0048
0.00099
0.031
2.9

<0.0017
0.0003
0.017

<0.018
0.02
0.002°

2.5

0.75

Glibenclamide
Repaglinide

Antidiabetic drugs

1.0
1.0
1.0
1.0
1.0
<1.3

0.5
8

5.6
11
- 190

Rosiglitazone
Diltiazem

0.046

0.32
0.01
0.08

60

>100

95
74

Ca? channel blockers

1.0
1.0
<1.3

0.16
0.14

0.019

100
10

180

Mibefradil

0.00098
7.7

>100
>100
>30
19

Nisoldipine

28

0.89

100

>100
>100

19

Fluconazole

Azoles

10

1.0
" (continued)

.

1.0
1.0

0.002*  0.0008 0.20
0.066

0.01

100
200

Itraconazole

Ketoconazole

0.30




Table 6.1 (continued)

R value for R value for

Iv.in.mnx

Joma (PM) — (uM)

0.87
42

K; or ICsg value for  Dose
OATP1B3 (uM)

1.2

K; or ICs, value for
OATPIB1 (uM)

OATP1B3
6.3

OATP1B1
59

(mg) fa
600

Pharmacological action Name

6.4

0.11

Rifampicin

Antibiotics

<12
1.3
1.0

<1.2
1.5
1.1
1.1

20
35

042

160

>100
130
47

>100
76
32
2.7

Trimethoprim

Probenecid

12

1,000 0.11

200
75

Uricosuric drug

1.6
<0.30

0.96

0.02

Sulfinpyrazone
Eltrombopag

<0.18

<0.01°

ND

Thrombopoietin

receptor agonist

Choleretic drug

<28 <3.8 <14

<0.3 <6.8

8¢ 400

i0

Ursodeoxycholic

acid

Telmisartan
Valsartan

1.1

1.1
1.1

0.050
0.53
8.9

9.8

0.0015
0.19
0.79
1.0

<0.01*
0.06
0.25

40

40

0.81¢
18¢
49

0.44

9.0

Angiotensin II receptor

antagonists
Anti-hepatitis C virus

1.0
2.8
2.4

1.5
5.5

800
750

18
22

Boceprevir

Telaprevir .
These parameters are cited from Yoshida et al. 2012, “Transportal” Web Database and package insert of each drug

°If £ is less than 0.01, according to the reguratory guidances, f; is regarded as 0.01 for the calculation of R values

*Gemfibrozil glucuronide; a major metabolite of gemfibrozil

‘Reported X, value

0.37

6.8
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Fig. 6.5 Impact of the selection of inhibitor concentration used in a static model on the predict-
ability of TP-DDIs involving OATP transporters (cited from Yoshida et al. 20 12). Predictability of
DDIs was compared when s max (8), Jomax (B), O Lo (€) was used in a static model. Each point
and horizontal bar represents the median, maximum, and minimum values of the observed AUC
ratios for the same combination of drugs. The solid, dashed, and dotted lines represent the line of

unity, the 50-200 % range, and the 33-300 % range of the observed AUC ratios, respectively. AFE
average fold error, RMSE root mean squared error

CYP-mediated DDIs (Ito et al. 2002), the use of Fyinanax Minimized the number of
false-negative predictions. Moreover, when I,,, was used, the number of false-
positive predictions increased because several clinically relevant OATP inhibitors
showed a very low protein-unbound fraction and the discrepancy between the total
and unbound concentrations of such inhibitors was large.

In the third assumption, the maximum inhibitory effects of biliary efflux trans-
porters and/or metabolic enzymes as well as uptake transporters on the decreased
hepatic intrinsic clearance were considered. As mentioned above, if the hepatic
uptake clearance alone determines the overall intrinsic hepatic clearance, the ratio of
the overall intrinsic clearance in the presence of inhibitor to that in its absence can
be described by (6.14). On the other hand, when the P value is much smaller than 1,
the ratio is described by (6.15) or (6.16) if compounds are eliminated from the body
by extensive metabolism or biliary excretion in an unchanged form, respectively.
Thus, to consider the maximum inhibitory effects on multiple processes when sub-
strate drugs are recognized by uptake transporters, efflux transporters, and/or meta-
bolic enzymes, the product of the R values for uptake and excretion and/or
metabolism using the 7, i max value should be considered (6.31) (Ueda et al. 2001).

CL,, q (+inhibitor) 1 1 1
———————~ —— (6.31)
CLim.a]r (—ll’lhlbltOI‘) Rinr chfmel 1+ Iu»in,max 1+ u,in.max
K iinf l.cx/mc“t



The number of false-negative predictions can be minimized when the product of
R values is used for the DDI prediction rather than just the R value for uptake
(16 — 11 studies). In particular, DDI cases between fluconazole and CYP2C9 sub-
strates (glimepiride, nateglinide, irbesartan) are predicted correctly when we con-
sider the maximum inhibitory effects of both uptake and metabolism. This is
reasonable because the clinical dose of fluconazole does not cause the inhibition of
OATP-mediated uptake, but may inhibit CYP2C9-mediated metabolism. This may
imply that the § values of these substrates are not close to 1, although this needs to
be confirmed. However, the prediction accuracy was the highest when only the R
value for uptake was used (76 and 90 % for predictions within two- to threefold of
the observed the AUCR values, respectively). We note that the concentrated uptake
of inhibitor drugs is not assumed in this equation because it is possible that the
intracellular unbound concentration may be higher than the unbound concentration
in the blood. If the K, value in the liver is estimated from in vitro expeﬁn.lents,
Lyinmax % Kpus Should be used instead of 1, jomx for the calculation of the maximum
Roume value, o

In the current FDA draft guidance on DDIs (US Food and Drug Administration
(FDA) 2012), when the drag candidates are inhibitors of hepatic OATPs, in t?xe first
step, if the I,,/K; value is more than 0.1, the R value should be calculated u.smg t}le
I, i value. If the R value is more than 1.25, in vivo clinical DDI studies with
OATP substrate drugs (e.g., rosuvastatin) are recommended. On the other hand, in
the EMA guideline on DDIs (European Medicines Agency (EMA) 2010), the
threshold for the R value calculated using the 7, ;,.max value is 1,04, which is stricter
than that contained in the FDA draft guidance. The performance of the current DDI
prediction method may need to be evaluated and optimized in future.

o

6.4.3 Prediction of TP-DDlIs in the Liver
with a Dynamic Model

Differing from a static model, a dynamic model enables one to predict the extent of
the change in the AUC accurately because it considers the time-dependent change
in the inhibition potency of inhibitors on the intrinsic hepatic clearance of ) sub-
strates. The parameter settings are key to constructing a good model for describi.ng
the pharmacokinetic character of drugs appropriately (Shitara et al. 2013; Yoshida
et al. 2013; Barton et al. 2013; Zamek-Gliszczynski et al. 2013; Rowland et al.
2011). Even a simple compartment model, which partly omits the physiological
structure and machinery of detoxification of xenobiotics, can roughly reproduce the
time profile of the plasma concentration of a drug. However, this is no longer useful
if one wishes to consider the influence of the functional change of a single molecule
on the pharmacokinetics of drugs because of the lack of parameters. Conversely,
recent findings on the molecular mechanisms of pharmacokinetics allow one to cre-
ate a very complex mechanistic model with many model parameters. However, it is
difficult to set all the model parameters rationally, and there is a kind of trade-off for
issues that have no clear answer.

The methods for setting the parameters are classified into two approaches. One
approach s to determine the parameters using a simple scale-up method from only
the in vitro experimental results; this is named the “bottom-up approach.” For exam-
ple, based on the traditional strategy of in vitro—in vivo extrapolation, in vivo meta-_
bolic intrinsic clearance can be predicted from in vitro metabolic clearance in liver
microsomes by multiplying the in vitro clearance by the liver weight per unit body
weight (e.g., 24.3 g liver/kg in humans) and the microsomal protein amount per unit
liver weight (e.g., 40 mg protein/g liver in humans). However, some researchers
have noted that a simple scale-up method cannot be effective for accurately predict-
ing the in vivo parameters. For example, Houston et al. collected in vitro intrinsic
clearances of 89 compounds estimated with human cryopreserved hepatocytes and
carefully scaled up the in vitro data to predict the vivo hepatic intrinsic clearance
based on physiologicaily based scaling factors (Houston et al. 2012). They observed
systematic underprediction of the intrinsic hepatic clearance. Naritomi et al. showed
that introduction of drug-specific empirical scaling factors, which are defined as the
ratio of intrinsic clearance in vivo to that predicted from in vitro experiments in rats,
can be useful for improving the prediction of hepatic intrinsic clearance of different
species (Naritomi et al. 2001).

For the uptake transporters, Menochet et al. compared the predicted intrinsic
hepatic clearances of six OATP substrates from in vitro uptake assays with cultured
human hepatocytes and the observed clearance (Menochet et al. 2012). The pre-
dicted clearances of these compounds was 17-fold smaller than that observed on
average, indicating that compound- and donor-specific empirical scaling factors are
needed to predict the in vivo hepatic intrinsic clearances better. One strategy to
determining an empirical scaling factor for each process is to estimate the ratio of in
vivo intrinsic clearance to the in vitro predicted clearance in animal experiments
and then to apply the same ratio to the prediction of human pharmacokinetics.
Watanabe et al. succeeded in the prediction of the pharmacokinetics of pravastatin
in rats using a PBPK model, in which the liver was divided into five subcompart-
ments to mimic the dispersion model and in its prediction in humans by using the
same scaling factors for influx (3.7) and biliary excretion (21) clearances (Watanabe
etal. 2009b). Poirier et al. constructed a PBPK model of valsartan in humans, which
included the relative contribution of OATP1B1 and OATP1B3 to the overall hepatic
uptake of valsartan. A good prediction of the human pharmacokinetics of valsartan
was achieved when they used an empirical scaling factor for hepatic uptake of 3,
which was optimized to match the plasma concentration and biliary excretion pro-
file of valsartan in rats (Poirier et al. 2009). Several possible reasons for the differ-
ences between in vitro and in vivo systems can be considered such as the difference
in the expression/function of several transporters/enzymes between cell systems
and intact tissues. However, no one has presented a definitive hypothesis about the
cause of the apparent discrepancy between in vitro and in vivo systems.

Another approach is to determine the parameters by fitting in vivo clinical data
to an appropriate pharmacokinetic model, which is named the “top-down
approach.” Johns et al. tried to confirm the predictability of the human pharmaco-
kinetics of seven OATP substrates from the in vitro parameters obtained with



sandwich-cultured human hepatocytes and a PBPK model. The simple use of in
vitro parameters for the PBPK model led to an overprediction of the exposure for
all compounds (Jones et al. 2012). The authors concluded that the drug-dependent
scaling factors for each process that best explained the time profile of plasma con-
centration after the intravenous administration in humans were 12-161 for uptake
clearance and 0.024-0.12 for biliary excretion clearance. Because this approach
requires human clinical data, the model parameters cannot be set for drug candi-
dates whose clinical data are not available. Thus, at the moment, because a univer-
sal method to determine the empirical scaling factors for each parameter is not
available, a combination of “bottom-up” and “top-down” approaches should be
applied to predict the pharmacokinetics of drugs.

Several studies have used PBPK modeling to predict complex DDI cases quanti-
tatively. Kudo et al. tried to use PBPK modeling to explain the complex DDI of repa-
glinide with gemfibrozil and itraconazole (Kudo et al. 2013). In this clinical case, the
plasma AUC of repaglinide was increased by 1.4- and 8.1-fold by the coadministra-
tion of itraconazole and gemfibrozil, respectively (Niemi et al. 2003). By contrast, the
plasma AUC of repaglinide increased by 19.4-fold when coadministered with both
itraconazole and gemfibrozil (Niemi et al. 2003). Because repaglinide is a substrate
of CYP2CS8, CYP3A4, and OATP1BI, the cause of this DDI relates to the potent
inhibition of CYP3A4 by itraconazole, the mechanism-based inhibition of CYP2C8
by gemfibrozil glucuronide, and the inhibition of OATP1B1 by gemfibrozil and its
glucuronide. The cause of such observations is sometimes recognized as a “synergis-
tic” inhibitory effect by the combined use of itraconazole and gemfibrozil. Kudo et al.
constructed simple PBPK models for itraconazole, gemfibrozil and its glucuronide,
and repaglinide (as shown Fig. 6.6a), and they optimized multiple model parameters
by fitting the time profiles of the plasma concentrations of these drugs to the PBPK
models (Fig. 6.6b) (Kudo et al. 2013). The optimized K; values of itraconazole for
CYP3A4, gemfibrozil and its glucuronide for OATPIBI, and the fraction of repa-
glinide metabolized by CYP2C8 were similar to the in vitro experimental results.
Thus, the PBPK model analyses showed that this complex TP-DDI case can be
explained simply by the multiple inhibitions of the clearance pathways of repaglinide
without having to consider any empirical “synergistic” effect.

Varma et al. also used PBPK modeling of repaglinide to explain the multiple
clinical DDI cases based on the available in vitro information. They initially tried to
use the in vitro kinetic parameters of metabolism and transport of repaglinide
obtained from experiments with hepatic microsomes and sandwich-cultured hepa-
tocytes as model parameters. However, the use of in vitro intrinsic clearance for
sinusoidal active uptake resulted in the overestimation of the systemic exposure of
repaglinide, and a scaling factor of 16.9 was finally applied to explain the pharma-
cokinetics of repaglinide. Using this PBPK model, they succeeded in accurately
predicting the AUC ratio of repaglinide after coadministration of ketoconazole, itra-
conazole, cyclosporine A, or gemfibrozil in previous clinical reports. They success-
fully predicted the dosing-time-dependent pharmacokinetic interaction of
repaglinide with rifampicin by using a similar PBPK model incorporating the induc-
tion of CYP3A4 and reversible inhibition of OATP1B1 (Varma et al. 2013). Varma
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Fig. 6.6 Prediction of DDI of repaglinide with itraconazole and gemfibrozil by a dynamic PBPK
model (cited from Kudo et al. 2013). (a) Structure of simple PBPK models for (f) itraconazole, (if)
gemfibrozil and its glucuronide, and (#i) repaglinide. (b) Predicted and observed time profiles of
the blood concentration of (i) itraconazole, (if) gemfibrozil and its glucuronide, and (#i) repa-
glinidfa with the coadministration of itraconazole (open squares), gemfibrozil (open triangles), and
combination use of itraconazole and gemfibrozil (closed circles) or without any coadministered
drugs (open circles). The overlaid lines in each figure represent the predicted time profiles of blood
concentration of drugs based on PBPK model

et al. also used a PBPK model to perform a similar type of DDI prediction for
pravastatin (Varma et al. 2012). The time profiles of pravastatin were reproduced by
the PBPK. model with scaling factors of sinusoidal active uptake and canalicular
efflux of 31 and 0.17, respectively, which related the model parameters to in vitro
parameters in sandwich-cultured hepatocytes. Interestingly, they were successful at
predicting the TP-DDIs with gemfibrozil and rifampicin, but the DDI with cyclo-
sporine A was underpredicted by the PBPK model, suggesting that the in vivo K;
value might be smaller than the in vitro X; value obtained from the in vitro inhibition
assay (Varma et al. 2012). This may reflect the decreased K| value by preincubation
with cyclosporine A.

Gertz et al. also tried to predict the TP-DDI of repaglinide with cyclosporine A
using a PBPK model. The prediction was successful when considering the preincu-
bation effect of cyclosporine A on the X; value and almost complete inhibition of
P-gp and CYP3A4 in the intestine, whereas the effects of OATP1B1 inhibition by
AMI, a major metabolite of cyclosporine A, played a minor role in the accurate
DDI prediction (Gertz et al. 2013).
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Fig. 6.7 Impact of the change in the hepatic influx and biliary excretion on the plasma and hepatic
concentration of pravastatin based on the results of PBPK modeling (cited from Watanabe et al,
2009b). (a) Schematic diagram of the PBPK model predicting the concentration-time profiles of
pravastatin. The liver compartment was divided into five compartments to miimic the dispersion
model. (H) humans, (R} Rats, The enterchepatic circulation was incorporated in the case of
humans. (b) Effects of changes in the transporter activity of hepatic influx and biliary efflux on the
time profiles of plasma and liver (target organ) concentrations of pravastatin in humans. Plasma
and liver concentrations after oral administration (40 mg) were simulated using the PBPK model
with varying hepatic transport activities over a 1/3- to 3-fold range of the optimized values (solid
{ine, initial; dashed line, x1/3; dotted line, x3)

One of the great advantages of the dynamic model approach is that one may
simulate the time profiles of plasma and tissue concentrations of the substrates and
inhibitor drugs when some model parameters are changed artificially once an appro-
priate PBPK model is obtained. This helps decrease the need for clinical studies. We
can also perform a sensitivity analysis to search for the important parameters that
markedly modify the plasma and tissue concentrations of drugs in the PBPK model.
Watanabe et al. showed the impact of influx clearance and biliary efflux clearance
on the plasma and hepatic concentrations of pravastatin by sensitivity analysis
(Fig. 6.7) (Watanabe et al. 2009b). As observed for statins, the plasma concentration
determines muscle toxicity, whereas the hepatic concentration is related to the phar-
macological effect. In their analyses, decreasing the influx clearance markedly
increased the plasma concentration of pravastatin, whereas its hepatic concentration
did not change much. These simulation results are similar to the clinical observa-
tions that the pharmacological effects of statins are not affected much in subjects
with the SLCOIB1 521T>C allele (Martin et al. 2012), which was reported to
decrease the transport function, whereas the risk of muscle toxicity increases sig-
nificantly in those with this allele (Link et al. 2008). By contrast, decreasing the bili-
ary efflux transport did not change the plasma concentration, but markedly increased
the hepatic concentration, suggesting the increased pharmacological effects of
pravastatin. These kinds of findings can be realized only by using the PBPK-
modeling approach.

6.5 Conclusions

This chapter has discussed novel methods for hepatic TP-DDI prediction and their
applications. Selection of the prediction methods depends on the situation. In the .
early stage of drug development, because information about the pharmacokinetic
properties of drugs is not readily available, a static model using the I, mex value is
useful for sensitively identifying DDI risk of new chemical entities, After obtaining
the pharmacokinetics of a new chemical entity in humans, the kinetic parameters for
the PBPK model are optimized by using both in vitro experimental results (“bot- ,
tom-up” approach) and clinical pharmacokinetic information (“top—down”
approach). At present, although a complete bottom—up approach is ideal because
the prediction of pharmacokinetics is realized only by using in vitro data without
any clinical data, it is difficult to say whether the model parameters can be estimated
by a simple scale-up of in vitro results. Several reports have shown the need for
compound-dependent nonphysiological empirical scaling factors for each intrinsic
clearance of drugs (Barton et al. 2013; Houston et al. 2012; Zamek-Gliszczynski
et al. 2013). The mechanisms underlying discrepancies between in vivo and in vitro
systems are not understood fully. In the validation of the PBPK model, only the
plasma and urine concentrations, but not the tissue concentrations, of drugs are
available in humans. Thus, the validity of multiple model parameters cannot be
guaranteed by the limited information of drug concentration, and many sets of
parameters might explain the time profiles of drug concentrations in plasma and
urine. To overcome this problem, noninvasive imaging techniques such as positron
emission tomography (PET) are powerful approaches to measure directly the tissue
concentration of drugs. Takashima et al. characterized the transporter-mediated
hepatobiliary transport of ["'C]-15R-TIC and found that the coadministration of
rifampicin decreased the intrinsic clearance of both the hepatic uptake and biliary
efflux of radioactivity (Takashima et al. 2012). Our group has proposed several
kinds of PET ligands, which are substrates of selective transporters and can be used
to characterize their hepatic transport properties in humans. This kind of informa-
tion will provide clues to identify a set of optimized model parameters. In future,
development of a pharmacodynamic model that incorporates the dynamics of the
molecular machinery of the pharmacodynamic/toxicological actions of drugs based
on the experimental approach combined with the dynamic PBPK model will pro-
vide the opportunity to predict quantitatively the real-time pharmacological actions
of drugs under specific conditions.
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