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Beyond the Michaelis-Menten: Accurate Prediction of In
Vivo Hepatic Clearance for Drugs With Low K|,

Hyun-moon Back", Hwi-yeol Yun®t (2 | Sang Kyum Kim?* and Jae Kyoung Kim**

Clearance (CL) is the major pharmacokinetic parameter for evaluating systemic exposure of drugs in the body and, thus,
for developing new drugs. To predict in vivo CL, the ratio between the maximal rate of metabolism and Michaelis-Menten
constant (V_, /K, estimated from in vitro metabolism study has been widely used. This canonical approach is based on the
Michaelis-Menten equation, which is valid only when the K, value of a drug is much higher than the hepatic concentration of
the enzymes, especially cytochrome P450, involved in its metabolism. Here, we find that such a condition does not hold for
many drugs with low K;;, and, thus, the canonical approach leads to considerable error. Importantly, we propose an alterna-
tive approach, which incorporates the saturation of drug metabolism when concentration of the enzymes is not sufficiently
lower than K,,. This new approach dramatically improves the accuracy of prediction for in vivo CL of high-affinity drugs with
low K;,. This indicates that the proposed approach in this study, rather than the canonical approach, should be used to predict

in vivo hepatic CL for high-affinity drugs, such as midazolam and propafenone.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
For over half a century, in vivo intrinsic drug clearance
(CL) has been predicted by simply scaling the in vitro in-
trinsic drug CL, that is, the ratio between maximal rate
of metabolism and Michaelis-Menten constant (V, . /K,,).
WHAT QUESTION DID THIS STUDY ADDRESS?
The canonical approach works only when hepatic en-
zyme concentration is sufficiently lower than the K, of
the drug. We find that such a condition does not hold for
drugs with low K;,, and, thus, the canonical approach
leads to considerable error in predicting in vivo CL.

Drug clearance (CL), which has been studied in > 65,000
publica’fions,1 is the primary pharmacokinetic (PK) pa-
rameter for predicting human systemic drug disposition.?
To predict in vivo hepatic CL (CL,) from in vitro metabo-
lism studies, well-stirred, parallel tube, or dispersion liver
models have been widely used, which commonly require
the estimation of intrinsic CL in the liver.® The intrinsic CL,,
of a drug has been predicted by scaling the ratio between
the maximal rate of metabolism and Michaelis-Menten
constant (i.e., V_, /K, estimated from in vitro study using
human liver microsomes (HLMs) or hepatocytes.4 This ca-
nonical approach assumes that in vivo drug metabolism is
accurately captured by the Michaelis-Menten (MM) equa-
tion, similar to in vitro drug metabolism.*?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
We propose a new approach, which incorporates the
saturation of the metabolism rate at high enzyme concen-
trations. This accurately predicts the intrinsic in vivo CL
of high affinity drugs from V. and K, estimated with in
vitro experiments.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOL-
OGY OR TRANSLATIONAL SCIENCE?

The approach proposed in this work improves the accu-
racy and precision of human hepatic CL prediction using in
vitro experiments, which is critical for drug development.

The MM equation becomes inaccurate when a signifi-
cant fraction of the drug binds to the enzyme.e"8 To avoid
this, the K|, value of the drug needs to be much larger
than the hepatic concentration of the enzymes, especially
cytochrome P450 (CYP), involved in its metabolism.5®
To the best our knowledge, the validity of this condition
has not been systematically investigated. In this study, we
find that the condition does not hold for many high-affinity
drugs with low K,, including coumarin (CYP2AG6), pacli-
taxel (CYP2C8), propafenone (CYP2D6), and midazolam
(CYP3A4). Thus, under these circumstances, estimating
their intrinsic CL,, using the canonical approach based on
the MM equation results in considerable error. To resolve
this problem, we propose an alternative to the canonical

'Both authors contributed as much to this work as the first author.

'Department of Pharmaceutics, Ernest Mario School of Pharmacy, Rutgers, The State University of New Jersey, Piscataway, New Jersey, USA; 2College of
Pharmacy, Chungnam National University, Daejeon, Republic of Korea; *Department of Mathematical Sciences, Korean Advanced Institute of Science and Technology,
Daejeon, Republic of Korea. *Correspondence: Sang Kyum Kim ( ) and Jae Kyoung Kim ( )

Received: October 18, 2019; accepted: April 12, 2020. doi:


https://orcid.org/0000-0001-8793-2449
mailto:﻿
mailto:﻿
https://orcid.org/0000-0001-7842-2172
mailto:sangkim@cnu.ac.kr
mailto:jaekkim@kaist.ac.kr
https://doi.org/10.1111/cts.12804

IVIVE for Hepatic Clearance of Drugs with Low K,
Back et al.

1200

approach based on an enzyme kinetic equation, which
is accurate over a much wider range of the ratio of K,
to enzyme concentration than the MM equation.”® This
new approach accurately predicts intrinsic CL, for drugs
regardless of the ratio of their K|, values to enzyme con-
centrations, which dramatically improves the accuracy
and precision of in vitro-in vivo extrapolation (IVIVE) for
the CL,.

METHODS

Data collection

Drugs in Table 1 were selected and their K,,, V, .., and in
vivo  CL, in Table 2 were obtained using the following
criteria:

1. Selection of drug: We selected drugs whose metab-
olism by a specific major CYP isoform in the liver is
the main excretion route for the selected drugs (Table
1). Thus, metabolism by other CYP enzymes and CL
in other organs have small contributions to the drug
CL. Furthermore, we selected drugs whose K|, is less
than10-E;, where E; is the hepatic concentration of
the major CYP isoform involved in drug metabolism.
ET is estimated under the assumption that CYPs are
evenly distributed in the liver is used (Table 1). If the
estimated E; increases considering the subcellular lo-
calization of CYPs in the liver (Supplementary Table
$1), K,/E; would be less than 10 for a larger number
of drugs than those in Table 1.

2. Ky, and V.. To estimate the in vitro CL by the major
CYP, in vitro K\, and V,__. values of the majority of the
drugs (Table 2) were obtained from previous studies
where the values were estimated with product forma-
tion by HLM. However, as the values from the product
formation study were not available for saquinavir, doc-
etaxel, and valspodar, their K}, and V. values were
obtained from substrate depletion studies. In these in
vitro experiment, E; <Ky, so that using the MM leads
to accurate estimation of K, and V,__ ."

3. Estimation of in vivo CL,: In vivo CL, in Table 2 was
estimated from total in vivo CL of drugs administered
by an i.v. route, except for propafenone and indinavir.
As their i.v. route has not been measured, in vivo CL of
drugs administrated by an oral route was used. When
extrahepatic CL is known, we excluded it from total in
vivo CL to estimate in vivo CL,:

e For paclitaxel, cyclosporine, midazolam, cabazi-
taxel, indinavir, and felodipine, we subtracted the
estimated renal and/or bile elimination rate of their
unchanged forms from their total in vivo CL.

e For docetaxel, the fraction of its hydroxylated me-
tabolite in the bile, the major elimination pathway, is
multiplied to total in vivo CL.

e For saquinavir, the fraction of its hydroxylated me-
tabolite in systemic circulation is multiplied to total
in vivo CL.

As the extrahepatic CL of valspodar is unknown, total in
vivo CL was used as in vivo CL,. Furthermore, as coumarin
and propafenone have multiple metabolism pathways, we
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used the CL by a specific CYP as in vivo CL,: for propafe-
none, CL from the parent to metabolite (5-OH propafenone)
by CYP2D6 and for coumarin, CL from the parent to metab-
olite (7-OH coumarin) by CYP2A6.

Estimation of CYP concentration in a whole human
liver .
The CYP concentration in a whole human liver (CYP'C"gi'C_;

Table 1) is estimated using the following equations under
the assumption that CYP is evenly distributed in the liver:

_ CYPamount
" liver volume
_ CYPabundance x MPPGL x liver weight

liver volume

CYPliVeI’ (PM)

conc.

CYP abundance (pmol/mg) is the amount of CYP en-
zyme per mg microsomal protein, which is obtained from
published data.®>'" Thirty-two and 52.5 were used as the
lowest and the highest microsomal protein per gram of liver
(MPPGL).">"® Liver weight and density are 1,800 g and
1.05 g/mL, respectively,* which led to the estimation of the
liver volume as 1,800/1.05 ~ 1,714 mL.

Simulation and calculation

All the simulation was done using MATHEMATICA 11.0
(Wolfram Research, Champaign, IL). See Supplementary
Excel File for the detailed calculation of both canonical and
new IVIVE approaches.

Data availability

The datasets generated during and/or analyzed during the
current study are available in the Supplementary Excel
File.

RESULTS

Detailed derivation of canonical IVIVE for CL;,

The MM equation has been used for over a century to de-
scribe the enzyme reaction between a single enzyme (e.g.,
CYP isoform) and a single substrate (e.g., free drug)'®:

k Keat
S+E<Tf>Ci>P+E ()
b

In this system, the free enzyme (E) reversibly binds with the
substrate (S) to form the complex (C), and the complex irre-
versibly dissociates into the product (P) of metabolism and the
free enzyme, where the total enzyme concentration, E;=C+E
(UM), is conserved. k; (UM~"-min~") and k, (min~") are the for-
ward and reverse rates of substrate binding to the enzyme,
and k_,, (min~") is the catalytic constant, which is the maximal
product formation rate per enzyme. The enzyme kinetics (Eq.
1) can be described with a simplified MM model under a suit-
able condition® (see Supplementary Note for detalils):

arP _ kcatETS

dt ~ S+Ky’

@

KptKoat

where Ky = . (UM) is the Michaelis-Menten constant. When
the initial substrate concentration (Sy) is substituted into the




above equation, the initial velocity of the metabolite forma-
tion (v) can be obtained, which is known as the MM equation:

V= kcatETST . (3)
St+Ky

By fitting the MM equation to the velocity data obtained
from in vitro metabolism experiments, the values of k_,; and
Ky, can be estimated.'®

In enzyme kinetic field, V., usually indicates the maxi-
mal rate of metabolic formation (i.e., k. E1 UM-min~"). On
the other hand, in the drug metabolism field, V,, nor-
malized with pmol CYP or mg protein of the microsomes
is commonly used.'” That is, the V., value is reported
per pmol CYP (i.e., pmol-min~"-pmol~' CYP) when data
are obtained using supersomes prepared from recom-
binant systems expressing human CYP. When HLM are
used, it is reported per mg protein of the microsomes
(i.e., pmol-min~"-mg~"). To convert the rate per mg pro-
tein of the microsomes to rate per pmol CYP, the CYP
abundance in the HLM sample (pmol/mg) is required.
However, as few studies of in vitro enzyme kinetics with
HLM measure the CYP abundance in the sample, we use
mean population abundance values for the conversion as
has frequently been done in other studies.'” Through the
conversion, we use the unit of pmol-min‘1~pmol‘1 CYP for
Vmax throughout the study. This allows us to replace k.
with the normalized V,,, in Eq. 2 and, thus, to follow the
conventional notation of IVIVE as described below. Note
that the estimation results obtained throughout this work
do not change when the pmol-min~"-mg~" is chosen for
the unit of V,,,, (see Supplementary Excel File).

As therapeutic drug concentrations rarely reach their
Ky (i.e., S<Ky and S+Ky~Ky),'® Eq. 2 can be further
simplified:

VinaxErS  VimaxETS i
TSR, <R, TOWES. @

which is referred to as the canonical model in this
study. The CLi‘ﬂim:% (mL-min~"-pmol™" CYP) is the in-
trinsic clearance per‘enzyme estimated with the in vitro
metabolism experiment. This model predicts that the
drug is metabolized exponentially with the rate of CL/I"°E;
(min™") for varying Ex(uM). This allows for the estimation
of the intrinsic hepatic clearance with a simple scaling
of Er. Specifically, by multiplying CL™™® by the amount
of hepatic CYP isoform (E; (pmol)), the intrinsic hepatic
clearance is predicted:

CLjve" = CLYE(mL/min), ()

where E; can be estimated by multiplying the abundance
of CYP (pmol/mg) by mg MPPGL and liver weight.19 This is
the canonical approach to extrapolate CL:'r:’ter from CLi‘;ﬁm es-
timated with in vitro metabolic data. Note that the canonical
approach (Eq. 5) assumes that in vivo drug metabolism can
be described with the canonical model (Eg. 4) based on the

MM model (Eq. 2), similar to in vitro metabolism.
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The limitation of the canonical approach

In fact, the MM model (Eq. 2) is accurate under a limited
condition when enzyme concentration is sufficiently low
(i.e., Er<Ky+S) that an insignificant fraction of substrate
is bound to the enzyme and, thus, the metabolism rate is
proportional to the concentration of enzyme.”?® Because
therapeutic drug concentrations (S) are typically much lower
than Ky (i.e., S <Ky)'® a much lower enzyme concentration
than Ky, (i.e., Er <Ky is required to use the canonical model
(Eq. 4). This is why in vitro experiments have been performed
using low concentrations of enzyme (~nM).%'

Does E; <Ky, hold in the liver? To investigate this ques-
tion, we first estimated hepatic concentrations of various CYP
isoforms (E;) (see Methods for details). To derive the concentra-
tion from the amount of hepatic CYP (E;) we need to estimate
the volume of CYP distribution (V). If CYP is evenly distrib-
uted in the whole liver, the volume of CYP distribution would
be the liver volume, 1,714 mL."* For instance, the amount
of CYP2D6 in the whole liver (i.e., abundance of CYP2D6 in
HLM-MPPGL-liver weight) is ~0.54-1.63 pmol (Table 1). By
dividing this with 1,714 mL, we can estimate that the hepatic
concentration of CYP2D6 would be ~ 0.31-0.95 uM (Table 1).

Surprisingly, E; < Ky, does not hold for many drugs with low
Ky, (Table 1). For instance, the K\, of propafenone (~ 0.12 pyM)
is even lower than the hepatic concentration of its major me-
tabolizing enzyme, CYP2D6 (~ 0.31-0.95 pM).?? As the validity
condition of the MM model (E; «<K),) does not hold, we hy-
pothesized that the canonical approach based on the MM
model (Eqg. 5) leads to an inaccurate prediction for CL:'r:’ter of the
propafenone. To investigate this, we compared the kinetics of
propafenone metabolism simulated using the canonical model
(Eq. 4) and the full model (Eg. 8 in Supplementary Note). As
the full model describes the enzyme kinetics (Eg. 1) based on
mass action kinetics without the model simpilification to derive
the MM model (Eq. 2), it accurately captures the drug metabo-
lism regardless of enzyme concentration. First, we considered
the concentration of CYP2D6 (0.0017 uM), which is used in in
vitro metabolism experiments for propafenone.? In this case, as
the concentration of CYP2D6 is 100-fold lower than the K, of
the propafenone, the canonical model accurately captures the
drug metabolism simulated by the full model (Figure 1a). On the
other hand, when the concentration of CYP2D6 is increased to
its in vivo level (~ 0.95 pM; Table 1), the canonical model overes-
timates the rate of drug metabolism by approximately seven-fold
higher than the full model (Figure 1a inset). This indicates that
indeed the canonical approach to extrapolating CLI®" from

int

CL}Qi“’ (Eg. 5) is inaccurate when the K, of the drug is not much
higher than the hepatic concentration of its metabolizing CYP,

and, thus, a significant fraction of the drug is bound to the CYP.

The new approach to extrapolate CL}"*" from CL/"\"

With the simple modification of the canonical model (Eqg.
4), we can derive an alternative model that accurately de-
scribes the hepatic drug metabolism even when the Ky, of
the drug is not sufficiently higher than the hepatic CYP con-

centration®%%?* (see Supplementary Note for details):

drP ~ VmaxET§_ vitro KM < 6
dt = Ky+Er =Chin ETKM+ETS’ ©
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where S=S+C is the total substrate concentration regard-
less of its form. This model is referred to as the new model
in this study, which leads to a new prediction formula for the
intrinsic hepatic clearance:

CLve" = CLME, e ET(mL/ min), (7)
where CLit® (mL:min~"-pmol™ CYP) is the intrinsic clear-

ance per enzyme and ET (pmol) is the amount of hepatic
CYP isoform. Next, we investigated whether the new model
(Eg. 6) and, thus, the new formula (Eqg. 7) are accurate using
the example of propafenone. Indeed, the new model ac-
curately simulates the metabolism of propafenone under
both low CYP2D6 (0.0017 uM; Figure 1b) and high CYP2D6
(0.95 uM) conditions (Figure 1b inset). This indicates that
the new formula, Which is obtained by simply multiplying
(Eqg. 5), can provide accurate
predlctlon of the intrinsic hepatic clearance rate even when
E; <K, does not hold, unlike the canonical formula. Note
that as we assume that therapeutic drug concentrations are
much lower than Kj,, the new approach also predicts that
the drug is metabolized exponentially, similar to the canon-
ical approach (Figure 1b). That is, the qualitative dynamics
of hepatic drug metabolism predicted with the canonical
and new approach are the same. However, their quantita-
tive prediction of the metabolism rates differ by K:fa-

When Er<Kyw and, thus, ﬁmt the new formula (Eq.
7) is nearly the same as the canonical one (Eq. 5). On the
other hand, as Er increases, the new formula predicts that
CL" becomes saturated, which differs from the unrealis-
tic prediction of the canonical formula (Eq. 5): the unlimited
increase of CL:'r:’ter with the increase of E; (Figure 2a). The dif-
ference between the canonical and new formulas becomes
notable when E;/K,, becomes greater than 0.1 (Figure 2a).
Thus, unless the K, of a drug is 10-fold higher than its major
metabolizing CYP concentration in the liver, the cL" pre-
dicted using the canonical approach should be reduced by
multiplying 7. We compared the CL""er predicted using
the canonical approach and the new approach for 11 drugs
whose K, is not 10-fold higher than their major metabolic
CYP concentration in the liver (Figure 2b and Table 1; see
Method for details of drug seletion). For these drugs, the
canonical approach considerably overestimates CL""er om-
pared with the new approach.

The new approach more accurately predicts CL,

For drugs whose K, is not 10-fold higher than E, the canon-
ical approach predicts larger CL{*" than the new approach
(Figure 2b). Thus, when the predicted CLi" is substituted into
the dispersion model (see Supplementary Note for details),
a larger CL,, is predicted with the canonical approach than
with the new approach (Table 2). Importantly, the predicted
CL,, with the canonical approach is much larger compared
to experimentally measured CL,. Such overestimation is
considerably reduced with the new approach (Figure 3a,b).
Thus, the new approach improves the accuracy and preci-
sion of the prediction for CL,, compared with the canonical
approach (Tables 2 and 3). Such considerable improvement
using the new approach is also observed when other CL,,
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using the canonical and new approaches

liver
int

Table 1 Estimated CL

(mL/min)

liver
int

CL

New?

Canonical’

E; (uM)®

c,d

E; (pmol)

HLM (pmol/mg) E

CYP abundance in

Major CYP

V..., (pmol-min~"-pmol
cyp)*d

Ky (M)°

Drugs?

38,924 ~ 54,122

92,457 ~ 277,683

1.03 ~ 3.10
0.90 ~ 2.37
0.31 ~0.95

110 ~3.33

1.77 ~ 5.31
1.55 ~ 4.06

0.54 ~ 1.63

30.7 ~ 56.2%9%2
26.9 ~ 43.0%%2
9.34 ~ 17.211:22
32.6 ~ 60.4'"%2

2A6
2C8
2D6
3A4

0.75 39.2

5.5
0.12

Coumarin

1,123 ~ 2,396

5,982 ~ 7,340
16,995 ~ 28,246

1,308 ~ 3,429
21,626 ~ 65,339

28,630 ~ 87,025

4.64
4.83
24.4

Paclitaxel

Propafenone

1.88 ~ 5.71

1.6
2.31

Midazolam

5,112 ~ 9,382
1,366 ~ 3,039

44,443 ~ 58,479

7,535 ~ 22,905
1,666 ~ 5,063

124,247 ~ 377,671

9.28
4.44
40.4

Indinavir

Cyclosporine

0.61
21

Saquinavir

5,586 ~ 9,992

8,499 ~ 25,835
348 ~ 1,059
3,588 ~ 10,906
24,156 ~ 73,427

9.5
0.20
2.49
36.2

Cabazitaxel

175 ~ 263
1,947 ~ 3,062
17,381 ~ 33,606

11

Docetaxel

1.3
2.81

Valspodar

Felodipine

CL,

V. ax Maximal rate of metabolism.

intrinsic clearance of the liver; HLM, human liver microsome; K,,, Michaelis-Menten constant;

liver
int *

See Supplementary Excel File for references
°Obtained by dividing the measured rate per mg of the microsomes by the rate per pmol CYP with mean population abundance of CYP (pmol/mg): CYP2A6 (45.37), CYP2C8 (32.30), CYP2D6 (13.26), and

CYP3A4 (45.07).%22 9The hepatic CYP amount is estimated by multiplying CYP abundance in HLM (pmol/mg) by MPPGL and liver weight (see Methods for details).

°The hepatic CYP concentration is estimated based on the assumption that CYPs are evenly distributed (see Methods for details).

fCanonical cL|

2See Methods for the criteria for the drug selections.

of Ky, and V,, values.

. See Supplementary Excel File for detailed calculation.

Ku
Ku+Er

liver |
int

Canonical CL.

Vx| E
= Er=

liver
int

. 9New c!

w E,

=V
=

liver
int



models, such as the parallel tube model and the well-stirred
model are used (Tables 2 and 3).

DISCUSSION

For drugs with low K, values (Table 1), prediction of in
vivo drug clearance from in vitro data using the canonical
approach has been unsatisfactory.'>2"25 Although various
causes of the problem, such as the choice of liver model,>%¢
have been proposed, here, we propose that it could be
mainly due to the fact that the PK behavior of drugs with
low K,, in the liver cannot be captured by the conventional
MM equation. The detailed analysis of enzyme kinetics
shows that when the K|, of drugs is low and, thus, not 10-
fold higher than the hepatic concentration of their major
metabolic CYP (E;), a significant fraction of the drug (~%)
is bound to CYP. In this case, the fundamental scaling as-
sumption of the canonical approach (i.e., cLi** doubles as
the amount of hepatic enzyme doubles) does not hold,
which causes considerable error in predicting CL*" with
the canonical approach (Figure 1a). Thus, we propose an
alternative approach (Eqg. 7) considering the fact that the
saturation of metabolism rate occurs when the enzyme
concentration is not sufficiently lower than K|, (Figure 2a).
The new approach accurately predicts the cLY of 11 drugs
with low K, (Figure 1b and 2b), which leads to a consider-
able improvement in predicting their CL,, compared with the
canonical approach (Figure 3 and Table 2). Such improve-
ment in prediction of CL;, with the new approach proposes
the validity check for the canonical approach in the current
IVIVE process (Figure 4).

The V_,, and Ky, values, needed to compare the canon-
ical and new approaches (Eq. 7), have been reported for
a few drugs with low K;, because drug candidates with
low Ky, might be excluded from drug development due to
potential problems of low bioavailability and drug-drug in-
teractions. Furthermore, we selected drugs that are mainly
metabolized by a single CYP enzyme and do not exhibit in-
hibitory and inducible activities for CYP (see Methods for
details). Thus, small number of drugs are used to investi-
gate the accuracy and precision of canonical and new IVIVE
(Figure 3) compared with recent IVIVE studies.>?”?8 Thus,
further studies are needed with a large number of drugs to
fully confirm the advantage of using the new approach over
the canonical approach. This might be achieved by consid-
ering a large number of drugs metabolized by multiple CYP
enzymes. For drugs metabolized by multiple CYPs, the ca-
nonical approach estimates the contribution of each CYP to
net metabolism with the V, _ /K}, and then combines them
to estimate global cLi."” Similarly, our new approach can
be extended for drugs with multiple metabolic pathways by
simply combining the estimated contribution of each CYP to
metabolism with the new approach. It would be interesting
in future work to investigate how this extended approach
improves the estimation of drug CL.

The values of cL¥" and CL,, estimated with the canonical
approach in this study (Table 2) do not match with those
estimated in all previous studies, which have reported val-
ues with a large range. For instance, the range of cL¥" for
midazolam and propafenone reported by previous studies
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Figure 1 Simulated propafenone metabolism under in vitro (CYP2D6 = 0.0017 pM) and in vivo (CYP2D6 = 0.95 pM) conditions. (a)
The canonical model (Eqg. 4) accurately simulates propafenone metabolism under the in vitro condition, but not the in vivo condition
(inset). Here, S; represents the initial drug concentration. For the simulations, Vmax =483 pmol-min~"-pmol™ CYP and Ku=0.124M are used
based on the experimental measurement (Table 1 and $1). Er=0.0017 uM22 and £ 0.95 M are used for in vitro and in vivo simulations,
respectively (Table 1). k=100 M/ min and k,=7.17 min~" are used for the full model (Eq. 8 in Supplementary Note) simulation so that
Ky=0.12 uM. S(0)=0.01 UM, c(0)=0 and P(0)=0. (b) The new model (Eqg. 6) accurately simulates the drug metabolism under both in vitro and

in vivo conditions (inset). K,,, Michaelis-Menten constant; V,__,

are 8.8 ~ 200 mL/min/kg 2>%732 and 6.5 ~ 644.9 mL/min/
kg,28%081 respectively. Thus, our estimations are consis-
tent with those in some previous works (midazolam?®-30-32
and propafenone31), but not the others (midazolam
and propafenone®®%). Such differences were mainly
attributed to different experimental systems used in previ-
ous studies. For instance, they used V, . _and K), obtained
with hepatocytes,?®2°

28,29

whereas we used ones estimated
with HLM. Furthermore, they used the estimated values
of f, . and f, .20 whereas we used experimentally
measured ones.

As the CYP amount increases, both the canonical approach
and the new approach predict the increase of cL* and, thus,
CL,, but with different rates: the new approach predicts a
lower increase than the canonical approach when E;/k,,> 0.1
(Figure 2a). For instance, if the amount of CYP3A4 in the
liver (E7) is increased from 1.8 pmol by 10-fold, the canoni-
cal approach predicts that the CL;, of cyclosporine increases
by ~ 325%. On the other hand, our new approach predicts
the increase by only ~65% because E in the denominator of
Eq. 7 also increses and, thus, saturation of metabolism oc-
curs. Consistent with the prediction of the new approach,
when CYP3A4 is increased by 600 mg rifampin for 11 days,
the CL of cyclosporine administered by intravenous route
was increased by only ~ 40%,%® although rifampin increases
CYP3A4 activity in primary human hepatocytes by 10-fold.**
Unlike CL,, as the level of CYP3A4 is much lower in the gut
than in the liver,'! the new approach predicts that the induction
of intestinal CYP3A4 greatly increases the CL of cyclosporine
in the gut (i.e., the range of E;/k,,<0.1in Figure 2a). Indeed,
when CYP3A4 is induced by rifampin, the CL of cyclosporine
administrated by the oral route, which occurs considerably in
the gut, was increased by 270% . These results indicate that
when CYP is induced the saturation of metabolism rate seems
to occur for drugs with low Ky, in the liver. However, note that
p-glycoprotein-mediated cellular efflux of cyclosporine can be
increased by rifampin,® leading to decrease in cyclosporine
bioavailability through elevation of efflux in the gut. In addition,
hepatic induction of p-glycoprotein by rifampin may increase
hepatic CL of cyclosporine via bile, although hepatic metabo-
lism plays a major role in CL of cyclosporine.

Clinical and Translational Science

maximal rate of metabolism.

The canonical and new approaches make similar predic-
tion of in vivo CL,, for drugs with high Ky, (Figure 3a). On
the other hand, the new approach decreases the prediction
of in vivo CL,, compared with the canonical approach when
Ku/ET <10. This seems to be paradoxical as the canonical
approach frequently leads to underestimation of in vivo CL
for many drugs.2%?®%" However, interestingly, compared
with drugs with high K, such an underestimation less fre-
quently occurs for drugs with low K, including ones we
have discussed (e.g., midazolam and saquinavir),2’-30-%2:3¢
which is consistent with our findings (Figure 3). That is, the
level of the underestimation of canonical IVIVE seems to
vary depending on the Ky, of the drug, which could be due
to the inaccurate prediction of the canonical approach for
drugs with low Kj,. Thus, using the new approach, which can
provide a consistent prediction regardless of K, might be
helpful in finding a way to resolve the underestimation prob-
lem (e.g., universal scaling regardless of Ky,).%” Furthermore,
as enzyme concentration is typically low (~nM) in the in vitro
experiment®'1?? and, thus, £; «K,,+$ holds, using the MM
equation to estimate Ky, is valid. However, if such condi-
tion does not hold, K\, can be dramatically overestimated,’
which can lead to the underprediction of in vivo CL,. Such
overestimation of K, can be resolved by using the Eqg. 9 in
the Supplementary Note (ref. 7), which might help to resolve
underprediction problem of IVIVE.

If the estimated concentration of hepatic CYPs is too high
(Table 1 and Figure 4), they may not be fully inhibited by
CYP inhibitors as CYP inhibitors do not reach sufficient con-
centrations in vivo to inhibit target CYPs.*® For instance, the
K, value of voriconazole, a CYP3A4 inhibitors, is 0.66 uM,*
and hepatic concentration of its free form is 4.96 uM with
a typical dose (i.e., 200 mg).*°2 Our estimation of hepatic
CYP3A4 concentration is 1.10 ~ 3.33 uM (Table 1). When
these values are substituted into the formula of K (i.e., the
ratio between the concentration of complex and reactants),
~ 78-86% of CYP3A4 is expected to form a complex with
voriconazole (Table S4). However, due to the short half-
life of voriconazole (~ 5 hours), it is questionable to use
the static equation of K. When the equation is applied to
another CYP3A4 inhibitor, fluconazole, which has a long
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increase of cur as enzyme concentration increases. On the other hand, the new approach (Eq. 7) predicts the saturation of oL
Unless g,/k,, <0.1, Which is highlighted by the arrow, the two approaches lead to different predictions for cL¥". (b) The canonical approach
predicts considerably larger cLix than the new approach for drugs whose K, is not 10-fold higher than their major metabolizing CYP
concentration in the liver (Table 1): Pa, paclitaxel; Cy, cyclosporine; Fe, felodipine; In, indinavir; Ca, cabazitaxel; Mi, midazolam; Va,
valspodar; Do, docetaxel; Co, coumarin; Sa, saquinavir; Pr, propafenone. See Table 1 for the detailed calculation of cLi*". See Methods
for the detailed description of drug selection. cLii, intrinsic clearance of the liver; V., maximal rate of metabolism; K,,, Michaelis-
Menten constant.; £, total enzyme concetnration.
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Figure 3 The new approach provides more accurate prediction of hepatic clearance (CL;) than the canonical approach. (a) Relationships
between measured in vivo CL;, and predicted CL,, (Table 2). Here, the dispersion model is used to predict CL, based on intrinsic
clearance of the liver (cLl¥) estimated by either the canonical or the new approach (see Methods and Table 2 for details). The solid
and dashed lines represent the line of identity and twofold error, respectively. (b) Precision error of CL,, predicted with the canonical
and new approaches. Pa, paclitaxel; Cy, cyclosporine; Fe, felodipine; In, indinavir; Ca, cabazitaxel; Mi, midazolam; Va, valspodar; Do,

docetaxel; Co, coumarin; Sa, saquinavir; Pr, propafenone.

half-life (~ 22 hours),*® ~ 93-94% of CYP3A4 is expected
to form a complex with fluconazole (Table S4). On the other
hand, for itraconazole and ketoconazole having high pro-
tein-binding affinity, extremely low fraction of CYP3A4 (i.e.,
2% and 1%, respectively) is expected to form a complex
(Table S4), which raises the question of our estimation for
CYP3A4 concentration. In fact, their free form concentration
is much less than 10-fold of K. Thus, the static equation of
K; predicts, even when CYP3A4 concentration is extremely
low, high fraction of CYP3A4 cannot be in complex with
itraconazole and ketoconazole in contrast to their strong
CYP3A4 inhibition. This paradox of itraconazole has been
resolved by a recent study, which identifies that even me-
tabolites of itraconazole inhibit the CYP3A4 and raises the
question of using the concentration of free form of itracon-
azole to predict its strong inhibitory effect.* Taken together,
the estimation with CYP3A4 inhibitors having weak protein
binding affinity (fluconazole and voriconazole), but not with
those having strong protein binding affinity (itraconazole and
ketoconazole), indirectly support that the estimated CYP

concentration (Table 1) is in a reasonable range. However, it
is difficult to make rigorous conclusion with the static equa-
tion of K, and more detailed analysis is needed considering
the properties of CYP inhibitors, such as selectivity, inhibi-
tory mode, nonspecific binding, and PK behavior.

In this study, to test the validity condition (k,,/E;>10), we
used the concentration of CYPs (E;) estimated under the as-
sumption that CYPs are evenly distributed in hepatocytes
(Table 1). However, the actual concentration of CYP iso-
forms can be higher because CYPs are primarily localized in
the membrane of the endoplasmic reticulum, which is about
20% of the total cell volume. If we adopt the increased con-
centration of CYP isoforms, the prediction of the CL, with
the new approach changes considerably (Supplementary
Figure S1 and Tables S1 and S2). Furthermore, a larger
number of drugs than those presented in this study (Table 1)
fail to satisfy the validity condition of the canonical approach
(Ku/Er>10), and, thus, necessitate the new approach pre-
sented in this study (Figure 4). However, restricting the
compartment to the membrane of the endoplasmic reticulum
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Table 3 Accuracy and precision of predicted CL, using the canonical and new approaches

Dispersion model Well-stirred model Parallel tube model

Canonical New Canonical New Canonical New
AFE 2.46 1.83 214 1.58 2.57 1.94
AAFE 2.46 1.84 214 1.62 2.57 1.95
RMSE (mL/min) 709 433 560 305 753 494
R-RMSE 2.06 1.15 1.67 0.88 2.20 1.28

AAFE, absolute average fold error; AFE, average fold error; CL,, hepatic clearance; RMSE, root mean squared error; R-RMSE, relative-root mean squared error.
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Figure 4 Incorporation of the validity check for the canonical approach into in vitro-in vivo extrapolation for clearance (CL). If K, of the
drug is not 10-fold higher than the hepatic concentration of its major CYP (E;), the canonical approach cannot capture the saturation
of metabolism caused by the binding of a significant fraction of the substrate to the enzyme. Thus, to extrapolate CL" from CL/+®, the
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new approach should be used, which incorporates the saturation of metabolism. See Supplementary Table S3 and Methods for the
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detailed estimation procedure for the hepatic E;. Ly, intrinsic clearance of the liver; CLi® in vitro intrinsic clearance of the liver; K},
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Michaelis-Menten constant; V maximal rate of metabolism.

max’

can disrupt the correlation between in vivo and in vitro sys-
tems. For instance, it is questionable to use the same value
of Ky, for both the in vitro system based on a homogenous
distribution of the substrate and the in vivo system based
on an inhomogeneous cellular localization of the substrate.
In particular, if the volumes occupied by substrate and en-
zyme are different, then even when enzyme concentration
is higher than the substrate concentration, the amount of
substrate can be in excess of the amount of enzyme. In
this case, unlike our analysis based on concentration, the
amount of substrate bound to enzyme is negligible and the
canonical approach can be still valid. Thus, further study is
needed to estimate the drug CL considering the subcellular
localization of CYP isoforms in the liver.

When a drug-enzyme interaction occurs at multiple sites
cooperatively, the relationship between substrate concen-
tration and the velocity of metabolism becomes sigmoidal
rather than hyperbolic.'®*° In this case, instead of the MM
model (Eqg. 2), the model based on the Hill equation has
been used to investigate CL.'® On the other hand, when

Clinical and Translational Science

substrate inhibition is observed, a modified MM model in-
corporating the inhibition effect of the substrate has been
used.'® However, similar to the MM model, all of these cur-
rent models are valid only when the enzyme concentration
is sufficiently low, relative to the K, value,46Which does not
always hold in the liver, as shown in this study (Tables 1 and
S1). Thus, alternative models, which consider the saturation
of metabolism at high enzyme concentrations, need to be
developed as done in this study.

Supporting Information. Supplementary information accompa-
nies this paper on the Clinical and Translational Science website (www.
cts-journal.com).
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