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AAFE: absolute average fold error 
ADME: absorption, distribution, metabolism and excretion 
AO: aldehyde oxidase 
BCS: biopharmaceutics classification system 
BrW: brain weight 
BW: body weight 
CL: clearance 
CLint: intrinsic clearance 
CLt: total clearance 
CSPE: cross-species parameter estimation 
ECCS: extended clearance classification system 
FCIM: fu corrected intercept method 
FMO: flavin-containing monooxygenase 
fu,p: fraction unbound in plasma 
fu,b: fraction unbound in blood 
IVIVE: in vitro-in vivo extrapolation 
logP: log of partition coefficient 
LW: liver weight 
MLP: maximum life-span potential 
MW: molecular weight 
NAT: N-acetyltransferase 
OATP: organic anion-transporting polypeptide 
OFV: objective function value 
PBPK: physiologically-based pharmacokinetics 
PE: parameter estimation 
PXB-mice: chimeric mice with humanized livers 
Qh: hepatic blood flow 
Rb: blood-to-plasma concentration ratio 
RMSE: root mean squared error 
ROE: rule of exponent 
SA: simple allometry 
UGT: UDP-glucuronosyltransferase 
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CL

Huang and Riviere, 2014
CL

in vitro in vivo In vitro-in vivo extrapolation; IVIVE
CLint

CL
CLint 30%

IVIVE Di and Obach, 2015; 
Hultman et al., 2016
ADME

Bergstrom and Lindmark, 2019  
 

PXB 80%

Ohtsuki et al., 2014 PXB
CL Sanoh et al., 2012

single-species allometric scaling CL
Miyamoto et al., 2017; Sanoh et al., 2015 organic anion-

transporting polypeptide OATP
Miyamoto et al., 2019; Sanoh et al., 2020

CLint

CLint IVIVE
PXB

 
 

CLint in vitro

HμREL Hepatopac Chan 



et al., 2019; Hultman et al., 2016 in vitro P450 CYP
CYP 1

IVIVE Kratochwil et al., 
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CL in vitro
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Chan et al., 2019 PXB in 
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retrospective CLint in vivo CLint

Hallifax et al., 2010
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CL CLt

in vitro CLint

CLint PXB CL

CLint

CLint in vitro

CLint

16
CYP CYP

Simple allometric 
scaling

Huang and Riviere, 2014 PXB

α1-

CLt CL  
 

CLint 0.1
1 μmol/L 0.125% 15 mmol/L HEPES 2 

mmol/L GlutaMAX-1 Williams E 0.5×106 cells/mL
4

<20% CLint Di et al., 2012
- CLint 16 9

CLint Table 1 4
Figure 1  

 



TTable 1. Determination of low-CLint compounds based on human hepatocyte 
assays 

Compounds Ionization Disposition 
%remaining 
after a 4-h 
incubation 

Category of 
compounds Reasons for compound selection 

Antipyrine Neutral*1 CYP1A2, CYP2B6, CYP2C8, 
CYP2C9, CYP2C18, CYP3A4 96 

Low CLint 

compounds 

Comparison with results reported in other 
literature*6 

Multiple enzyme involvement 
Relatively low CLint reported in in vitro study*9,10 

Dapsone Neutral*2 CYP2C9, CYP3A4, NAT 94 
Comparison with results reported in other 

literature*6 
Multiple enzyme involvement 

Ranitidine Base*1 FMO, CYP2C19, CYP1A2, 
CYP2D6 83 

Multiple enzyme involvement 
Relatively low CLint reported in in vitro study*9,10 

(S)-Naproxen Acid*3 CYP2C9, CYP1A2 UGT2B7 102 

Comparison with results reported in other 
literature*6 

Multiple enzyme involvement 
Relatively low CLint reported in in vitro study*9,10 

(S)-Warfarin Acid*1 CYP2C9, CYP3A4 80 

Comparison with results reported in other 
literature*6 

Multiple enzyme involvement 
Relatively low CLint reported in in vitro 

study*7,8,9,10 

Tenoxicam Acid*3 CYP2C9 96 
Single enzyme involvement 
Relatively low CLint reported in in vitro study*10 

Theophylline Neutral*1 CYP1A2 96 
Single enzyme involvement 
Relatively low CLint reported in in vitro 

study*7,9,10 

Timolol Base*1 CYP2D6 85 
Single enzyme involvement 
Relatively low CLint reported in in vitro study*9,10 

Tolbutamide Acid*1 CYP2C9 89 
Single enzyme involvement 
Relatively low CLint reported in in vitro 

study*7,9,10 

Bosentan*1 Acid CYP2C9, CYP3A4, OATP 69 

Moderate- 
to high-

CLint 
compounds 

Multiple enzyme involvement 

Carbazeran Base*4 AO 0 

Comparison with results reported in other 
literature*6 

Single enzyme involvement 
High human CLt 

Diazepam Neutral*1 CYP3A, CYP2C19 62 

Comparison with results reported in other 
literature*6 

Multiple enzyme involvement 
Relatively low CLint reported in in vitro 

study*7,8,9,10 

Disopyramide Base*1 CYP3A4 71 
Single enzyme involvement 
Relatively low CLint reported in in vitro study*8,9 

Doxazosin Base*1 CYP3A, CYP2D6, CYP2C19 11 
Multiple enzyme involvement 
Relatively moderate CLint based on in-house data 

Reboxetine Base*1 CYP3A4 35 
Single enzyme involvement 
Relatively moderate CLint based on in-house data 

UCN-01 Base*5 –a 4 
Comparison with results reported in other 

literature*6 
Extremely low human CLt 

aNot available in the literature. 

OATP, organic anion-transporting polypeptide; AO, aldehyde oxidase; NAT, N-acetyltransferase; FMO, 

flavin-containing monooxygenase; UGT, UDP-glucuronosyltransferase.  

*1: (Varma et al., 2015) 

*2: (Scotcher et al., 2016) 

*3: (Ermondi et al., 2004) 

*4: (De Sousa Mendes et al., 2020) 



*5: ACD/Percepta14.1.0 

*6: (Miyamoto et al., 2017; Miyamoto et al., 2020) 

*7: (Chan et al., 2019) 

*8: (Hultman et al., 2016) 

*9: (Di et al., 2012; Di et al., 2013) 

*10: (Hallifax et al., 2010) 

 

 



 
FFigure 1. Plots of the percentage of the parent compound remaining over 4 h 
of incubation in the human hepatocyte assay. Panels (a) and (b) present the 
results for low intrinsic clearance (CLint) compounds with no significant 
turnover (<20%) and moderate- to high-CLint compounds, respectively.  
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CL in vitro in vivo Table 2

PXB CLt

 fu, p  

in vitro CLint, human
Rapid Equilibrium Dialysis Device Thermo Fisher Scientific

fu, p N=3 PXB
0.1 mg/kg

Phoenix WinNonlin version 6.3
Certara CLt N=3

 

 



TTable 2. Summary of in vitro and in vivo parameters to predict human CLt for 
all compounds 

Compounds 

In vitro parameters  In vivo parameters 

CLint per 
hepatocyte 

(μL/min/1 × 106 
cells) 

Rba fu,p  CLt 
(mL/min/kg) 

Humans Humans Humans Rats  PXB-
mice Rats Monkeys Dogs 

Antipyrine ND 1 0.990 0.690  4.60 7.86 11.5 7.22 

Bosentan 12.3 0.48 0.023 0.012  8.78 16.40 20.6 1.72 

Carbazeran 96.9 1 0.148 0.169  99.67 42.22 87.87 11.5 

Dapsone ND 1.04 0.381 0.280  4.40 6.87 5.08 1.21 

Diazepam 3.9 0.71 0.036 0.171  42.147 61.51 17.90 46.71 

Disopyramide 3.2 1.2 0.161 0.610  28.86 179.46 19 29 

Doxazosin 41.5 1 0.066 0.050  34.245 30.00 15.47 11.21 

Ranitidine ND 1 1.000 0.900  131.02 99.88 40.23 10.4 

Reboxetine 13.9 1 0.041 0.253  17.658 61.51 14.94 22.39 

(S)-Naproxen ND 0.55 0.007 0.008  0.556 0.41 0.83 0.04 

(S)-Warfarin ND 0.55 0.013 0.005  0.484 0.21 0.102 1.49 

Tenoxicam ND 0.67 0.015 0.030  0.2878 0.49 0.061 0.104 

Theophylline ND 0.85 0.580 0.400  4.70 1.91 1.08 1.73 

Timolol ND 0.84 0.715 0.760  130.05 137.02 13.6 –b 

Tolbutamide ND 0.55 0.039 0.049  0.58 0.39 0.0456 0.142 

UCN-01 83.5 1 0.003 0.0175  0.0369 77.37 3.36 10.27 

aRb was assumed to be 1 for carbazeran, doxazosin, ranitidine, reboxetine, and UCN-01 because of a lack of data in 

the literature. 

bNot available in the literature.  

CLint, intrinsic clearance; Rb, blood-to-plasma concentration ratio; fu,p, fraction unbound in plasma; CLt, total 

clearance; PXB-mice, chimeric mice with humanized livers; ND, not determined because of the absence of significant 

turnover (<20%) during a 4-h incubation in the human hepatocyte assay; OATP, organic anion-transporting 

polypeptide; AO, aldehyde oxidase; NAT, N-acetyltransferase; FMO, flavin-containing monooxygenase; UGT, UDP-

glucuronosyltransferase. 
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1 In vitro-in vivo extrapolation IVIVE  

 
in vitro CLint, human

1 LW BW Table 
3 Scaled CLint, human Hosea et al., 2009 CLt, human 2

Qh / Rb

fu, b  

 

  (1) 

     (2) 

In Eq. 2, , and . Roberts and Rowland, 1986  

 
 



TTable 3. Scaling factors for the IVIVE and physiologically-based scaling using 
PXB-mice 

Species 
Qh 

(mL/min/kg) 

Liver weight 

(g) 

Body weight 

(kg) 

Hepatocellularity 

(1 × 106 cells/g 

liver) 

Humans 20 1470 70 120 

PXB-mice 91.3 1.977 0.02 168 

IVIVE, in vitro–in vivo extrapolation; PXB-mice, chimeric mice with humanized livers; Qh, 

hepatic blood flow. 

 



2 allometric scaling  

 
Rule of exponent ROE fu corrected intercept method FCIM CLt,human

Mahmood and Balian, 1996; Tang and Mayersohn, 2005  ROE
CLt Simple allometry SA 3

3 4
5 CLt,human a b c

x y z MLP BrW BW
6 FCIM CLt,human 7

a CLt Rfu,p

fu,p  

 

       3  

      4  

      5  

    6  

      7  

 



3 PXB single-species allometric scaling 

 
Single-species allometric scaling PXB-SSS 8 CLt,human

Miyamoto et al., 2017; Sanoh et al., 2015 PXB BW
70 kg 0.02 kg  

 

   (8) 

 



4 PXB physiologically-based scaling  

 
  Physiologically-based scaling PXB-PBS
CLt,human Figure 2 Table 3 Qh fu,b

dispersion model 2 CLt,PXB scaled CLint,PXB

in vivo CLint,PXB PXB
CLint PXB

9 fu,p Rb Qh

Luttringer et al., 2003; Sanoh et al., 2012 Table 3
dispersion model 2 CLt,human

CLt,PXB Qh CLt Qh 90% Sanoh 
et al., 2012  
 

       (9) 

 



  
Figure 2. Outline of the physiologically-based scaling using CLt in PXB-mice 
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IVIVE PXB-SSS PXB-PBS ROE FCIM CLt,human

Figure 3 fold error
Table 4 PXB-SSS Miyamoto et al., 2017; Miyamoto et al., 2020

CLt,human Figure 3 Table 4
CLint - CLint

2 3 10 absolute 
average fold error AAFE Table 5

CLint PXB-SSS PXB-PBS ROE
FCIM - CLint IVIVE

 
 

      (10) 

 
Antipyrine Dapsone (S)-Naproxen (S)-Warfarin Carbazeran Diazepam UCN-

01 PXB-SSS CLt,human 0.59, 0.60, 0.072, 
0.062, 12.8, 5.68 0.005 mL/min/kg 0.71, 0.45, 0.08, 
0.051, 23.16, 7.93 0.003 mL/min/kg 2

PXB 89% 91%
85% 95% 85%

PXB  
Antipyrine Dapsone (S)-Naproxen (S)-Warfarin Ranitidine

Tenoxicam Theophylline Timolol Tolbutamide CLint

2 PXB-SSS PXB-PBS
Tolbutamide 89% AAFE 1.51 1.46

3 100% ROE
Antipyrine (S)-Warfarin Tolbutamide 3

FCIM Antipyrine Dapsone (S)-Warfarin 
3 ROE FCIM AAFE 2.58

2.50 Carbazeran, Diazepam UCN-01
Disopyramide Bosentan Doxazosin Reboxetine - CLint

3 PXB-SSS Disopyramide Diazepam



71% PXB-PBS Disopyramide Diazepam Doxazosin Reboxetine
43% IVIVE Bosentan Doxazosin UCN-01 57% ROE Carbazeran
Disopyramide Diazepam Reboxetine UCN-01 29% FCIM Carbazeran
Disopyramide Diazepam Doxazosin UCN-01 29% PXB-
SSS PXB-PBS IVIVE ROE FCIM AAFE 3.23 3.50 4.07 10.84

7.52 PXB-SSS PXB-PBS ROE
FCIM IVIVE  

 
CLint - CLint

AAFE CLint CL
CLint PXB-SSS PXB-PBS

CLint 3
100%

Antipyrine Dapsone Ranitidine (S)-Naproxen (S)-Warfarin
Tenoxicam Theophylline Timolol Tolbutamide

 
 

3 AAFE
PXB-SSS 88% 2.11 PXB-PBS 75% 2.14 ROE 47% 5.04 FCIM

47% 4.18 PXB
PXB-PBS in vivo CLint fu,p Rb

PXB Qh PXB
PXB-SSS PXB-

PBS CLt,human Table 4 Figure 4
 



FFigure 3. Relationships between observed and predicted total human clearance 
(CLt,human) for low intrinsic clearance (CLint) compounds and moderate- to high-CLint 
compounds. Panels (a), (b), (c), (d), and (e) presents the results of single-species 
allometric scaling from chimeric mice with humanized livers (PXB-mice), a 
physiologically-based scaling using PXB-mice, in vitro–in vivo extrapolation, rule of 
exponent, and the fu corrected intercept method, respectively. Solid and dotted lines 
represent the unity and 3-fold error, respectively. The compound numbers are as follows: 
1, Antipyrine; 2, Dapsone; 3, Ranitidine; 4, (S)-Naproxen; 5, (S)-Warfarin; 6, Tenoxicam; 
7, Theophylline; 8, Timolol; 9, Tolbutamide; 10, Bosentan; 11, Carbazeran; 12, Diazepam; 
13, Disopyramide; 14, Doxazosin; 15, Reboxetine; 16, UCN-01. 

*1: (Miyamoto et al., 2017; Miyamoto et al., 2020) 

 



TTable 4. Comparisons of observed and predicted CLt,human for all compounds  
Category of 
compounds Compounds 

Observed 
CLt,human 

(mL/min/kg) 

Predicted CLt,human (mL/min/kg)  Fold error (predicted/observed) 
PXB-
SSS 

PXB-
PBS IVIVE ROE FCIM 

Litera
ture 1  PXB-

SSS 
PXB-
PBS IVIVE ROE FCIM 

Low-CLint 
compounds 

Antipyrine 0.64 0.59 0.71 ND 3.32 3.31 0.71  0.92 1.10 ND 5.19 5.17 

Dapsone 0.48 0.60 0.67 ND 0.91 2.01 0.45  1.24 1.40 ND 1.90 4.19 

Ranitidine 9.6 16.9 16.4 ND 5.4 11.1 NA  1.76 1.70 ND 0.56 1.16 

(S)-Naproxen 0.11 0.072 0.085 ND 0.051 0.189 0.08  0.65 0.77 ND 0.46 1.71 

(S)-Warfarin 0.055 0.062 0.074 ND 0.417 0.330 0.051  1.13 1.34 ND 7.58 5.99 

Tenoxicam 0.03 0.039 0.044 ND 0.029 0.085 NA  1.29 1.46 ND 0.98 2.83 

Theophylline 0.86 0.60 0.72 ND 0.68 0.91 NA  0.70 0.84 ND 0.79 1.06 

Timolol 8.5 16.8 13.7 ND NC NC NA  1.98 1.62 ND NC NC 

Tolbutamide 0.21 0.074 0.088 ND 0.040 0.107 NA  0.35 0.42 ND 0.19 0.51 

Moderate- 
to high-

CLint 
compounds 

Bosentan 2.1 1.18 1.39 0.68 1.68 5.37 NA  0.56 0.66 0.32 0.80 2.56 

Carbazeran 37.6 12.8 16.4 15.5 8.6 7.6 23.16  0.34 0.44 0.41 0.23 0.20 

Diazepam 0.38 5.68 7.52 0.69 12.46 2.53 7.93  14.94 19.80 1.82 32.79 6.67 

Disopyramide 0.9 3.72 4.63 1.24 7.36 4.56 NA  4.14 5.15 1.38 8.17 5.06 

Doxazosin 1.6 4.61 5.65 5.62 3.93 6.20 NA  2.88 3.53 3.51 2.46 3.88 

Reboxetine 0.82 2.39 2.79 1.37 9.52 1.82 NA  2.91 3.40 1.67 11.61 2.22 

UCN-01 0.0037 0.0050 0.0056 0.6186 1.5640 1.3765 0.003  1.35 1.52 167.20 422.70 372.03 

CLint, intrinsic clearance; CLt,human, total human clearance; PXB-SSS, single-species allometric scaling using chimeric 

mice with humanized livers; PXB-PBS, physiologically-based scaling using chimeric mice with humanized livers; 

IVIVE, in vitro–in vivo extrapolation; ROE, rule of exponents; FCIM, fu corrected intercept method; NA, not 

available; ND, not determined because of the absence of significant turnover (<20%) during a 4-h incubation in the 

human hepatocyte assay; NC, not calculated because of a lack of data. 

*1: (Miyamoto et al., 2017; Miyamoto et al., 2020) 

 

 



TTable 5. Comparative evaluation of various prediction methods 

 PXB-SSS PXB-PBS IVIVE ROE FCIM 

Low-CLint compounds      

Number of compounds 9 9 ND 8 8 

Within 2-fold error (%) 89 89 ND 50 50 

Within 3-fold error (%) 100 100 ND 63 63 

AAFE 1.51 1.46 ND 2.58 2.50 

      

Moderate- to high-CLint 

compounds 
     

Number of compounds 7 7 7 7 7 

Within 2-fold error (%) 29 29 43 14 0 

Within 3-fold error (%) 71 43 57 29 29 

AAFE 3.23 3.50 4.07 10.84 7.52 

      

All compounds      

Number of compounds 16 16 7 15 15 

Within 2-fold error (%) 63 63 43 33 27 

Within 3-fold error (%) 88 75 57 47 47 

AAFE 2.11 2.14 4.07 5.04 4.18 

CLint, intrinsic clearance; PXB-SSS, single-species allometric scaling using chimeric mice with 

humanized livers; PXB-PBS, physiologically-based scaling using chimeric mice with humanized livers; 

IVIVE, in vitro–in vivo extrapolation; ROE, rule of exponents; FCIM, fu corrected intercept method; ND, 

not determined because of the absence of significant turnover (<20%) during a 4-h incubation in the 

human hepatocyte assay; AAFE, absolute average fold error.  

 

 



  
FFigure 4. Relationships between predicted total human clearance (CLt,human) for each 
PXB-mouse method for low intrinsic clearance (CLint) compounds and moderate- to high-
CLint compounds. PXB-SSS is a clearance prediction method based on single-species 
allometric scaling using PXB-mice, and PXB-PBS is a clearance prediction method based 
on a physiologically-based scaling using PXB-mice. Solid and dotted lines represent the 
unity and 3-fold error, respectively. PXB-mice, chimeric mice with humanized livers. 
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  PXB-PBS CLt,human

fu,p Rb Qh CLint S -Naproxen
- CLint Diazepam fu,p, Rb Qh

CLt,human Figure 5
CLt,human simulated CLt,human CLt,human

11 CLt,human 12 CLt,human

Tang and Mayersohn, 2006
CLt,human

CLt, human

PXB fu,p 3 PXB Rb 0.5~2 PXB
Qh 90~180 mL/min/kg Qh 18~23 mL/min/kg

PXB
fu,p CLt, human CLt,human

Diazepam S -Naproxen PXB-
fu,p CLt,human

fu,p Rb Qh

CLt,human  

 

  (11) 

  (12) 

 
 



 

FFigure 5. Sensitivity analysis of total human clearance (CLt,human) predicted using the 
PXB-PBS approach. The impact of fraction unbound in plasma (fu,p), blood-to-plasma 
concentration ratio (Rb), and hepatic blood flow (Qh) on predicted CLt,human value was 
examined using a dataset of (S)-naproxen as a representative of low intrinsic clearance 
(CLint) compounds and diazepam as a representative of moderate- to high-CLint 
compounds. Sensitivity analysis was conducted for each fu,p value in humans and PXB-
mice within a 3-fold range of human fu,p, for each Rb value in humans and PXB-mice 
within a 0.5–2 range, and for each Qh value within the ranges of 90–180 mL/min/kg in 
PXB-mice and 18–23 mL/min/kg in humans. The simulated CLt,human was defined as the 
clearance generated by changing each parameter, and the impact of these parameters on 
predicted CLt,human was evaluated as the percent change (%) calculated according to the 
following equations: ((simulated CLt,human − predicted CLt,human)/predicted CLt,human) × 
100% for an increase in predicted CLt,human and ((simulated CLt,human − predicted 
CLt,human)/simulated CLt,human) × 100% for a decrease in predicted CLt,human. Panels (a), 
(b), and (c) present the results obtained using fu,p, Rb, and Qh for (S)-naproxen as 
variables, respectively. Panels (d), (e), and (f) present the results obtained using fu,p, Rb, 
and Qh for diazepam as variables, respectively. PXB-mice, chimeric mice with humanized 
livers; PXB-PBS, physiologically-based scaling using PXB-mice. 
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allometric scaling ROE FCIM PXB

CLint CL
- CLint CLint

PXB
CLint

CLint IVIVE CLint

PXB
 

 
PXB CLint

- CLint Diazepam Disopyramide Doxazosin Reboxetine
2 CLint

Diazepam
AAFE Miyamoto et al., 2017; 

Sanoh et al., 2015 PXB

FMO
Benzydamine CLt,human

Sawada et al., 2020 -
CLint CLt in vitro 
CLint in vivo CLint Hallifax et al., 2010

- CLint

 
 

IVIVE Diazepam CLt,human

PXB IVIVE
IVIVE 2

in vitro-in vivo
Wilby et al., 2011 PXB



 
 

PXB-PBS CLt,human PXB-SSS
PXB-SSS

CLint fu,p Rb PXB
PXB-SSS CLint

fu,p Rb fu,p

CLint CLt,human PXB-PBS
fu,p

 PXB α1-
fu, p 3

Miyamoto et al., 2020; Tateno et al., 2015
Landry et al., 2022

α1- α1-
fu,p

fu,p CLt,human

Rb Qh PXB Rb Qh

CLt,human

PXB  
 

 



3 Simcyp simulator

 

1

 

 
fu,p

Shimizu et al., 2019; Yahata et al., 2020
biopharmaceutics classification 

system BCS 3 4
Bergstrom et al., 2014 extended clearance classification 

system ECCS 3 4
El-Kattan and Varma, 2018; Varma et al., 2015

Phoenix WinNonlin version 8.3.5 Certara 2
Simcyp simulator CLt logP

pKa ACD/Percepta V14 Advanced Chemistry Development in silico
Table 6  

 



TTable 6. Physicochemical property of tested compounds 

Compound MW In silico logP In silico pKa Ionization 4 BCS ECCS 

Diazepam 284.74 1.91 pKa (Base): 3.4 Neutral 1 2 2 

Reboxetine 313.39 2.82 pKa(Base): 7.7 Base 1 2 2 

Tamsulosin 408.51 2.24 pKa (Acid): 10.2, pKa (Base): 9.2 Base 1 a 

Doxazosin 451.48 0.65 pKa (Base): 7.5 Base 2 2 2 

Bosentan 551.62 1.15 pKa (Acid): 4.9, pKa (Base): 2.6 Acid 2 1B 2 

Oxprenolol 265.35 2.29 pKa (Acid): 13.9, pKa (Base): 9.5 Base 1 2 2 

Midazolam 325.77 3.93 pKa(Base): 6.1 Neutral 1 2 2 

Telmisartan 514.62 7.73 pKa (Acid): 3.3, pKa (Base): 6.2 Acid 2 1B 2 

Diltiazem 414.52 3.63 pKa (Base): 7.8 Base 1 2 2 

Raloxifene 473.58 6.8 pKa (Acid): 8.7, pKa (Base): 8.1 Base 2 a 

Acebutolol 336.43 1.95 pKa (Acid): 13.2, pKa (Base): 9.5 Base 3 1 a 

Amitriptyline 277.4 4.92 pKa (Base): 8.8 Base 1/2 1 2 2 

Azithromycin 748.98 3.33 pKa(Acid): 12.6, pKa(Base): 9.5 Base 2 1 4 3 

Chloroquine 319.87 4.69 pKa(Base): 10.7 Base 1 1 a 

Chlorpromazine 318.86 5.2 pKa(Base): 9.2 Base 1/2 1 a 

Dofetilide 441.57 1.56 pKa(Acid): 7.6, pKa(Base): 9.0 Zwitterion a 4 2 

Enalaprilat 348.39 1.54 pKa(Acid): 2.0, pKa(Base): 7.9 Zwitterion a 3A 2 

Flecainide 414.34 2.9 pKa(Acid): 13.5, pKa(Base): 9.7 Base a a 

Folinic acid 473.44 -3.19 pKa(Acid): 3.3, pKa(Base): 2.2 Acid 3 1 a 

Ketanserin 395.43 3.21 pKa(Acid): 10.0, pKa(Base): 7.2 Base a 2 2 

Nateglinide 317.42 4.21 pKa(Acid): 3.3 Acid a 3A 2 

Quinine 324.42 3.44 pKa(Acid): 11.8, pKa(Base): 8.6 Base 1/3 1 2 2 

Ranitidine 314.4 1.23 pKa(Base): 8.2 Base 3 1 4 2 

Tegaserod 301.39 2.91 pKa(Base): 9.8 Base a a 

aNot available in the literature. 

BCS, biopharmaceutics classification system; ECCS, extended clearance classification system  

1: (Bergstrom et al., 2014) 

2: (Varma et al., 2015) 

3: (El-Kattan and Varma, 2018) 

4: Acid: acid pKa≤8.4, Base: base pKa≥6.4, Neutral: acid pKa 8.4 and base pKa 6.4, Zwitterion: acid pKa≤8.4 and 

base pKa≥6.4 (Mathew et al., 2021) 
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FFigure 6. Scheme for animal PBPK modeling with in silico logP or Kp scaling 
MW, molecular weight; logP, log of partition coefficient; fu,p, fraction unbound in plasma; 
Rb, blood-to-plasma concentration ratio; PE, parameter estimation; CSPE, cross-species 
parameter estimation 

 



TTable 7. Summary of CSPE-optimized logP and Kp scalar. The highlighted method was 
the best-fit method with the lowest OFV in animal PBPK modeling. 

Ionization Compound ACD/logP 

CSPE-optimized logP CSPE-optimized Kp scalar 

Method 

1 

Method 

2 

Method 

3 

Method 

1 

Method 

2 

Method 

3 

Neutral 
Diazepam 1.91 3.22 3.21 3.32 8.96 14.40 18.11 

Midazolam 3.93 3.26 3.31 3.49 0.33 0.23 0.34 

Acid 

Bosentan 1.15 4.07 6.24 6.37 11.79 48.54 48.70 

Folinic acid -3.19 2.48 6.15 6.41 6.70 13.83 20.67 

Nateglinide 4.21 3.27 7.19 7.34 0.24 9.27 9.44 

Telmisartan 7.73 18.25 8.19 8.32 0.82 2.91 4.01 

Base 

Acebutolol 1.95 2.79 4.33 4.19 2.64 5.20 1.55 

Amitriptyline 4.92 4.43 5.07 5.08 0.88 1.36 1.26 

Azithromycin 3.33 27.72 5.26 5.19 4.04 7.65 2.84 

Chloroquine 4.69 36.24 7.73 -9.38 14.05 20.00 6.77 

Chlorpromazine 5.2 5.24 5.58 5.45 1.06 1.59 0.89 

Diltiazem 3.63 5.36 3.78 4.02 1.49 1.21 2.03 

Doxazosin 0.65 3.81 3.29 4.14 13.49 1.87 1.28 

Flecainide 2.9 2.72 4.49 3.95 0.86 2.21 0.77 

Ketanserin 3.21 4.00 4.19 4.71 4.52 2.62 2.27 

Oxprenolol 2.29 2.87 4.25 4.47 2.20 3.05 0.85 

Quinine 3.44 2.91 3.42 4.38 0.44 0.95 0.70 

Raloxifene 6.8 4.72 4.78 5.51 0.48 0.019 0.045 

Ranitidine 1.23 17.40 3.57 3.73 15.89 6.94 2.72 

Reboxetine 2.82 3.11 2.93 3.63 1.48 1.12 1.15 

Tamsulosin 2.24 2.69 -3.73 4.69 1.88 0.89 0.33 

Tegaserod 2.91 31.60 6.74 3.91 24.05 4.77 1.09 

Zwitterion 
Dofetilide 1.56 2.81 3.80 4.14 4.68 1.30 0.62 

Enalaprilat 1.54 2.64 8.13 -2.19 3.81 1.49 0.56 
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FFigure 7. Scheme for human PBPK simulation with modified logP or Kp scaling 
logP, log of partition coefficient; CLt, total clearance; fu,p, fraction unbound in plasma; Rb, 
blood-to-plasma concentration ratio; CSPE, cross-species parameter estimation 
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FFigure 8. Summary of individual RMSE for each compound 
 

 



TTable 8. Summary of mean RMSE for each ionization state 

Scaling Ionization 

Method 1 Method 2 Method 3 
Best-fit 

method 

CSPE 
PE 

CSPE 
PE 

CSPE 
PE 

CSPE 
Rat Dog Monkey Rat Dog Monkey Rat Dog Monkey 

logP 

Neutral 0.138 0.098 0.148 0.113 0.139 0.095 0.159 0.104 0.160 0.123 0.199 0.154 0.111 

Acid 0.378 0.386 0.514 0.355 0.350 0.372 0.555 0.260 0.321 0.337 0.473 0.243 0.321 

Base 0.402 0.561 0.592 0.699 0.407 0.445 0.388 0.384 0.444 0.609 0.425 0.599 0.335 

Zwitterion 0.533 0.547 0.493 0.555 0.538 0.504 0.547 0.533 0.551 0.524 0.536 0.536 0.536 

Overall 0.387 0.492 0.534 0.581 0.386 0.409 0.410 0.352 0.409 0.516 0.424 0.497 0.331 

Kp 

Neutral 0.195 0.136 0.210 0.119 0.164 0.103 0.176 0.113 0.209 0.161 0.229 0.166 0.164 

Acid 0.388 0.404 0.500 0.326 0.381 0.375 0.684 0.344 0.383 0.384 0.587 0.324 0.380 

Base 0.417 0.627 0.526 0.618 0.432 0.422 0.441 0.563 0.438 0.857 0.476 0.517 0.386 

Zwitterion 0.545 0.577 0.503 0.552 0.561 0.574 0.524 0.435 0.480 0.642 0.474 0.450 0.489 

Overall 0.405 0.545 0.494 0.522 0.412 0.400 0.467 0.479 0.413 0.702 0.474 0.450 0.375 

 



 
FFigure 9. Predictability of plasma concentration-time profiles in human after 
intravenous administration of representative compounds using the CSPE approach 
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PXB N=3 0.1 mg/kg
0.083 0.25 0.5 1 3 7 24 48

/
Table 9 PXB 89% 91%

N=3 0.1 
mg/kg 0.083 0.25 0.5 1 2 4 7 24
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0.083 0.25 0.5 1 2 4 8 24 48

in vivo
 

 



TTable 9. Summary of tandem mass spectrometry for the tested compounds 

Compounds Mass spectrometer Ionization Monitoring ion (m/z) 

Antipyrine 

Waters Xevo TQ-S 

Positive ESI 

189.3→56.2 

Carbazeran 361.3→272.1 

Disopyramide 340.4→239.2 

(S)-Naproxen 231.2→185.2 

Ranitidine 315.3→130.2 

Theophylline 181.3→124.2 

Timolol 317.3→74.2 

Tolbutamide 271.3→91.2 

(S)-Warfarin 309.2→163.1 

Bosentan 

Sciex API 5000 

552.2→201.8 

Dapsone 249.0→155.9 

Diazepam 284.9→153.8 

Doxazosin 452.1→344.1 

Reboxetine 314.1→175.8 

UCN-01 483.1→88.0 

Tenoxicam 338.3→121.1 

 

 



allometric scaling  

Rule of exponent ROE fu corrected intercept method FCIM CLt,human

Mahmood and Balian, 1996; Tang and Mayersohn, 2005  ROE
CLt Simple allometry SA 3

3 4
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Maximum life-span potential MLP SA 0.71-1.0

SA 1.0 BrW
a b c x y z

0.25 kg BrW 0.00174 kg MLP 4.4 3.75 
kg BrW 0.0424 kg MLP 18.5 12 kg BrW 0.0754 
kg MLP 20.5 Mahmood, 2005 MLP BrW BW
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TTable S1. Drug disposition obtained from the literature and Rb, fu,p, and CLt 
obtained from experiments or the literature 

Compounds Disposition 

Rba fu,p CLt (mL/min/kg) 

Humans Humans Rats Humans 
PXB-

mice 
Rats Monkeys Dogs 

Antipyrine 

 CYP1A2, CYP2B6, 

CYP2C8, CYP2C9, 

CYP2C18, CYP3A41 

12 0.990 0.6902 0.643 4.60 7.86 11.54 7.224 

Bosentan CYP2C9, CYP3A4, OATP5 0.486 0.023 0.0127 2.13 8.78 16.407 20.67 1.727 

Carbazeran AO8 1 0.148 0.169 37.69 99.67 42.22 87.8710 11.59,b 

Dapsone CYP2C9, CYP3A4, NAT11 1.0411 0.381 0.28012 0.483 4.40 6.87 5.0810 1.2113 

Diazepam CYP3A, CYP2C1914 0.7115 0.036 0.1717 0.383 42.147 61.517 17.907 46.717 

Disopyramide CYP3A414 1.216 0.161 0.6102 0.93 28.86 179.46 1917 2917 

Doxazosin 
CYP3A, CYP2D6, 

CYP2C1918 
1 0.066 0.0507 1.63 34.245 30.007 15.477 11.217 

Ranitidine 
FMO, CYP2C19, CYP1A2, 

CYP2D619 
1 1.000 0.90020 9.63 131.02 99.88 40.23 10.421 

Reboxetine CYP3A422 1 0.041 0.2537 0.823 17.658 61.517 14.947 22.397 

(S)-Naproxen 
CYP2C9, CYP1A2

UGT2B711 
0.5511 0.007 0.0082 0.1116 0.556 0.41 0.8323 0.0417 

(S)-Warfarin CYP2C9, CYP3A414 0.5511 0.013 0.0052 0.0553 0.484 0.21 0.10224 1.4925 

Tenoxicam CYP2C926 0.6727 0.015 0.03028 0.033 0.2878 0.49 0.061 0.10429,c 

Theophylline CYP1A214 0.8515 0.58030 0.40030 0.863 4.70 1.91 1.0831 1.7332 

Timolol CYP2D614 0.8433 0.715 0.76034 8.53 130.05 137.02 13.633 –d 

Tolbutamide CYP2C914 0.5515 0.039 0.04935 0.213 0.58 0.39 0.0456 0.14236,e 

UCN-01 –d 1 0.003 0.017537 0.00373 0.0369 77.37 3.36 10.2737 



Rb, blood-to-plasma concentration ratio; fu,p, fraction unbound in plasma; CLt, total clearance; OATP, organic anion-transporting 

polypeptide; AO, aldehyde oxidase; NAT, N-acetyltransferase; FMO, flavin-containing monooxygenase; UGT, UDP-

glucuronosyltransferase. 

aRb was assumed to be 1 for carbazeran, doxazosin, ranitidine, reboxetine, and UCN-01 because of a lack of data from the literature. 

bThe mean calculated from CLt in two animals described in the literature was used. 

cThe mean calculated from CLt in three animals described in the literature was used. 

dNot available in the literature 

eCLt calculated from dose, AUC after oral administration, and bioavailability as described in the literature was used. 
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