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OVERVIEW

tware platform for simulation of in vitro transport

in vitro permeability &
' hepatocyte modeling
— Invitro model validation

— In vitro/in vivo extrapolation
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MECHANISMS: TRANSWELL
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MECHANISMS: SANDWICH HEPATOCYTES
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* Collagenis assumed to not affect transport processes
* Model is also applicable for plated hepatocytes when bile volume is not considered
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MECHANIMS: SUSPENDED HEPATOCYTES
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INPUTS: COMPOUND PROPERTIES

Physicochemical
properties (in vitro
or in silico)

Enzyme and
transporter settings
applicable only to cell
based assays
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E'a MembranePlus(

zersh PublichSimulations Plus, Inch\MembraneP Test.mdb
File Edit Database Simulation Setup  Tools Modules Help
Compound; T Experimental Setup T Simulation T Graph
~Selected C d
e i e ver 20,0011 -
|l | - IF'roplanoIoI >|N| :I --- Support Files
I Current Record: 1; Total Records: 8 Fropranalol. apd
I
H 3 —Initial Concentrations
OH
4\\ - Donor Conc. [pM]: I‘I Total [pal: 005005
- . | Receiver Conc. [pM]: ID. Total [pgl: ID.
\‘ —Passive Transport Model
Muolecular weight [g/mol]: |259'35 Structure Based Model For Membrane Entrp/Exit Rates
Solubility [mg/mL & pH = 10.74]): |2.?3 Structure Linear
pH for Reference Solubility [1074 Properties Coefficients
R Wi [cmS=]:
\ logP [neutral): |2.88 @ pH: |'1- Intercept I 1.4227 ID.DE1 73
W A=) N
Diff. Coeff. [cem™2/sec x 1075]: [o7sm LogP [258 c1 [o&e671 o lem/s]: [5791E5
M_RNG [0 cz [nes202 Vi factor: (002165
pka Table I -
HBDH |2 =HBD[Z c3 [1.663 Vo+ factor: [0.98285
[~ Enzyme Table I HBAo [2 ca4 [-o8zs07 Vi- factor: [T
\‘ Transporter Table I Wo- factor: |1-

Heikkinen et al . JPET 328:882-892, 2003
Al properties except experimental LogP and pkla were calculated by AD

Ppara: Zhim || BSA: OFF | Lozs: OFF

| S ampling

MET Predictor 7.0

: OFF
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INPUTS: EXPERIMENTAL SETTINGS

Experimental Setup

. E'! MembranePlus( ) = i ions Plus, Inc\MembranePlu
SpeC|f|C for Selected File Edit Database Simulation Setup  Toels Medules Help
Compound T Experimental Setup T Simulation T Graph
Membrane type (cell Propranail
L, Membrane Model: [ Experimental Setup
CACO-2 96 Il -
monOIaye rs, PAM PA,\ I we _I Shaking rate [rpm]: az20
sandwich hepatocytes, ] Ap‘i:::‘f°mpa“me“t Apical volume [mL o
1 Apical dead wvolume [mL]: If
suspended hepatocytes) ns
Basolateral volume [mL]: IW
Tissue Cell culture time [days]: I?
Culture —
Well Plate ‘A _J| Arical pH: 7
Basolateral Fluid Compartment Basolateral pH: |T
—Drug Administration Compartment — Filter Area [em™2] | 0143
o " Apical Side = Basolateral Side Filter Pore Size [pm]: IT
Ad d Itlo n a | B Sampling Setup | Filter Pore Density [Pores/cm™ 2] IW
CO m po u n d/a Ssay —_— Filter Membrane Depth [pm]: IT
\’ = Protein Binding Setup |
LN o] . Diff. Layer Thickness. [pm]: IU—
SpeC|f|C Settlngs Compound Lossz Setup | o

Heikkinen et al, JPET 328:852-892, 2003
All properties except experimental LogP and pKa were calculated by ADMET Predictar 7.0

Ppara: Zhim || BSA: OFF | Loss: OFF | Sampling: OFF
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MODELS: MEMBRANE ENTRY/EXIT RATE
STRUCTURE BASED MODEL

* QObserved vs. Predicted on 44 training datasets

log(V, )= Intercept + C1xlogP + C2xM _ RNG +C3(HBDH — HBD)+C4x HBAO

______________________________

, Basic pKa ; — Acidic pKa 1 10000 -
V K 1 aqueous phase -1 pK 1 - -
] PKaz ! —1 et o =
v HAY =———= H-A-OH = AOH- |! = 1000 -7
1 ! 1 - -
I . ) i S 100 -
1 Vi+ Va+ 1 V,' Vo 1 V, Vo =
i [1°]
i J,l | : membrane ! g 10 ® "4!
1 + pKgmem 1 1 pKyme ' Q oe .
| HA* =—= HAOH1<—.—AOH1: = )
! pKaomem mem ] L] '
| HA® =2 HA-OH, =—2"> AOH~ | 3 | PR~ A
' |4 l | ] [ : ks o .
: . ! = All experimental
1 + ! 1 - - put -
| Ve Vi 1 Vol | Vi ! Vv, Vv, ! = 0.01 ) |
. - . . time points to 2 hr
| . PRa b PRa o 0.001 -
, HA* = ' H-A-OH ' AOH ' 0.001 0.01 0.1 1 10 100 1000 10000
] 1 aqueous phase -2
1 1 \
b e e e e L e e e e 2 !

Observed Concentration (uM)

Membrane entry and exit rates for anions and
cations are determined based on logD vs. pH profile
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MODELS: LYSOSOMAL TRAPPING

Hepatocyte

V;and V,

Lysosome Cytosol Plasma
pH4 -5 pH ~7.2 pH ~7.4 correspond to the
R-NH;+ R-NH3+ R-NH+ Lysosome membrane/water

. - entry and exit rate
Lipophilic

Amines R-NH,,
LogP > 1
pKa > 6.5

R-NH, ———— R-NH,

——

Lysosome
membrane

|l Henderson-Hasselbalch equilibrium
=— Rapid passive diffusion

Fig. 1. The basis of pH partitioning of lipophilic amines into lysosomes. The
diagram illustrates the mechanism by which lipophilic amines (i.e., CADs)
accumulate in lysosomes. From plasma (pH 7.4) and cytosol (—7.2), a lipophilic
amine (logP = 1, pK, = 6.5) will readily diffuse across membranes in its unionized
form (RNH.) while maintaining Henderson-Hasselbach equilibrium with its ionized
form (RNH,", which cannot readily diffuse across membranes). After diffusion into
the acidic environment of the lysosome (pH 4-5), the equilibrium between charged
and uncharged species shifts in favor of the ionized form of the lipophilic amine,
limiting diffusion of the drug back into the cytosol and, in effect, trapping the drug
in lysosomes. For highly permeable lipophilic amines, the concentration of

unionized drug (RNH,) at equilibrium is assumed to be the same in all three Ce“ pH j— 7 4
compartments {lysosomes, cytosol, and plasma). The figure is not to scale: lyso- -
somes make up about 1% of the hepatocyte volume.
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MODELS: ENZYMES AND TRANSPORTERS

e Kinetics of carrier-mediated transport and metabolism is calculated using
Michaelis-Menten kinetics:

] intracell i intracell
U — z Vmaxxcu U _ z : VmaxXCu
metab Ki + Cintracell efflux intracell
i m u

i
i I'<m_I_Cu

i buffer
U _ Vmax x Cu
influx — z : buffer

i
i I‘<m_|_Cu

* V., units: uM/s (mmol/L/s)

* K, units: uM (mmol/L)

* General units converter allows converting these into different types of units
e Transporter types: Influx and Efflux

* Transporter locations: Apical and Basolateral (where applicable)
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Case Studies: in vitro Model Validation
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Case Study 1: Sodium Taurocholate Uptake
into Bile
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SODIUM TAUROCHOLATE

Lysate Buffer Fig. 3. Observed (circles) and simulated
(lines) dsTCA accumulation in Iysate
20 | Uptake Phase | Effluxphase | _ s [EmuxPhase |  ffrom cells+bile and cells] (black) and
§ . 2 s @ efflux buffer [Ca?*-containing and Ca?* -
g’ T SimCelis+Bile g | — Sim+Ca¥ free] (red). Representative graph from one
S12 - 8im Cells = 3| °°C Sim — Ca of n=3 experiments. Recovered estimates
g, e Obs Cells+Bile = s Obs+Ca? for CL (mean and SD):
] = 2 - -
g . o Obs Cells s ; o Obs—Ce? (pL/min/mg protein) Mean sSD
g <, CLyptake 6.97 1.39
o 20 40 0 10 . 20 40 Clg, 0.379 0.12
Time (min) ime (min) Clgje 0.827 0.30

Guo, ISSX 2014 OST alpha/beta

Blood flow

|
A
Blood flow / NTCP

Perpetrator —| CLUptake
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MEMBRANEPLUS MODEL ASSUMPTIONS
 Assumptions

— No protein binding for Na Taurocholate GEEC 5°';St/'f” Conc. 1'2'5 Ff,/M
— No Stirring Well size 24 well
Volume 0.3 mL
— Complete monolayer of cells (100% viability) Cell Vol. 6.46 pL
. . Cell Layer Thickness 18.6 micron
— ADMET Predictor values for properties Cell Den 04  Mcell/well

and transport model parameters calculated using calibration

* Literature values for K. were used as a starting point for building the model.

e K., values are similar across species
— Swift-Mol-Pharm-2010-7(2)-491-500

OST alpha/beta 25.8 Human Swift-Mol-Pharm-2010-7(2)-491-500
Overall Uptake 19 Rat Schwarz-Eur-J-Biochem-1975-55-617-623
NTCP 6 Human J-Exp-Biol-2001-204-1673-1686
BSEP 5 Rat J-Exp-Biol-2001-204-1673-1686
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SIMULATION RESULT

* Experimental K_ values utilized from literature and V__, values fit to data (all
remaining properties were predicted by ADMET Predictor).

) _ ) Transporter K., (Exp) (M) (umol/s/L)
Taurocholic Acid Active Exp Km _ Ve
I Taurocholic Acid Active Exp Km-Conc Basolateral Total BSEP Efﬂux 6 83E 03
12 O Taurocholic Acid Active Exp Km-Conc Basolateral Total Obs
W 1T Taurocholic Acid Active Exp Km-Conc Basolateral Total Err OST alpha/bEta Efﬂux 25'8 9'63E'02
[~
= NTCP Influx 6 3.88E-02
I
2 Taurccholic Acid Active Exp Km-Conc Cells Without Bile
I m|
W —— T Taurocholic Acid Active Exp Km-Conc Cells Without Bile Err 4
10" =
= =
0 ] c 31
E 10 m] = \D\E\E\B\ -E
=] o ©
- — 1 [
‘.{E 10 4 E 2
[
- L
E -2 O [} E ! o
o 107 /D/f S 1 / =
o o
o 3 O
1074 ]/
0 0.1 0.2 0.3 04 0.5 0.6 b 6 0'1 0'2 0'3 0'4 0'5 0.6
Simulation Time (h ) - - - ’ )
(h) Simulation Time (h)
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Case Study 2: Quantification of Influx
Transport vs. Metabolism
Statin Compounds

Suspended Hepatocytes
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QUANTIFY THE RELATIVE IMPORTANCE OF INFLUX
TRANSPORT (OATP1B1) VS. METABOLISM

1000, B

1000 1 C
£ £ £
% 100 M E 100 m }E 100
= T =
2 10 2 2 10
H B o £
§ 4 H g 1 Vmed CLianuss+ CLinLupmk: > VCE]]
i o E £ o Medium Cell
2 3 £
0.01 0.1 ~ 001 4 ‘
4] 20 407 . 60 80 100 o 20 40 60 80 100 [+] 20 40 60 80 100 CL t na + CL- Leffl
Time (min) Time (min) Time (miny int,pass intefflux

900 004 E k
800 800 mem CLi.ngmm
700 700
E 600 F 600 =
E g £
< 500 S oo 2 g Cell Membrane
= £ =
@ 400 Z 400 a E
z 2 z
= 300 3 a00 g . . .
= 200 E FiG. 1. Compartmental model describing hepatocyte incubation.
200
100 100
0+ o+ +
V] 20 40 60 80 100 o 20 40 60 80 100 1] 20 4l 80 100

0 6
Time (min) i it
Time (min) ) Time (min)

FiG. 3. Typical plots for atorvastatin (A and D), cerivastatin (B and E). and indomethacin (C and F) cell and medium data and associated WinNonlin-generated fits to the
model (Fig. 1). A to C, concentration of drug in cells and medium: D to F. amount of drug in cells or medium: cells (4, cells: &, medium).

Media and whole cell concentration data for atorvastatin, cerivastatin, and indomethacin.
* Used asimple compartmental model to extract clearance values
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1)

Atorvastatin

Concentration (uM)

MEMBRANEPLUS MODEL RESULTS |

Atorvastatin_in_Vitro-Cone Media Total

O  Atorvastatin_in_Vitro-Gonc Media Total Obs
[W¥ __T__ Atorvastatin_ln_Vitro-Conc Media Total Err
I

ERoK

Cells

Media

Simulation Time (h)

M O Atorvastatin_ln_Vitro-Conc Media Total Obs
¥ ——T— Atorvastatin_in_Vitro-Conc Media Total Err

~ Atorvastatin_in_Vitro-Conc Media Total |

Simulation Time (h)

~
I

1204

Concentration (uM)

Cells

1
Simulation Time (h)

Cerivastatin
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Concentration (uM)

EEEEEE

T cerivastatin 1uM opt Vmax Intcpt_1¥2-Conc Media Total Err

cerivastatin 1ul opt \Vmax Intcpt_1'v2-Conc Media Total
=] cerivastatin 1uM opt Vmax Intcpt_1'v2-Conc Media Total Obs

107
1

10 4

10°

107

[

107

%‘:—m

Cells

Media

Simulation Time (h)

[P ————— cerivastatin 1uM opt Wmax Intcpt_1v2-Conc Media Total
I ] cerivastatin 1uM opt Vmax Intcpi_1'v2-Conc Media Total Obs
[¥ —__T____ cerivastatin 1uM opt Wmax Intcpt_1v2-Conc Media Total Err

b
0.6

0.5

(ub)

0.154

For this compound, lipid

. bilayer permeability model
was fitted due to poor
prediction from structure

Media

1
Simulation Time (h)
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MEMBRANEPLUS MODEL RESULTS II

TABLE 2
Derived and associated predicted in vitro parameters for atorvastatin, cerivastatin, and indomethacin

Data are mean = S.D., and n = 3 unless otherwise stated.

Atorvastatin Cerivastatin Indomethacin
CLiy0 uprake (pl/min/10° cells) 375 =45 413 =47 I 599 = 101
CLiy pass (l/min/10° cells) e —— 237 = 63
CLiy e (ul/min/10° cells) 4.3 = 0.65 2306 1.0 = 0.49
A4 18 7.8 35
ke (ml) 0.092 = 0.007 0.15 £ 0.04 0.15 =013 Painel DMD (2008) 36:1365-1374
Ueey 0.011 = 0.0002 0.0081 = 0.001 0.054 = 0.041
CL,,. (ul/min/10° cells) SO Sl A 40x23
CL,,.q (u/min/10° cells) 68 = 31 17=14 74
VSS,ea (ml/10° cells)* mainnil e 2+04
frcase 0.14 = 0.04 0.2 = 0.06 054 = 0.1

* At a cell concentration of 1 X 10° cells/ml.

m Atorvastatin_In_Vitro_1_Y “» cerivastatin TuM opt Vmax Intcpt_1Y2

g 4 e ) S B e )

O e}

S 120 tsoo O ®8 S 28 "T':g g wg

= 110 baso & O = 261 700 £ O

= 100 < = = 244f leso > =

€ fl ra00 5 °S € 22 tsoo 5 ©

< ooif Influx 2 £ < 21| 2 £

S 080 0 < E S 18 ::gg = E

E 0704 Fs00 3' E 164 Laso 3'

5 060 l2s0 — o 144 ) F400 —

o oso) 200 < =/  Metabolism o0

§, 0401 b I . L1sn g oy 250

= 0304 ) = . .

9 o2 Metabolism Atorvastatin Results 9 gi Cerivastatin Results

T o104 © §

g 000 . V,ax 3A4 (umol/s/L) 0.119 g ‘c’iu . V,ax 3A4 (umol/s/L) 3.74E-02

Simulation Time (M) OATP1B1(umol/s/L) 31.9 Simulation Time (h) V..., OATP1B1(umol/s/L) 295.28

Cle¢ (uL/min/Mcell) 63 (68 Lit.) Cl et (uL/min/Mcell) 20 (17 Lit.)
Clyp (uL/min/Mcell) 471 (375 Lit.) Clype (uL/min/Mcell) 704 (413 Lit.)
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MODEL COMPARISON

 The mechanistic model in MembranePlus achieved similar result as the simpler
compartmental model with fewer fitted parameters

Intracellular volume Fitted System parameter

Cell membrane volume Fitted System parameter

Membrane/water partitioning (kmem) Fitted Predicted from compound properties
Active uptake Fitted Fitted

Passive diffusion Fitted Predicted from compound properties

(atorvastatin only)

Metabolism Fitted Fitted
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Case Studies: in vitro to in vivo Extrapolation
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Case Study 3: Metabolic IVIVE
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PROPAFENONE HUMAN HEPATOCYTE DATA

(A) (B)
100 Ss
0.20 4
2= =
2 "= 0.15
= E
] =
E ® 0.05uM _..:g 0.10 1
10 4 o 0.2uMm
] A  1uM 0.05
] & 5 uM
L] L] L] Ll T L] D.uu
0 15 30 45 6 75 90 0.01 0.1 1 10
Time (min) Concentration (uM)

Fig. 2. A, disappearance of propafenone in cryopreserved human hepatocytes at
various initial concentrations. Propafenone at concentrations of 0.05, 0.2, 1, and 5
pM was incubated with 1 > 10° cells/ml human hepatocytes individually prepared
from three donors. Each point represents the mean = S.ID. of the remaining
percentage of substrate to the initial concentration in hepatocytes from three donors.
B. relationship between initial substrate concentration and depletion rate constant of
propafenone in cryopreserved human hepatocytes. Each point represents the
mean = S.D. of depletion rate constants of three donors. The line represents the
curve predicted from eqg. 1.

Komura, Drug metabolism and disposition 33.6 (2005): 726-732.
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Reports indicate it is a
CYP2D6 substrate and
has saturable dose
dependent kinetics.

In vitro data from
literature was used to
fit intracellular
unbound Km and
Vmax




FIT Km AND Vmax TO in vitro DATA

propafenone 0.05uM propafenone 0.2uM
I propafenone 0.05ul-Conc Media Total I propatenone 0.Zull_Conc Media Total
= [m] propafenone 0.05uM-Conc Media Total Obs M O propafenone 0.2uM-Conc Media Total Obs
W T propafenone 0.05ull-Cone Media Total Err ¥ —_T__ propafenone 0.2uM-Conc Media Total Err o K — O O 146 m M
m~ Y
0.054 0.2
0.194
0.0451 0.18+ L4 V = 9 27E'02 I I- |
max = O mmol/s/L cytoso
= 0.041 = 0.164
=2 = 0.154 C .
2, 0] =01l (Converts to:
2 0.03 .2 0.13; .
£ % S oo 2.17E-02 nmol/min/1076 cell
jd o
£ Esp [ .17E-02 nmol/min cells
go.ozs- § 0%;.
S 0.02 E & o0.081
0.074
0.0154 0.064
E 0.05
0.014 0.04
0 0.05 0.1 0.15 0 005 01 015 02 025 03
Simulation Time (h) Simulation Time (h)
propafenone 1uM propafenone 5uM
= propafenone 1uM-Conc Media Total = propafenone SuM-Conc Media Total
i~ [m} propafenone 1uM-Conc Media Total Obs I~ [m} propafenone SuM-Conc Media Total Obs.
W —_T__ propafenone 1uM-Conc Media Total Err ¥ __T__ propafenone Sul-Conc Media Total Err

y K., fitted in mechanistic model
s was lower than the one

% fg' reported in paper which is

E g indicative of K_ based on

§ o I ’ unbound intracellular
e ' concentration

Simulation Time (h)

1
Simulation Time (h)
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PREDICT in vivo PK

PBPK model: 70 mg IV propafenone PBPK
v Cp-“venous Return-propafencne PEBPK
° Kps predICtEd using default bOIUS dose g O Cp-“enocus Return-propafenone PEPK Obs
e Cp-“Venous Return-propafencne PBPK Err
(Lukacova) method in GastroPlus 1.0e3
 CYP2D6 clearance extrapolated 9.0e24 =
from fitted in vitro values (shown on = 8.0e2+ 2
previous slide) B 7-0e21 =
"E" 6.0e2- g
-2 5.0e2 S
[1~]
= 4.0e240
c N 10 15 20
3 3.0e2- Simulation Time (h)
c
=] o
O 2.0e2
1.0e2-
u'ueu- L L -_I!!- L) LJ
1] 5 10 15 20

Simulation Time (h)

Data: Hollmann, Cardiac Arrhythmias, Springer 125-132
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Case Study 4: Transporter IVIVE

22ND

NORTH @B [ 1

ORI, SimulationsPlus

ISSX SCIENCE + SOFTWARE = SUCCESS
© Copyright 2018 Simulations Plus, Inc. All rights reserved.

MEETING




DIGOXIN: FIT INTRACELLULAR Km in vitro

12
35 ® ] 10
e Published data on nonlinear Papp vs. s | o . -
donor concentration for Digoxin were £ s a . 5 g
used to fit Pgp Km (intracellular L 2| a4 a a  ° . 6 =
= a =
unbound) and Vmax 3 1s a B
(=18 ) Y
2
0.5 ™Y
[ J L J [ 2 L ] ® L [ 2
(o] (o]
0.1 1 10 100 1000
Donor Concentration (uM)
® Papp A>B A Papp B>A @ Efflux Ratio
Data from:

Troutman and Thakker, Pharm. Res., Vol. 20, No. 8: 1200-1209.
SRR )

Tranzporter T able |
“rmax [umoldz=/L Cytozol] ko [ukd]

-
:lf Transporter Table

Generic Transporter Type Location
P-gp E il Apical E.0O4E +02 9.52E+01

b | digosin. 0.7 2ukd_AtoB
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DIGOXIN: MODEL VERIFICATION

* Km obtained from fitting to a published dataset was used to predict concentration-time profiles from
another dataset

* Vmax was adjusted to account for different expression levels of Pgp in different systems

5uMAtoB 10uMAtoB 50uMAtoB 100uMAtoB 300uMAtoB
— 10°4 — 10°4 — 1074 — 10° - = = — 1% T -
= = = T = = = =
= 10" = 10" =2 104 2 104 = 10"
c = = = e =T = - c c c
S 1w " S 10% S 10% S 10% S 10%
® ® ® 4 ® o ® .
5 107" 5 1074 E 107 £ 107 5 107 ]
c =] = = = = o
8 107 = 8 107 8 1w?g = 107270 8 107
c g = - c = c
8 107 8 107 8 10 S 107 8 107
107 v 107 v 107 v 107 v 107 v
0 1 2 0 1 2 0 1 2 0 1 2 0 1 2
Simulation Time (h) Simulation Time (h) Simulation Time (h) Simulation Time (h) Simulation Time (h)
1.00
— 0.90
e -
§ 0.80
>
£ o0.70 -
=, <*
= 0.60 ® &
o
&
0.50
0.40 T T
1 10 100 1000
Donor (Apical) Concentration [uM]
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DIGOXIN: PREDICT in vivo ABSORPTION

Hum IV Bolus 1.5 mg Ochs 1978 Hum PO Tab 0.25 mg PS 6.5 um Hum PO Tab 0.256 mg PR 51 um
v Cp-Venous Return-Hum W Bolus 1.5 mg Ochs 1878 Hum PO Tab 0.25 mg PS 6.5 um ~ Cp-Venous Return-Hum PO Tab 0.25 mg PR 51 um
~ [m} Cp-Venous Return-Hum IV Bolus 1.5 mg Ochs 1878 Obs W [m] Cp-Venous Ret Hum PO Tab 0.25 mg PS 6.5 um Obs W [m] Cp-Venous Return-Hum PO Tab 0.25 mg PR 51 um Obs
¥ ------=-- Urine-Hum IV Bolus 1.5 mg Ochs 1978 ¥ T cp-Vencus Return-Hum PO Tab 0.25 mg PS &.5 um Err W T Cp-Wenous Return-Hum PO Tab 0.2 mg PR §1 um Err
¥ __ O ~ ~
F100 100
1 Fos los
104 =1 Foo Fotan bimuiation time th3: " 10 M) oo
o F85 ° mesulr observ  simul as
1074 Fso 107 BTNt i i =
=5 jry F75 jry cmax 'Eﬂg_/m;: 0.2 0,477 F75
[S 10°4 [S = F70 = uc o-intT ng-h/mLy:  s.257 B2.53 F70
= = = - 2 : : .
— 65 T W i Tk V¢ 4 Fes
£ = =h o b0 == k= Lo =
5 z 5 - S- s =
= . ] = F50 & = 0 g 50 &
£ 1071 g £ ras 2 = Fas £
c c Lao c =} L.
[ [ 40 Qo
8 Record: an I Bolus 1.5 mg Ochs 1573 35 8 Record: Hum PO Tab 0.25 mg PS 6.5 um F35 8 =] Fas
= D |32 i imuaTan ESmd it |30 = Total simulation time {hj: 178 =
=3 Result opserv  simul \ =3 Result opserv  symul F30 < o F30
(&) 2 Fa (s): 92.67 Fos (&) Fa (s): 78.09 Los o Los
1074 Efastt ° R 20 EoRST 3 7351
tng/mLy: Zs.s  1si3s 15 i.ze  ii2i3 F20 F20
! 2 2 b Lo s e s
! : Fo . : 58 F1o k10
L Ls 3
107 4 o 10 0 °
o 50 100 150 166 167 168 169 170 171 172 173 174 175 176 177 178 166 167 168 169 170 171 172 173 174 175 176 177 178
Simulation Time (h) Simulation Time (h) Simulation Time (h)

A B C
A: Observed (symbols) vs. predicted plasma conc. (blue) and urinary excretion (red) of digoxin (Ochs, 1978).

B: Observed (symbols) vs. predicted plasma conc. (blue) of digoxin for a PO formulation with 6.5 mm radius particle size
(Jounela, 1975).

C: Observed (symbols) vs. predicted plasma conc. (blue) of digoxin for a PO formulation with 51 mm radius particle size
(Jounela, 1975).

All simulations are using the fitted intracellular unbound P-gp Km value of 95.3 mM
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Case Studies 5: Lysosomal Trapping and
Absorption
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LYSOSOMAL TRAPPING OF LIPOPHILIC CATIONS

Hepatocyte

Basic pKa

Protriptyline

Lysosome Cytosol Plasma O - 4.69 10.0 27
pH4-5 pH ~7.2 pH ~7.4 H
R-NH,+ R-NH,+ R-NH,+ —

Lipophilic
Amines l, 1l,
LOgP > 1 \_I‘:\j_ﬂ'jiz/-—— R-NH, —_— R-NH; Mefloquine

pKa > 6.5

1 L R e 4.7 10.1 16

3.81 8.52 15

” Henderson-Hasselbalch equilibrium M 4.46 9.65 7.8
—= Rapid passive diffusion

Y
21

Fig. 1. The basis of pH partitioning of lipophilic amines into lysosomes. The
diagram illustrates the mechanism by which lipophilic amines (i.e., CADs)
accumulate in lysosomes. From plasma (pH 7.4) and cytosol (—7.2), a lipophilic Fluoxetine
amine (logP = 1, pK, == 6.5) will readily diffuse across membranes in its unionized “HEH o
form (RNH->) while maintaining Henderson-Hasselbach equilibrium with its ionized /@X
. + . . P P . I =
form (RNH.", which cannot readily diffuse across membranes). After diffusion into . o=

the acidic environment of the lysosome {(pH 4-5), the equilibrium between charged @;:L

and uncharged species shifts in favor of the ionized form of the lipophilic amine,
limiting diffusion of the drug back into the cytosol and, in effect, trapping the drug Chloroquine

in lysosomes. For highly permeable lipophilic amines, the concentration of P 5,11 9.86 6
~N

unionized dru RMNH,) at equilibrium is assumed to be the same in all three " ]
g (RNH,) at eq ]
H
g1

4.39 9.82 7

compartments (lysosomes, cytosol, and plasma). The figure is not to scale: lyso-
somes make up about 1% of the hepatocyte volume.

Kazmi F., Drug Metab. Disp. 41(3):897 (2013)
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LYSOSOMAL TRAPPING OF LIPOPHILIC CATIONS

Hepatic perfusion experiment with and without H+ ionophore Monensin

0 100 -

10° -
Antipyrine " Atenolol Propranolol

Logarithm of outflow fraction per mL.
3

Logarithm of outflow fraction per mL
Logarithm of outfow fraction per mL.
3

104
o 50 100 150 200 ] 60 100 160 200

Time (seconds)

Empty symbols represent controls and solid symbols represent monensin treatment. Dashed and solid
lines stand for fitted data in control and treatments, respectively.

K

]-Og Papp Py
Antipyrine No Effect
Atenolol 0.14 9.60 Atenolol Minor Effect
Antipyrine 0.33 1.45 Propranolol Strong Effect

Propranolol 3.10 9.45

Siebert GA, JPET 308(1):228 (2004))
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LYSOSOMAL TRAPPING OF LIPOPHILIC CATIONS

Caco-2 Apical-to-Basolateral permeability experiment

»
m

500

i Propranolol - Ibuprofen Solid squares — Apical compartment
& i G ﬁ;: o {ﬂ-/" Solid triangles — Basolateral compartment
3 :;%;:; i ~——=  Empty squares — Cell monolayer
I S e S— Lines represent fitted model results
e o e o

o

. Propranolol + Bafilomycin
H -— B
™ . 2
100 o s o oo &

Time (min)

Physicochemical properties of the model compounds used

Compound pKE_ "~ Log D at pH 7.47
Propranolol 9.1, .. 1.4
Ibuprofen 44 ... 0.8
Testosterone N.ALE 3.5

Heikkinen AT, JPET 328: 882 (2009)
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CONSEQUENCES in vivo:

Desipramine physicochemical properties

Parameter Value Reference
Molecular weight (g/mol) 266.4 ADMET Predictor
10gPosw 4.45 [36]
lonization constant (pKa) 10.32 (Base) [36]

Solubility [mg/mL] 0.124 (pH=10.1) ADMET Predictor

B/P ratio 1.03 ADMET Predictor
Fraction unbound (f,) 0.19 [36]
l Peff (cm/s * 10%) 4.54 (Human) [19] |

DESIPRAMINE

20.0

_
@
o

Iubility (mgfmL)

= A

||
——

\
ey o
o =]

Samant T et al. CPT: PSP, 6(5): 315-321, 2017. High

solubility

\

Given alone

(n

Pharmacokinetic parameter

permeability D-DD.D 270 470 BTD 8.0 10,0 12‘.01*;.0
and intestinal P
20 —4&— Alone
] —0— Sx1x 150 mg
16 —&— Sx8x150mg

.~ | AMERICAN

Late Tmax tm (hr) 19.6 = 7.2
_ (hr) 6.7 = 1.6 |

_zgﬁ(:([l—co) (ng - hr/ml) 516 = 266

CL/F (L/hr) 118 = 53.5
V/F (L) 3110 + 1490

Plasma Cone ng/ml

Kurtz D.L. et al. CPT 1997, 62: 145-156
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CONSEQUENCES in vivo: DESIPRAMINE

Fu ent =0.55% Fu ent = 100%

Oral Tablet Population Simulation: Oral Oral Tablet
50 mg dose [D" o0 C 1 mean Cp ¥ ——Mean Cp 7‘]
¥ = Observed Mean ~ f " t
o
)

10"

|
10 ' 4

104
104

Concentration (ng/mL)
Concentration (ng/mL)

Plasma Concentration (ng/mL)

10" ~ .I 10"

[: 50 100 10 0 200
Time (h) ¢ = Time (h) . Simulation Time (h)
a b c
Oral Tablet Population Simulation: Oral Tablet
o ¥ ——Mean Cp I
100 mg dose P e Observed Mean &

104§

Concentration (ng/mL)

Plasma Concentration (ng/mL)
3
.

10

-
©
(-1 o

20 40 60
Simulation Time (h)

d e
Samant T et al. CPT: PSP, 6(5): 315-321, 2017.
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50 mg dose

100 mg dose
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CONSEQUENCES in vivo: DESIPRAMINE

— [0) — [0)
Fu ent = 0.55% Fu ent = 100%
Oral Tablet Population Simulation: Oral Oral Tablet
Ii/ 0% C.| mean Cp ¥ —— Mean Cp
¥ = Observed Mean ~ - y t
10"
= = =
§ '5 10" -5 10"
kS s s
104 g g
o
g 10° g 90k
S 3 S
o 50 160
Fu ent=0.55% Time (h) Fu ent = 100%
. b .
= Total Diss-PO Adutt 50 mg Male ~ Total Diss-PO Adutt 50 mg Wale
I3 Total PY-PO Adult 50 mg Male I~ Total PW-PO Adult 50 mg Male
Population Simulation: Oral Tablet
50 ['a ¥ ——Mean Cp 50
P = O erve Mean ~
45. Obs d Me 45.
404 = 404
S 351 §. o 351
E 30; = g £ 301
» 254 0 254
o 204 g e - g 204
15 § 154
104 = . 10
54 g [ 54
0 ¥ v T v T ¥ y a I 0
¢ & 10 15 20 25 30 35 40 we %o P % 0 5 10 15 20 25 30 35 40
Simulation Time (h) Time (h) Simulation Time (h)
a e

Samant T et al. CPT: PSP, 6(5): 315-321, 2017.
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METHYLPHENIDATE MEMBRANEPLUS™ SIMULATION

Evaporation
At T AT T

Apical Loss lysosome
_solution [0 iy WU T B gH =45
Apical UWL
~ “Apical Memb e
@::brane Transporters N En:rr:/ é:irle\? )
Cytosol H
- [ Methylphenidate A>B
Protein binding : Lysosome
D, <==p D, 14 it I 10°)
Basol *i Membrane
. \ﬂﬂembmne TYEHSPDITETSlT *: Entry/Exit /;\ %
Filter Support L : H r'y — 103-
Basolateral uwz T P . S \Cell Membrane
Basolateral Loss ’ DB praee s D n = Diffusion Ez:fr:eablllty E /\
Solution lP' ; hf dI ng, Protein binding U ; § 102_ |
2 > Cytosol Lysosome Membrane
2 e e S
S+LogP = 2.02 (AP 7.2) S 10" Aplc?I C|0m|0<’ﬂlrtment
S+pKa = 8.56 (Base) (AP 7.2) mo_//i Basolateral Compartment
|
0 1 2
Simulation Time (h)
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METHYLPHENIDATE MEMBRANEPLUS™ SIMULATION

Evaporation

Apical Loss Protein binding
pica

; (plasticbindi <
Solution "¢ e DU DB

icloss)

lysosome
pH=4-5

Apical UWL IA
i b
N | R
Cytosol H
tysosomal ] paracellular Methylphenidate A>B
trapping ]| piffusion
Protein binding :
DU “ DB IT :t I 104-
Basol *i Membrane
Membrane Transporters . I\ =
*: Entry/Exit =
Filter Support \ l' =* /‘v = 103.
Besolateral UWL . A H k5
Basolateral loss d’ I:)B ——p ) x Diffusion ;sztr:eabinty g 2
Solution  (PRicEnE Protein binding U S 104
§ b Cytosol Fu=4.37%
S+LogP = 2.02 (AP 7.2)
S+pKa = 8.56 (Base) (AP 7.2)
0 1 2
Simulation Time (h)
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METHYLPHENIDATE GASTROPLUS SIMULATION

Fu,ent = 100% Fu,ent =4.37%

Human Adult IR Tablet 2 x 8.65 mg Human Adult IR Tablet 2 x 8.65 mg
AQ- ..-..9'
E® E®
B 74 D7
£ £
c & c &
2 5 2 54
£ 4 % £ 4
c c
RIRE g o
E 24 E 24
o 111 EI] © 14

04 . . i - t 04 . . . -
0 5 10 15 20 0 5 10 156 20
Simulation Time (h) Simulation Time (h)
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SUMMARY

*  Mechanistic cellular simulations:

— Help to separate drug and system parameter inputs (similar to in vivo
PBPK models) for easier translation between systems

— Are important to assess critical mechanisms affecting drug absorption,
distribution and elimination pathways:
* Contributions of passive and active drug transport
* Interplay between drug metabolism and cellular uptake
* Disposition in bile
» Distribution within cellular structures (lipid bilayers, lysosomes)

— Facilitate extraction of variety of relevant parameters for more accurate
IVIVE
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COMPOUND X - CLASS I1/1V

e Lipophilic (log P > 4)
— e Moderate base (pKa 3.2 and 6.2)

Application of Physiologically Based Absorption Modeling to Formulation

E.i;i:‘i:::ﬁzt.:-;-f[?‘,kgv;g?fz::bi“ty’ Low Permeability Weak Base: Mechanistic ° LOW (0.001 mg/m L), p H dependent SOl u bl | |ty
st it e e e e @ VIODe@rate gut permeability (1.48 x 104 cm/s)

Hefei Zhang,'” Binfeng Xia,' Jennifer Sheng,' Tycho Heimbach,'
Steven Novick,! and Ann Comfort

Received 2 October 2013; accepted 23 December 2013 [ ] E sti m a te d b i 0 a V a i | a b i | ity ~ 3 O %

Table II. Physicochemical Parameters, Default Physiological Values,
and Pharmacokinetic Parameter Used in the Simulation at Various

nang er al.

Doses a  soo
= S S 200ma tasia
Parameters Value(s) = - Sbs. 200 mag Ted
= 2 oo ———  Sim. 200 mg fea
ompound parameters Py Ei
M., g/mol =475 S g
eLogP: =4 £ o0
pK. (base): 32,62 g
Dosage: IR capsule . .
Solubility (mg/mL ): 1.8 (pH 1), 0.3 (pH 2), Are the d|fferent (f|tted) = 200
0.001 (pH 6.8 g
a

Mean precipitation fme () : precipitation and gastric o4
Particle radius of API (pm): 19 empty'ng tlmeS under

Physiological parameters

450 s (fasted); 2,000 s (fed

Stomach pH 1.2 (Fasted): 1.2-4.9 (Fed) f t d & f d d t "
Duodenum/jejunum pH 6.0-6.4 (Fasted); 5.4-6.0 (Fe, =00
Tleum pH 6.6-7.4 (Fasted): 6.6-7.4 (Fei aste €d conditions — 2 S it maied

Stomach transit time (h 2.0 (Fasted): 5.4 (Fed maSking Something else in

| | = A R
000 E Sim. 400 mg fasted
]
. . : *" i E
Cecum transit time (h) 42 the mOdeI‘P i

Plasma concentration (ngml) T

Ascending colon transit time (h) 12.6
Pharmacokinetics

First pass extraction (%): 9.0

Blood/plasma ratio: 0.68

Plasma unbound (% ): 1.6

Clearance (L/hkg) 0.070

V. (Likg) 04

Ky (1/h) 0.64

ka1 (1/h) 0.17 Time (h)

V, (Likg) 1.5 Fig. 1. Mean clinically observed (soficd circles with standard errory and

model-simulated plasma concentration verses time profiles of cpd X
after a single oral dose of a 200 mg or b 400 mg cpd X under fasted and

Zhang et al. AAPS PharmSciTech 2014 January 17 fed condition

22ND
NORTH @B SimulationsPlus

SCIENCE + SOFTWARE = SUCCESS

AMERICAN

I SSX © Copyright 2018 Simulations Plus, Inc. All rights reserved.
MEETING




COMPOUND ‘X’ — FASTED STATE MODEL DEVELOPMENT

Measured & ACAT™ Default Model Parameters
700 Hum 200 mg IR Cap - Fasted

6504

1 .. . 2
:gg- I Default precipitation [
5004

[~

4504 R o o T -
400 v ot Entered SC Hum 200 mg IR Cap - Fasted
3504
3004

Amount Dissohred-Hum 200 mg IR Cap - Fasted
Amount Portal Wein-Hum 200 mg IR Cap - Fasted

N
5]
(=]

2004
150+

Concentration (ng/mL)

-

[=]

o
I

504
04]
0 10 20 30 40

=== Dissolved
Absorbed Enterocyte

Simulation Time (h) a === Portal \./ein. -
200 £ Systemic Circulation
500 Op'Flmlzgd §
E) 3001 precipitation =
"‘_:'250-
[=]
:E 2004
i % Precipitation can’t account for delayed onset alone
5 "1 10 * Hence, need to optimize gastric emptying time
O 504
3 G'l L L L] L L L L L L I
k _ _ _ _ 0 5 10 15 20 25 30 35 40 45
o 10 20 30 40 1 1
Simulation Time (h) Simulation Time (h)
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COMPOUND ‘X’: GASTROPLUS™ SIMULATIONS WITH

MEMBRANEPLUS™ fu, ENTEROCYTE = 3.47%

Hum 200 mg IR Cap - Fasted
I

Cp-Hum 200 mg IR Cap - Fasted
I O Cp-Hum 200 mg IR Cap - Fasted Obs
I~ Cp-Hum 200 mg IR Cap - Fasted Err

Optimized precipitation &
simulated Fu, Enterocyte

Concentration (ng/mL)
&
Q

0 10 20 30 40
Simulation Time (h)

Hum 200 mg IR Cap - Fasted

I~ Amount Dissoked-Hum 200 mg IR Cap - Fasted
I~ Amount Portal Wein-Hum 200 mg IR Cap - Fasted
I

I~ Tot Entered SC Hum 200 mg IR Cap - Fasted

== Dissolved
Absorbed Enterocyte
- Portal Vein

Systemic Circulation

5 10 15 20 25 30 35 40
Simulation Time (h)

45

The lag between absorption into enterocyte and basolateral clearance into portal vein captures the extended Tmax

No changes to default Gl physiology required
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COMPOUND ‘X’ — FOOD EFFECT PREDICTIONS ACROSS
DOSES

Hum 200 mg IR Cap - Fasted Hum 200 mg IR Cap - Fed
’TF Cp-Hum 200 mg IR Cap - Fasted I Cp-Hum 200 mg IR Cap - Fed ® O Cp-Hum=200 mg IR Cap - Fed nnsl
I O Cp-Hum200 mg IR Cap - Fasted Obs ¥ —_T— Cp-Hum 200 mg IR Cap - Fed Err
W ——T— Cp-Hum 200 mg IR Cap - Fasted Err .
— * simulated
400 7001
__ 6504 ™
= 360, 2 o) MembranePlus™ Fu,
~§, 300 5004 1
£ 200} 5 ool Enterocyte input
2= 200 T 3501
- 3004
5 1601 g 2501 .. C e
2004
2 100] £ el  Optimized precipitation
O 50l 1004 m
504
o] o4 o from low dose/fasted
0 10 20 30 40 o 10 ) 20_ 30 40
Simulation Time (h) Simulation Time (h) State PK data >>
H 400 IR Cap - Fasted Hum 400 mg IR Cap - Fed H N
um 400 mg R Cap - Faste e predicted remaining 3
¥ O  Cp-Hum 400 mg IR Cap - Fasted Obs. I T Cp-Hum 400 ma R Cap - Fed Err
¥ —_T__ Cp-Hum 400 mg IR Cap - Fasted Err
m— study arms
__ 1200]
= :gg —E' 11004
1 10004
E e 5 "So0!  Default ACAT™
£ 400 = 800
§ 3s0 S 700 .
g soo] E o fasted/fed physiology
5 200 2 3oo]
£ 160 8 200] parameters
O 1004 1004
504 04
04 -1001 - - v v -
3 ) \ ' y o 10 20 30 40
0 o simulict}ion Tir:r-:oa (h) 40 Simulation Time (h)
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MEMBRANEPLUS

Data Analysis

e Instant permeability output from molecular structure or experimental data.
e Unbound Intracellular concentrations (Membrane, cytosol, lysosome, etc.)
e InvitroK_ andV,_,, for enzymes and transporters

e Parameter sensitivity analysis (on logP, shaking rate, pH etc.)

e Transwell, sandwich hepatocyte, and suspended hepatocyte models

Assay Prediction

e Permeability
e Concentrations in cellular structures (Membrane, cytosol, lysosome)
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