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The Big Picture

Structure —» In vitro
ADMET Pred. Experiments Formulation - Dose, .
dosage form, particle System/Physiology:
size, . .
mlz \ e Body height, weight, BMI
* Tissue sizes & blood flows
* logP/logD « Tissue compositions (water,
*  pKa(s) lipid, protein, acidic
* Solubility phospholipids, etc.)
* Permeability * Intestinal fluid volume and
* Fup PBPK Model composition (pH, bile salts,
* B/P ratio etc.) . -
«  Clint or Km & Vmax, renal * Intestinal transit times
CL . Enzyme.& transporter
+ DDl interaction constants Fa% expression levels

(Ki & kinact, EC50 & Emax) Cp-time profile (and F% with PBPK) K /

K ..... / Nonlinear kinetics (and DDI)

PK in special populations

naaps _ . -
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Mechanistic Absorption Modeling
(MAM) 4

Unreleased

Undissolved

Dissolved

Lumenal
Degradation

Gut Wall
Metabolism

Advanced Compartmental Absorption and Transit Model (ACAT™)

Enterohepatic circulation

Stomach Duodenum Jejunum 1 Jejunum 2 lleum 1 lleum 2 lleum 3 Caecum  Ascending Colon

e

Portal Vein Gallbladder

Z2 O = A m®omMN >Xm

#

Hepatic Artery l

Brain

1

Systemic Circulation
Adipose

Muscle

Skin

Physiologically based
Pharmacokinetics (PBPK)
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Discovery Preclinical Clinical
il

- -»X d

Discovery PK Clinical PK/Pharmacoloqy
Combine in silico technologies to screen compound Simulate population behaviors (e.g.

libraries in animals or humans pediatrics, disease)

Incorporate preclinical/in vitro data to extend FIH Build PBPK-PD models
simulations to full in vivo outcomes (IVIVE) Predict DDIs

|dentify toxic dose levels in preclinical species

Pharmaceutical Development

Assess various strategies during formulation development
Assist with Quality by Design (QbD) implementation
Develop mechanistic in vitro-in vivo correlations (IVIVCS)
Understand food effects
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What is happening in vivo (oral administration)?

Fa% FDp% F% toteon

Dose

sirone PK - Plasma Concentraion

$EEE
£3z3

MiHbaHE

pK,
Solubility vs. pH

Liver metabolism
Hepatic uptake

Transcellular permeability

Biorelevant solubility - l’ - ) S
Precipitation kinetics Paracellular permeability Biliary secretion Plasma protein binding
logD vs. pH Blood:plasma concentration ratio
Lysosomal trapping Tissue distribution
5| Villus blood flow Systemic clearance
Carrier-mediated transport
Gut extraction
To fasces Metabolism Metabolism

* Modified from van de Waterbeemd, H, and Gifford, E. ADMET In Silico Modelling: Towards Prediction Paradise? Nat. Rev. Drug Disc. 2003, 2:192-204
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Solubility and Dissolution
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Solubility
pH and bile salt concentrations

Changes in ionization result in changes in solubility human: rat: dog:
in different regions of the intestine

fasted ) Compartment Data Compartment Data | Compartment Data
Bile Salt Bile Salt Bile Salt
10.0+ 2000 Compartment pH (mM) Compartment pH {mM] Compartment pH (mM)
130 |00 maan 0.0 mann 0.0
iy a4 " 1ennd Duodenum E.00 2.800 Duodenum 589 20.00 Duodenum E.20 5,000
= ’ =
E:. E:- Jejunum 1 B.20 2.330 Jejunum 1 B13 17.29 Jejunum 1 E.20 4.050
‘;: E.01 “;: 1200+ Jejunum 2 G.40 2.030 Jejunum 2 G613 £.330 Jejunum 2 B.20 1.820
% % lleum 1 .60 1.410 leum 1 5493 2.820 Heum 1 E.40 0E10
ﬁ 40+ § 80.0¢ lleum 2 £30  [1.160 lleum 2 533 [1.300 lleum 2 EED  [0.440
lleum 3 740 0140 lleum 3 5493 1.240 lleum 3 E.53 0310
4 40.04
20 Caecum B.40 Q.0 Caecum 6.58 0.0 Caecum 6.75 0.0
0.0 ; : | | | | | 0.0 ! ! ! ! ! | ! Asc Colon B.80 0.0 Asc Colon G.23 0.0 Azc Colon E.45 0.0
00 20 40 B0 20 100171201740 0o 20 40 B0 2010017201740 f d
pH pH e Compartment Data i Compartment Data Compartment Data [
Compartment | pH Bile Salt Compartment | pH Bile Salt Compartment | pH Bile Salt
[mM] [mM] [mM]
Changes in bile salt concentrations in different regions Stomach KNI 320 |00 Stomach  EIINII
Of the |nte5t|ne may reSUIt in Changes in SOIUblIlty Duodenum B.40 14.44 Duodenum 5.00 20.00 fuudenu;n E;E 12;3
H H HER Jejunum 1 5.40 12.02 Jejunum 1 R0 17.29 ejunum . )
especially for more lipophilic compounds
( p y p p p ) Jejunum 2 B.00 10.46 Jejunum 2 510 6.980 Jejunum 2 B.20 9,600
lleum 1 .50 7280 lleum 1 5.94 2820 lleum 1 G40 1.900
S I S I 1 H 20 SR C lleum 2 B.90 5.990 lleum 2 5.94 1.300 lleum 2 E.E0 1.340
O bi|e’ pH - 0 aq, pH ( —I_ X X b||e) lleum 3 740 0.73an lleum 3 5.94 1.240 lleum 3 705 0.950
pH 0 Caecum G.40 0.0 Caecum 590 0.0 Caecum 7.a0 0.0
) . 2 Azc Colon .20 0.0 Aszc Colon 5.51 0.0 Azc Colon E.45 0.0
Mithani, Pharm Res 1996, 13:163-167
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Dissolution

Dissolution rate coefficient (not a constant because it changes at every time step) in intestinal
lumen compartment number i for particle size bin j:

dM, _ D, (1+2:~:)(C Y )
dt ,OrtT S S | " \— cli)

\ 4

D = diffusion coefficient

Cs = solubility at local pH

C = lumen concentration in compartment i

p = particle density (density of API crystals)

r, = spherical particle radius for particle size bin j

T = diffusion layer thickness (= particle radius up to a limit)

s = shape factor (Length/diameter*) — for spherical particles = 1

*in the original Johnson equation, s’=Length/radius and the term is 2(1+ S')
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Predicting In vivo dissolution: Particle Size
Distribution

dM D (1 5 ) Prediction of in vivo performance for 3 cilostazol formulations with different
D __~w 25 (Cs -G, )Mut API particle size distributions administered in dog
dt T s —
Lu, Pharm Res 1993, 10:1308-1314 i gjg o 1
In vivo dissolution rate and extent %o s o 2222
is calculated from particle size " oo e - oo
distribution for each formulation gL ESLILEIEECERT L SR I N S oull-; 1S T NN N =
and in vivo drug solubility (in vivo Radius (um) Radius (um) Radius (um)
drug So|ubi|ity IS Changing to NanoCrystals - Fasted oo Jet-Milled - Fasted 0 Hammer-Milled - Fasted o0
account for changes in pH and e T e =° 90 = 90
bile salt concentration as the drug &° o _| | 8 e || § o
is moving through the intestine). 5 WY ~E 5 w £
E L40 § E . L40 § E ] L40 §
The model is applicable when API gj o - gj — e i} gj [ i}
properties (solubility, particle size) | S S i © of%/\\ I Y e R
drlve the dISSOIUtlon rate ’ 5Simuli:(t)ion Ti:rfe (h) “ ’ 5Simuli:::i(:m Ti::e (h) ? ’ 5Simuli::ion Ti:rfe (h) “
Observed data from Jinno, J Contr Rel 2006, 111: 56-64 Simulation results from GastroPlus v9.0
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Predicting in vivo dissolution: z-factor

dM

_ Z(C C )I\/I Prediction of in vivo performance for 3 cilostazol formulations with different
dt S I/t API particle size distributions administered in dog
Takano, Pharm Res 2006, 23:1144-1156 T8 ety 12 e —— v T e e racics o recrsm |
D, - e
Z represents o7 and is E 7o) E 0] & g =] omm®
determined by fitting to in vitro Z 209 2wl £ 2. _m "
dissolution data. 5 - 20 F e
In vivo dissolution rate and extent is 0 oz A _ws o 1 T o2 a o we os 1 °5 o2 DD
calculated from z-factor fitted to in
vitro dissolution prof”e for each NanoCrystals-Fasted z-factor 10 Jet-Milled - Fasted 10 Hammer-Milled-Fasted z-factor 10
formulation and in vivo drug solubility 7] L0 ~°1 L0 -9 -
(in vivo drug solubility is changing to &° e &° N &° N
account for changes in pH and bile £ o0 £ N o0 £ Fh o0 £
salt concentration as the drug is £ o g o g o £
moving through the intestine) %: B gjf/ — T %: [ i
o ! o 0 ! o 2t !

The model is applicable when API e T e . ol %ﬁ“ﬂfﬂ — o ofV% —— o
properties or formulation (|e Simulation Time (h) Simulation Time (h) Simulation Time (h)
excipients) drive the dissolution rate. ©Observed data from Jinno, J Contr Rel 2006, 111: 56-64 Simulation results from GastroPlus v9.0
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Predicting in vivo dissolution: Equivalent Particle
Size

Theoretical particle size 1

distribution was fitted to in vitro L. AN —

dissolution data and . A

subsequently used as an in put REEEEEEEEEEEE.

in in vivo simulation R e o o |

; === —INE === =

The model is applicable when ‘ - E /\A/ e
formulation (i.e. excipients) drive i N\ et W e e -

the dissolution rate. ’ e

Figure 4. Fitting of dissolution profile for batch 12A015 (A) and ELAB (B) in the QC dissolution method with a theoretical particle size
distribution. Note: the value presented at the 2 h time point for batch ELAB is from an infinity spin (15 min, 250 rpm).

The in vitro dissolution profiles showed oo 2 )
. . . -0 18
multi-phasic behavior for these A .
formulation and could not be e o e A .
successfully fitted with single z-factor. g L El
P epr n . . . . . 2 ’ ~ :
Fitting artificial particle size distribution * 58, 2 :
. K = = MPAC simulated -
allowed for more accurate translation of s — B smulced . WY
in vitro dissolution to in vivo ’ 2 M
0 < 12A015 measured o 0 o . i , s ,
Pepin et al. Mol Pharmaceutics 2016, 13:3256-3269 ST e " rme )
Figure 7. Simulated PK profile vs measured plasma concentrations for
Figure 8. Z-factor fit for batches 124015 (Z =1 x 1077 mL/mg/s), 5112 following administration of 400 mg 12A015 tablet wsing Option
ELAB (Z = 374 x 107" mL/mg/s), and MPAC (Z = 5e-4 mL/mg/s). A
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Precipitation
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Enabled Formulation Strategies: BCS Il

« Supersaturating Drug Delivery Systems
 Salts
« Cocrystals
 Solutions

* Lipidic formulations

« Cyclodextrin complexes

« Self (Micro) Emulsifying Drug Delivery Systems (S(M)EDDS)
« Nanosuspensions (Stabilized)

 Solid Dispersions (amorphous)
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Supersaturating Drug Delivery Systems

Drug concentration

<€ Weibull Function

Schematic diagram of “Spring and Parachute”

1 - crystalline powder
2 - spring

N
Ha&f&b;
. 3 - spring with parachute

20 e

Multiple 1%t order or
Mechanistic Nucleation and Growth Model

for release profile

Time

Brouwers J, J. Pharm. Sci. 98(8):2549 (2009)
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Mechanistic Nucleation Theory

Drono Diffusion coefficient of the monomer (XXE-4 cm?/min) .
Pre-exponential Term:
Na Avogadro’s number (6.02E+23 molecs/mole)
C Conc. of free monomer (moles/cm”3) 2
%
S Solubility at the current pH D N C2 kBT In E R
Ky Boltzman’s constant (1.38E-21 cJoules/Deg. K) mono ™~ Av SIR*"+ A
(Note: Joule = Newton-meter)
T 310° K
Y Interfacial tension (Newtons/cm)
\Y Molecular volume .
m N _ Exponential Term:
R* Critical radius (cm) 3
A Effective radius from Lindfors (cm) Ex0C 167 4 Vé
ExpCorr  Exponential correction factor — ExpLorr 3 kT 2
B C
n -
S
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Solution (100 mg Fasted)

- || n -
BlphaSIC Dissolution Model DDDPlus PPT G+ Fit PPT
100 550 100 "
500 — F550 —
. S I 01 < el k500 2
8 Biphasic Dissoluton (%] Aqueous g 0 = " -§| _® o "§=
».‘ CO E 60 :::g ; E 60 gg:?
[v Turn on Biphasic Dissolution?: CA ) R g o & i v 250 £
\ 'IIIIIIIIIII‘ EJD .1505 E:m jg:s
Organic Yolume (mL): . o [0 S o 5 O
I CA organ lc ’ 2(.Simulz:.:licm ﬁ::e (h) " ’ zosimuligon ﬁrsr‘:e (h) .

Organic Density (g/mL): [ 0.830 CapSU|e (200 mg Fasted) SOIUtion (200 mg FaStEd)
Aqueous Diffusion Layer (um): | 30.00 DDDPlus PPT DDDPlus PPT | G+ Fit PPT

60

i i I 0 — 200
Organic Diffusion Layer (um): | 30.00 55 . - 160 e ) - 160
50. 140 'E 50 140 E
. 2 ~ =% L R | 120 @
Interfacial Area [cm™2): | 78.54 E;: : 002 | Eae Aﬂ 100 &
@ 30 @ 304/ L— 3
o 254} © 251
= 20| = 50l

Cancel Close s

10

16
10

Concentratiol
s
o
f
(]
XX
Concentratio

0 20 ) 60 ) 20 ) 60 ) 0 5 10 15 20 0 5 10 15 20

It ra co n a zo I e bi p h a sic Simulation Time (h) Simulation Time (h) Simulation Time (h) Simulation Time (h)

dissolution Capsule (200 mg fed) Solution (200 mg fed)
90 Precipitate 5.5e-1 -
e 5.0e-1 DDDPlus PPT G+ Fit PPT DDDPIlus PPT G+ Fit PPT
'EE' 70 Parameter Value 4561 10 ’ - e . - 200 — -
= 4.0e1 = 160 2 2
TE 60 Exp Correction 0.1707 3.5e-1 = 5 ™ ::: ‘?: E
5 0 Lindfors Param. 0.1984 3.0e-1 5 E w 120 § 5
£ a0 2561 & 2 0 F g
o . & = 80 E E
. § 30 —_— wul 2.0e-1 i: § §
MU”I” J. AAPS a- 20 ._;i" Organic 1.5e-1 ! E i = 20 O o ' '
2018 P t 1.0e-1 0 2os_ Im Tao ") 80 0 ms I.m rsn ®) 80 0 5 10 15 20 0 ﬁs_ Im_ T15 " 20
OS er 102 . imulation Time imulation Time Simulation Time (h) imulation Time
’ | Aqueous 5.0e-2
W11230-05-037 o-o 10 20 30 a0 s so —— Amount Dissolved .
Time (min) —— Cp Venous Return Predicted

O Cp Venous Return Observed
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Nimodipine
* Physicochemical Properties 1.u--/

« S+logP =4.11 Exper.logP =4.18
(Biobyte Starlist)

 Ag. Sol (ug/mL)=3.9@pH=7.0
(Yunzhe, Int. J. Pharmaceut., 2008)

« FaSSIF (ug/mL)=12 @ pH=6.5
(Fu, Colloids Surf. B, 2013) 41

o S+Peff (Cm/S X 104) =1.77 20—

| | | | | |
0o 20 40 60 20 100120140

(AP 7.2) .

« Caco-2 Papp (cm/s x 10°) = 6.04 S+Predicted Sites of Metab. (CYP3A4)

(Agilent, Pub #5989-7668EN, 2007) S+3A4_K,, =19 mM (AP 7-(_))
— Converts to human jejunal Peff = 3.12 x 104 S+3A4_V 5 = 65.4 nmol/min/nmol Enz

02+
Base pKa =0.83

06+ AP 7.2

log Solubility {mgfmL)

.44

cm/s

AP 7.2 = ADMET Predictor 7.2, Simulations Plus, Inc.
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N i m O d i p i n e SO I i d Di S p erS i O n Amounts: red solid-dissolved, red dashed-precipitated, cyan-absorbed,

1%t order precipitation

Human PO Tablet 30 mg_Blardi

]

ppt Time =20000s

e ——
m}

100
90
80
70
60
+50
F40
F30
20
10

2 4 6 8 10 12
Simulation Time (h)

L) O

Mechanistic nucleation

Human PO Tablet 30 mg_Blardi

-

]

Lambda (um) = 0.18
Exp. Corr. =0.18

100
90
80
70
60
50
40
30
20
10

2 4 6 8 10 12
Simulation Time (h)

L) O

Percent (%)

Percent (%)

blue-enteric portal vein, green-entering systemic circulation;
Dark blue line and points — plasma concentration

Human PO Tablet 60 mg_Blardi Human PO Tablet 90 mg_Blardi

-~ 132' - 100 _ 1200 o ;20
r _l =
. 90
£ w0 ppt Time =5000s (g £ 100 ppt Time = 2500s [*°
£ 70 70 ;\E £ 80 70 ;@
c 601 60 o c vy
=) 60 b= o E
£ 50 50 © S 60 <
5 404 Lo £ = o
o e ©
® 301 £30 O & 40 o
% 201 [ B —— F20 % 201
S 10 = £10 o
O'I: l\ L] L] L L) L) 0 O-I
0 2 4 6 8 0 12
Simulation Time (h) Simulation Time (h)
Human PO Tablet 60 mg_Blardi Human PO Tablet 90 mg_Blardi
~ 1;2 - L100 _120{ o ;go
- _l =
E g0 Lambda (um) = 0.18 :g E 100 [0 T g
m 3 —— m ——
“E' ;g Exp. Corr. =0.18 7o R £ gl Lambda (um) = 0.18 ;g <
] F60 4 & O i -
S 50 ., & S 0 Exp. Corr. = 0.18 50 &
o T ®
= 401 |5 L40 = = FT
- ) = [
§ 304 L3 O- E 401 30 O
£ 20+ —— -20 S 2090 =8 — 20
Q 101 % o 10 O o —~ ko
O'FI L L) L] L L) L) 0 0- L L) L) 0
0 2 4 6 8 0 12 8 10 12
Simulation Time (h) Simulation Time (h)
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Absorption
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Absorption Processes

| T Efflux

(v é
/ I
Influx Transporter

Transporter °

N

. Blood
Passive

Paracellular .
Diffusion Tight

Transport Junction
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Effective Permeability (Peff): Measurements in Human

Cross-section

 Measure
disappearance of drug
from donor side

 Factors affecting
permeability:
« individual subject
variations

 adsorption to the tubes

Peff = Q(Cin - Cout) /(2 = r L Cin)
r=1.75cm, L=10 cm
Peff = 0.0091*Q(Cin - Cout) /Cin
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In vitro Permeability (Papp) Experiments

« Measure appearance of drug on receiver side
PAMPA Papp values for selected drugs collected from literature

* Many factors affect in vitro permeability (Papp): Al data are for Lecithin solution in dodecane and pH=7.4
* pH on each side of the membrane Blue — Zhu Ch. EurJMedChem 2002, 37:399; Red — Ruell J.A. pION: -
* solvents (e.g., DMSO) Kerns E.H. JPharmSci 2004, 93:1440; Green — Avdeef A. EurJPharmSci 2001,
« amount of protein on receiver side 14:271,; —Du C. pION

« concentration in donor side
» shaking rate
» nonspecific binding to plasticware

1.00E-04

1.00E-05

1.00E-06 -
Apical side

1.00E-07 A

1.00E-08 -

Lecithin PAMPA Permeability (cm/s)

antipyrine
|
1

1.00E-09 - T T

caffeine
erythromycin
furosemide
ranitidine

Semi-permeable
membrane

Li, A.P., DDT, 6(7):339-348

\9 ‘
g &
59
no
acebutolol
acetaminophen

Basolateral side
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Mechanistic Simulations of in vitro Permeability (Papp)
Experiments May Help with in vitro/in vivo Translation

Evaporation

L 4 * Unlock important information related to
Apical  Loss \ R\ absorption
Solution ~ -ciiE: DU » Diffusion _ _
apiedowe AT T A - Number of different processes affecting
Y\ /e T,anspo,tersﬂ :: Membm\f/_ apparent in vitro permeability can be included
Memprane e N in the simulation:
\ : paracelutar « Passive transcellular diffusion
N J| Diffusion - Passive paracellular diffusion
14 : l » Carrier mediated influx and/or efflux
1 . :
Basol ¥1 Membrane | * Metabolism in the cells
embrane Transporters ntrv/Exi . . .
_ J Q b P 4] Enerv/ext /‘¥ - Binding to albumin
Filter Support : H A _ . .
BasolateralUWL Y - « Accumulation in cell membranes or intracellular
Loss = Dittusion ¥ Filier N compartments
Basol_ateral e DU u permeability
Solution  onspeciic oss) ¥ « Experimental conditions (e.g., shaking rate, pH)

MembranePlus™

In vitro permeability simulation software
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MembranePlus™ Simulation for Methylphenidate

.& MembranePlus(Th): C:\Users\Eva\DocumentsiTrainingsiGermany 2015\Methylphenidate-MembranePlus\Meth... I =1 (=]

File Edit Database Simulation Setup Tools Modules Help MPH Caco-z
Compound T Experimental Setup T Simulation T Graph MPH Caco-2-Conc Apical Total
Selected Compound ver, 100016 MPH Caco-2-Conc Baszolateral Total

4 |MF'H Caco-2 > > : Support Files
| Current Record: 2; Total Records: 2
4
10 -
Lysosomal
Initial Concentrations — 103_
Donor Conc. [uM]: 50 Total [ngl- |1 1656 %
Receiver Conc. [pM]: |0 Total [pag]: |0 — .
S 10% Membrane bilayer
Passive Transport Model .E .
Molecular weight [g/mol]: 233.31 Structure Bazed Model For Membrane Entip/E xit Hates ": 1
Solubility (mg/mL @ pH = 10.6): Stucture Linear @ E 10 - Apic al donor
pH for Reference 5olubility 106 Properties Coefficients E . -
Vi [cm{zg]:
logP [neutral):  [2.02 @ pH: Intercept [ fem/sk | O o
Diff. Coeff. [cm™2/sec x 10°5]: |7 LogP |2.02 c1 |0 Yo [em/s): (30736 3 o
e | M_RNG |0. cz2 |0 Vi+ factor: |1 B lat | .
pra fable _ . asolateral recelver
HBDH |0 =HED|D. c3 [o Vo+ factor: [18.333 10
Enzyme Table | HBAG ’Di ca o ¥i- factor: |17 0 - - - ‘i ; ; - >
TrﬂnSPDI’tEf Table | Vo- factor: 1. Simulﬂtion Time {h}

S+pKa = 8.56 (Base) (AP 7.2)
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Nonlinear Processes
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Metabolic Clearance

Step 1. In vitro incubation of drug with
microsomes/hepatocytes/liver slices to obtain enzyme kinetic
constants V., and K., and the in vitro intrinsic clearance

l

Step 2. Scale in vitro enzyme kinetic constants to in vivo

conditions based on species-specific physiological scale factors.

CL; in vitro

2

l

Step 3. Based on a tissue blood flow model (e.g. Venous
equilibrium model), determine in vivo hepatic clearance. Rate of
drug elimination = CL,, x Concentration

Houston and Carlile, Drug Metab. Rev. 29(4):891 (1997)
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Midazolam Clearance IVIVE

Experimental GastroPlus Compartmental Simulated
Dose Cmax AUC Cmax AUC Fa% FDP% Fb%
7.5 0.028 69 0.021 65 99 45 24
15 0.056 154 0.052 158 99 55 29
30 0.13 453 0.120 369 99 64 34
160
—Pred 7.5 mg
140 — Pred 15 mg
. . —Pred 30 mg
GastroPlus simulations of - + Obs75mg
nonlinear dose dependence v
= Obs 30 mg

for midazolam using in vitro
K, and V. andiv PK.

(Agoram et al., 2001)

Concentration (ng/mL)
N B D ® o N
L= = = = =/ =
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Transporter IVIVE — System Specific Scaling Factors

A FPravastatin®. 4mg 2min iv infusian B Cerivastatin 0. 1mg 1miniv infusion C Besentan 10mg Smin iv nfusion D Fluvastatin 1.9mg 20min iv infusion E Rosuvastatin Bmg dhr iv infusion F ‘Valsartan 20mg iv balus
i | [+ | 10 17 1 18 7
£ 1) : i E oalg——— [ & o A
§ . HE'-‘ _':'||:l L §’ ! %- T — E’ o I|'I.:I‘:-| 2 | i A £ 1{%® TT—
1 G = ——— = = i 4 = - TTm—
'é , | .:"a-._‘_ é T!I“ oa Lh"u % o1 4 B g "_f’-: : E = L. . =
= '”'i n — B opem| e “oen E e S £ a0 1 LA ) AR g
§ ! . 5 o 0o g B0l - § — " . E
| " . { a ] L 0
Dol 1 000 oo T 00001 00001 ! o
1] 2 3 4 ] 1 2 4 -] T 1] ] 12 ia 4 1] 1 z 4 ] & = 1z 16 20 24 ] ] | ] 12 L[ 20 24
Timss [hoairs| Tirm { heDtars: Time (Rours| Tieng {hours i Time (hours§ Tirne (hourss
In vitro scaled and fiited sandwich calture human hepatocyle estimales
Co nd Sc'-lﬂ:l.u.zﬂ. Ec'-lrﬂ. 1L, s sc'--lnLu ble
In Vitro-Scaled In ¥ivo-Fitted Scaling Factor In Vitro-Scaled In ¥ivo-Fitted Scaling Factor In Vitro-Scaled In ¥ive-Fitted Scaling Factor
wr . . -
Pravastatin 19 406 21 L1 42 39 12 15 0.12 Solid lines — predicted from
Cerivastatin 102 12,827 126 265 153 0.58 182" 55 In Vitro data;
Bosentan a6 B4E9 39 51 39 1.2 165" 21 . . .
Fluvastain 475 76,513 161 208 147 0.71 4857 86° Dotted lines —fitted to in
Rosuvastatin 98 1 1940 12 18 1.7 010 16 1.2 0.079 Vvivo data
Walsartan 22 2463 110 6.4 23 3.7 1017 25 0.024
ana oling 310 L1041 A4 Vet 1477 L& 0 0
I Geometric mean 58 1.0 0061

Jones et al.,, DMD 2012

Concentration (ugiml}

A Pravastatin @ 4mg Zmin iv infusion B

il | &i
1 _E
T
aid | g S
= -
ool g a E"-u.-.
a 00
.08 S
— 0
008 + 0.0

CerivastatinD. Tmg Tmin iv infusion

Conceniration jugimly

C

2 Repesents the sum of SCLyy y e 8@0d SCLigy o me because for these three compounds both CL. mechani=ms are occwrring and they cannot be uniquely identified in the fitting process.

Bosantan 10mg Smin b infusion D Fluvastatin 1. Smg 20min iv infusion E Rosuvastatin Bmg 4hr iv infusion
1 1
4 H 0.1 E o
E F P, 5 ,.—._-—.rk_
ibﬂ: E om - é w0t Gg g
-\._.ln o E o -\.:_; - B anod a B, - _
™, 4 pom L 2 © e o
\ £ g 8.0001
L] .
X 000001
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Valsartan 20mg b Balus

o
,
o

Concentration (ugim |
=]
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I
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Transporter IVIVE — Compound Specific Scaling Factors

Rat Human
g, prediction from in vitro
g S
8 o 3
3 8
%D.Eﬂ E
Use animal data to fit the ¢ ® 6 @ w I
. . . Time (min) Time (h)
empirical scaling factor

- prediction with additional scaling factor

g ' L
g E
= [
c 3 0.1
§ 0.1 &
5 :
© = 0014
E 001 L'-g
E . I 5 10 15 20 25
0 20 40 60 BO 100 120 } Time (h)
Time (min)
Apply the scaling factor from
Poirier et al., J Pharmacokinet Pharmacodyn 2009 precllnlcal data to predlCt human PK
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Transporter IVIVE — Scaling of Passive Diffusion Across Tissues

Hepatocytes transport data® Wistar rats (n = 3) Cryopreserved human
Mean + SD hepatocytes lot 77
.. . . Mean + SD
(Poirier — J Pharmacokinet Pharmacodyn 2009, 36:585)
Uptake from plasma (in vitro data)
Kml,u
(uM) 284 + 3.7 444 £+ 14.6
(mg/l eq. pe/ml) 124 £ 16 193 + 6.4
Vimaxt (pmol/mg/min) 1318 £ 176 304 + 85
Instead of empirical scaling factors | /Jmw (mers) 0.0126 £ 0.0017 67

Include PStc scaling across tissues | “:‘I;“]“/fm“)

Jo (%)
Excretion from liver to bil

20266 = 0.0092
0.394 £ 0.171

417 £ 0.226

Kuew (Lg/g eq. mg 124 19.3
|V 0.25 mg rat Jma_xE (mg/s 00126 n41
1/s) 0 IV 20mg adult Flesch
g 10"
“g 3 10"
< 10°; %
2 2
g Apply the same approach S 10
S 1o for human prediction |-
2 ;
O o 107
g O
1024 . o
0 1 2
Simulation Time (h) 1024 y ’ y r
0 5 10 15 20
Lukacova — 17t North American ISSX meeting 2011, Atlanta, GA Simulation Time (h)
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IVIVE for efflux of digoxin — determining intracellular unbound Km

The intracellular unbound P-gp K, for digoxin was found to be 95.3 mM by fitting B->A Papp with MembranePlus across experiments run at

eight different concentrations and validated in a separate experiment using kinetic data at five concentrations

Evaporation
AA A A A A g

4
Apical :-?SS . d\ D ‘
. plastic binding, W eee o
_S_o_lilf:on nonspecifcloss) : ——!"—]l B u Diffusion i 3.5
Apical UWL 14 |1 4 3
L]
\ ﬁical Transporters VT Membrane */ @
Membrane 4 Entry/Exit I g 25
Cytosol I ( -qa 5 N
Il| Paracellular <
I Diffusion § 15
Metabolism I o
1
14 l
[ | 1, I
Basol ¥1 Membrane I 05
Membrane Transporters 41 Entry/Exit /‘\ L
1 0
Filter Support ! : ¥ A 0.1
Basolateral UWL _;
o . . oo - W Filter
Basolateral Loss Diffusion -
Solution (plastic binding, DU - permeability
nonspecific loss) ’
S5uMAtoB 10uMAtoB 50uMAtoB
— 10 — 10 = 10%
= : = . = . T o 1) =]
2 104 2 10 n 2 10
c c = c
ofT O = = 0 0
L 104 L 104 L 104
= - z .
£ 107 £ 107 5 107
5 £ g 0
S 104 o o 104 3 10" G a
g 3 EI] 5 3je 5 3
o 1074 o 10 O 1074
107 ; 10 10"
0 2 0 2

1
Simulation Time (h)
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IVIVE for efflux of digoxin — predicting in vivo absorption

Hum IV Bolus 1.6 mg Ochs 1978 Hum PO Tab 0.25 mg PS 6.5 um Hum PO Tab 0.25 mg PR 51 um
v Cp-Venous Return-Hum V Bolus 1.5 mg Ochs 1978 v Cp-Venous Return-Hum PO Tab 0.25 mg PS 6.5 um W Cp-Venous Return-Hum PO Tab 0.25 mg PR 51 um
W O  Cp-Venous Return-Hum I Bolus 1.5 mg Ochs 1978 Obs W O  Cp-Venous Return-Hum PO Tab 0.25 mg PS 6.5 um Obs. W O  Cp-Venous Return-Hum PO Tab 0.25 mg PR 51 um Obs
[ =ommmem Urine-Hum IV Bolus 1.5 mg Ochs 1378 ¥ —— T Cp-Venous Return-Hum PO Tab 0.25 mg PS &5 um Err W ——T—— Cp-Venous Return-Hum PO Tab 0.2 mg PR 51 um Err
I [m] v v
= 100 F100 F100
, 95 F95 F95
Record:  Hum PO Tab 0.25 mg PR 51
10 4 F90 o F90 Toral simatien time (i C 1m0 ] F90
85 o M85 0 Result observ  simul 85
Fa (3): 0 40.96
80 1074 k80 1074 ES?;J(%): 0 40.96 80
= F75 - F75 ) _ch:; '(Eg,:-nLj: 2;35 g;é?; k75
E 0 k70 £ k70 £ AUC 0-inf (ng-h/mL): B.257 83.53 F70
= 10 o - a — AUC 0O-t (ng-h/mL): 3,495 52.76
E’ F65 —_ E) F65 —_ g) cMax Liver (ng/mi): 0. 610 F65
£ t60 =2 £ o 60 32 = =
g k55 o £ 55 = 5 :E
= 50 5 = 50 5 = S
E 10'1- k45 O E bas © i Q
-
€ ka0 E € Lao E c E
[
8 Record: Hum IV Bolus 1.5 mg Ochs 1978 k35 8 Record: Hum PO Tab 0.25 mg PS5 6.5 um| 35 Q
c O |Total simulation time (hj: 190 30 c Total simulation time (h): 178 c
8 Result observ  Simul \ 26 8 Result Observ  simul F30 8
F. ESH o 92.67 I F %) o 78.09
-2 FSpccsjsj: 0 32.67 ngccgsj: 0 78.08 F25
10 F : 0 92.98 20 F : 0 74.71
gmax” {ng/mL): 28.4  16.95 15 gmax” {ng/mL): 1,26 1.214 F20
i el (ng-h/mL): D215 113.0 3 iases (ng-h/mL): e 1ea 5
i AUC 0-T (ng-h/mL): 95.06 112.6 F10 AUC 0-T (ng-h/mL): B.435  100.5 L10
cMax Liver (ng/mL): 15.60 5 CcMax Liver (ng/mL): 1.807
3 5
107 . v v -0 10" f——r——r———r——r—————+0
0 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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Virtual Trials
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w -
o E
s 9 " S 7
% s £
£ £ 6
» While the exposure for buspirone increased E N 2 5.
significantly (left) in decompensated liver m : o ol
. . . =) 1
cirrhosis, only minor changes were = 3
. e . . . ) 41 £ 3.
predicted for the 1-pyrimidinylpiperazine > . S
metabolite (right). S, &
14
. . . 14
« Both sets of simulations are in reasonable N o
agreement with observed data (blue points). 1.2 3 4 '5r 6 (h?) 8 9 10 11 12
ime

Use Calibrated PBPK Model to:
Predict Drug Behavior in Different Populations: Disease State

Pharmacokinetics of buspirone and its
metabolite was predicted in patients by
accounting for known physiological changes
between healthy subjects and patients with
liver cirrhosis:

—
[=]
:

Population Simulation: Parent

w
.

o
A

Population Simulation: 1-PP

« Simulations in both groups of subjects are
for 10mg tablet

green — simulation result in patients with cirrhosis;
pink — simulation result in healthy subjects

Baseline model described in Macwan J., Poster presentation ACoP 2014
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Use Calibrated PBPK Model to:
Predict Drug Behavior in Different Populations: Pediatric

Acetaminophen

y

10

2| |
E, 1 Adult (5mg/kg) |Adolescents (15 mg/kg) ~' Infants (12.5 mg/kg)
E Time (h)
=z (A} 8 (C)
o [
5 Table 1: Metabolite Ratio for Acetaminophen Pediatric Model
= J Development and Validation
= APAP-G/APAP-5 APAP-N/APAP-5
Ratio
h Observation?| Prediction | Observation?| Prediction
Neonates (20mg/kg) Adolescent 1.24 1.33 0.24 0.37
Infant 0497 1.08 017 024
(D)
Samant et al. — Poster Presentation (Poster # 111) - ASCPT 2015 Neonate 0.60 0.71 0.12 0.08
also Quantitative Systems Pharmacology pre-conference Poster # QP-16 ' _ ) ' '
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Use Calibrated PBPK Model to:
Compare Formulations by Accounting for Variability

Capture observed variability from
existing clinical PK studies

Incorporate measured variability for
physicochemical, formulation, physiology and
PK parameters into Population Simulator

= Mean Cp
1* Population Simulator o | B R -+ 90% Percentile
= B Observed Individual Data
Farameters Parameter Lower Limit Mean Value Upper Limit Cvx Distrifution - Q
b | Dose of Valsaitan [mg] 91 514 100 10927 3 Log-ibimal
==l Primary Pemeabilty of Yalsartan (c| 0.2048 0.9z 4.1328 £5 Log/fimal - ~.E_
Particle Shape Factor of Valsartan |0.7513 1 1.337 10 Log-iormal [=T:] . . . . .
481 || i D Patee Ao vas T 78318 i Wi T = Virtual Bioequ ivalence Stu dy Simulations
Precipitation Particle Radius of Val:| 0.7513 1 1.331 10 Log-lormal
Add Select Precipitation Time of Yalsartan (sec| 675,18 900 1197 3 10 Lag-flhrrnal g
Reference Solubility of Walzartan (r|0.0738 0.0582 0.1307 10 Log-iormal 2
Set Defaults Fraction Unbound in Enterocytes o|0.7513 1 1.33 10 Log-lormal -i'-é D AUCE, (ng.h/ml.) Cmax {ng/ml.)
Oral Tranzit Time of Yalsartan [h]  |0.1878 0.25 0.3328 10 Log-farmal ose _ .
Dral Cavlly ASF Valsartan 07513 7 1.331 10 Logfbmal =] API Lot PE/NPE (N=250) (N=250)
Population Duodenum ASF Yalsartan 21011 2.7965 3722 10 Log-Romal s (mg)
| Je!ununﬂ ASF Valzartan 20672 27514 3.BE21 10 Log-fomal o GM GMR (90% cl} GM GMR (90% cl}
Jejunum 2 A5F Valzartan 2.0506 27294 3.6328 10 Log-lormal =
lleum 1 ASF Y alsartan 20273 2 E5983 35914 10 Log-ibimal o
Load Previous Jleum 2 A5F Valsantan 1,388 2.6451 3522 10 Logfmal o Lot 5 PE 50 4180 113.3 551 1393
lleurn 3 ASF Walzartan 1.9416 25843 3.4396 10 Log-lormal = - "
Create New Caecum A5F Valsartan 0.0757 0.1067 01412 10 Log-formal E
Az Colon ASF Valzartan 01551 0.2064 0.2747 10 Lag-armnal Lot 1 NPE 50 3688 (1107" 116. 1) 395 (1360’ 1427}
OralMucosavolume [ml] 26296 35 4 6585 10 Log-iamal
S alivaProductionR ate [mL/min] 0.7513 1 1.33 10 Log-iormal -
Fraction of colon fluid wolurme in fas| 7.5131 10 1331 10 Log-lormal LOt 5 PE 100 8242 103 0 551 106 4
Fraction of 5l fluid volume in fasted | 30 053 40 5324 10 Log-ibimal T - :
Small Intesting Length [crm) 230.01 30614 407 47 10 Lag-armnal 100.9. 105.1 - 104.3 108.6
Caecum Length [cm] 99118 13193 17.558 10 Logfbimal Lot3 NPE 100 8001 ( ! ) 395 ( ! )
Calon Length [cm) 20772 27648 36.793 10 Log-ioimal
Stomach Yalume [mL] 34981 46,56 61.972 10 Log-lormal -
Srall Irtesting R adius [cm) 07513 1 1331 10 Log-frmal Lot 5 PE 300 24998 102.2 3118 100.0
Caecum Radiug [em) 2.5433 33851 4.5058 10 Log-iormal (99 8 104 6) (97 7 102 4 )
Calon Radius [m) 1.8086 24073 3.2041 10 Log-iormal ' i 3 . g
Stomach Transit Time () 01447 0.25 0432 20 Log Mamal Lot2 NPE 300 24460 ! 3117 !
Small Intesting Transit Time [h] 1.857 3.2088 5.5448 20 Log-formal i
ST T o e - ' l ' Lot 5 PE 100 8242 . 1068
98.2 95.1
Mumber of Dutput Data Points |30 OK Cancel (96 2. 100 2) {93 2,97 0}
Lot 4 NPE 100 8395 -4, . 1123 ey I
Lot 5 PE 300 24998 101.9 3118 98.3
Tistaert, C. AAPS Annual Meetlng 2015, Orlando, FL Lot 4 : 24525 99.8 104.1 3171 96.3 100.4
NPE 300 ' ,

API: active pharmaceutical ingredient; AUC_: area under the plasma concentration-time curve from time 0 to infinite time; CI: confidence interval; C__,: maximum
observed plasma concentration; GM: geometric mean; GMR: geometric mean ration; NPE: non-particle-engineered; PE: particle-engineered
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Use Calibrated PBPK Model to:
Establish Dissolution Specifications for a Formulation

us : usDemo.m :Us!rs Pu :n .. I.E Rl X
B8 D00PusTM: DDDPRsDememc (- 00 I B ] Population Simulation: CR Fast PBPK High Limit

File Database Simulation Setup Tools Medules Help

Formulation | Dissolution Method 1 Simulation I3 P —iean Co v W —Hean Cp i

. TEST(T): CR Fast FBFK High Limit-1zsubjects_vz
| Hydrocortizone Coarse Powder | PBPK mOdeI WIII be used to 421 Rer R c(rfc%22§e?%;Eg:f;j{tﬂ?éilggﬁéééig;&éw:b';\'"\;j
C:\Users\Pu ichSim. . \Gas..\com. . \web..\...
et e Dissoltion Parametors evaluate whether the variability in 5, resute  conx A e
: =l Medium Type: [T K TSNP - 36, L il e
vitro is likely to translate into P Geomeam_35:25 s
H 20% CI (MeanT-Meanr)

Significant diﬁerences in in Vivo : 32' 106.48-->122.66 84.5--=107.56 B86.639-->107.57

i 304 (GeomMeanT/GeomMeank ) *100
- 96.32

Medium Yolume [mL): 300

Medium pH: 7 f o8 114.8
Mo Viscosil}l [g.r"[cm’s]]: ,T pe r 0 rm an Ce N | 90% CI (GeomMeanT/GeomMeanR)

o>

97.3232

| ' 26 106.12--»124.17  85.05-->109.08  87.044-->108.83

)
o 244
Instrument 5peed [RPM]: 7R ] 22
g 4
Fluid Velocity (cm/s): Virtual Trial Fast_16{hg HPMC o
v v Mean Dissolution 8 164

2 E ¥ m Observed Mean WV T F2limits

Dissoluti v o © 14
v Probability 20 % v Probability 75 % E 124

- v Probability 50 % 2 Probability 25 % 72}
Medium C v Probability 10 % 5 104
[« ¥
110 64
100 e
50 24
0

0 5 10 16 20 25 30 35 40 45 650 55 60 65 70

Mechanistic in vitro

. . § 704 T h
simulation may be used to me 0
estimate expected variability :

In in vitro dissolution
Reference

T T T T T T
0 100 200 300 400 500
Time (min}
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Summary

« PBPK models allow incorporating different types of in vitro measurements into single
platform to account for all processes affecting drug’s absorption, distribution and
elimination.

« Confidence in predictions of in vivo behavior based on in vitro data still varies between
processes due to gaps in physiology characterizations, adequate in vitro assays, or lack
of validation examples.

« Mechanistic simulations of in vitro assays can be used to ‘deconvolute’ important
parameter values and aid in in vitro — in vivo extrapolation of different processes.

 PBPK models linked with information on population differences and physiological
variability allow for prediction of variability in population of subjects, prediction of drug
behavior between different groups of subjects, comparison of different formulations.
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Questions

Contact: viera@simulations-plus.com

Or visit: www.simulations-plus.com

SimulationsPlus

SCIENCE + SOFTWARE = SUCCESS
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