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Whole-body physiologically-based pharmacokinetic (PBPK)

modele Z} ZZF o729 FEL(Q), ZF A9 Hu(Vy, 18

k2 9] tissue-to-plasma concentration ratio(K,<] <Hwv]iEA
A wto g 22 gl PFo] FE FLE odFote o|EAAE U

o -, o] ol& AA= AR

zAoze] FF oF AL A oA & w

ol Ho

perfusion rate-limited case ®+= permeability-limited case % 3}

Us A3AoR A o3 A&sfoF st= ol AUk wbA
o] Aol EAHE 9 % limiting caseE 3 /o A Ao=
£3%3lo]  whole-body PBPK modelE E=%3= A o]t} Capillary
permeability model®} FA}3F B © 2 rate balance equationg T
Folo] dojxl A
= eEE s FEY S A, E=3 oo
= 2l 7¢ interface® &
At Rat® mouse® 9719 T2 A7](FF >, Al
A, v, FH &5, A 2 carcassol W fFraxd
APHow AFEstar, o] e WA oY °FE9 in vivo plasma
2 tissue =9 FolE dFstan AFX ¢ Hlusglth 53], &
AFo M= FEFEE AFolA model oFE= di AMEE L
+ antipyrineS model &2 A5t AFE3EH o™ PAMPACYI
X A3 permeability @ % Plasma / tissue? &9 free
fraction ASA& A &sto] 7F 2249 Faxd4 s ANT
UAATE T o] o]EE AHEsS W d¥Ee in  vitro
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AA AA
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1. Introduction
AEL 1 5 7M1 2
AL Bl (ADME) 53 @44 delrgES H7bA @

[e) =
EHE59 E¥3tst4 54 E(physicochemical properties)
AE

f

(physiological parameters)=S 3F%4 L d o
A 83}+= in silico whole body physiologically based pharmacokinetic
(WBPBPK) modeling= A1 oF70 Aol A Abghol A o] of&5 B 814
29ds GgstA ASTomA AT BAH Ao &S o)+
o 83 7|9E star oH1-2].

olgst ADME ESAE 5, 9% ¥ (distribution)®] 54 +X £%
(rate)2} AXE(extent)d F 71# =wHoz EAAoAt} Tissue to
plasma concentration ratio(Kp)2% 2+ &&zx & B X9 extentE 9
=3} %2 mechanistic in silico W ol AAEHO $a[3-7] °E

=
old Ho“ﬂéol T8 =& A= modelEA AFEEHEA O] #I AT
= X

(e

1m
o

21 wp QIuH8-9]. ey oFEo A REY HLRE4 A A
=, Y529 hydrophobicdt A&z FHFEEe A HHAZ O
perfusion rate-limited model®] 7}F4d% ™, w2 hydrophilicet 31+ A}

313 &9 7§ permeability rate-limited modelS % -83}7] 9& @
ko]l Ad 2 AR7 HastA ®©UH1,10-11]. o83 7FA S permeability
rate-limited model & WZ2% ®W2 4o $REHAES XAZE o]
gt A&t oSS AFeAE FerH12].

oA q, °of=o] dFoA FHORE olFst= WAdAME T o]
&% Ao W} perfusion rate-limited case %+ permeability-limited
case T StUHE APA R AF vt H&aoF st= dRel vk wet
A B Ao AL 9 % limiting caseE 3 Jfo] duE 2o E3t
3t whole-body PBPK modelE =%3}= Aolth. 2 & ¥ kinetics A
Wali= ofg] 7bx] Bdl F capillary permeability model®} AR W

© 2 mass balance equations TEF3Fo] AR AS FI, 7EY

b
H
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2. Materials and methods

2.1 Model structure

ZZ F3¥o #3 WBPBPK 924 perfusion rate¥ diffusion rate
=313k well stirred modelo] #|A1¥ B} 9l ©1[13,53], permeability 7}
S o599 A% vascular compartment WA instantaneous
equilibriume] dojdtiir ®7] off7] wjEo] E dATelM= F
physiological model?] capilary permeability models &3t chH( L&
1).

. X gx
= 0 ]

v fup'P'SinffR C.l_ fuT'P'SC-LIt

713 1 capillary permeability modelS W33t ZZE X mdl

9ot e a9 A fractional distance x°] ©3d mass balance

=3
equatione Al 3 2}

Q, Clx+dx)=Q, C(x)—P_-S-f_ -——-dx+P_-S-f_-C, -dx

A7ZIA fy, fure 22 SFES] 8%, 24 % unbound fractions, P+

okEo] NI FZ Aoloa] o]ge wje] FHEE, S R xF
Atele] WHAS QTE 2FoR9 ddo] Fg¥e 55, 183 R
2 9FE- 9] blood to plasma concentration ratios 2| w3k},

S
o1 EEELUAS ol g3l FeldW ved pe 4 AL 5 9

-1 ¢ Ogishl S9 g 2ol capillary ¥Oo.E WAL=

X
E FE Couts 7+ 4 AA Ak




S C E m s
Cx)=C_-e % +IT Z(1—e ¥% ) = -k,
P ozt T
P: -S-f:‘ P: S-f__‘
QT'R- CT. . QrR -
C,.=C,-e + (1— ) (Tx=1)
2

o dc | |
\l’T - - QT ) (Cm - Cl}ut)
dt

B, -5 P %f

Q'r'l::F T R Q-r-l:F
=Q; (C, —(C (1 ")

F
q Py S-F

C R C_'R
Vi =Qr (1= T ) (Cppttons — ——)
T dt T . erialblood KP J

719 capillary permeability modelS ™3l Kety-Renkin-Crone
equation[14-17]° fupe] &S 1HI AF7F A= v} JoH[18],
of MEWAALE o7]d RI¥S FUHHew aEd Aoltt. WBPBPK
modeling®l 7} o 29 o Fhi 99 2o Yz HEHoH,

2
Qe e el thed 2o nRRAe g
g

[e)
S
xO E’[‘] = ) dc.\_E
Vie * ZQT; ' Co — Qe Gy +oserate
14 dC.JlR
=3 Var - chm,m —QeCu

dt

SR ki
¥ | | E
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m "
A dC Tt Cu R
\I.LI.I —= = QCO ' (]‘ —e e ) ) (Crenuus blosd =
dt K

ke
rob

, mouse body® YW A compartment?! carcass® A7t wE F

Le ged 22 Aoe2HY A4stel PBPK modeling®ll % -8-A1 7 T

VCarcass : CCarcass(T) = Dose — CLtot : AUCg - z Vt,i : Ct,i(T)

2.2 Estimation of surface area between the systemic circulation
and tissues in rats and mice

Antipyrine<  pharmacokinetic studyol*] model &= dg] A3
SR olth[19-21] ¥ dAGFoA = 53] antipyrine®] tissue® 9
distribution kinetic®] water2] 173} H]Z=3F SjElS Hoo]31[22], A F7}
2] DDIYl = #olsrta &# %l 2 transportere] tsl] 7] ddo] B
oy w7 gl7] wlEel  antipyrine©] modelFE 2 AFEEATE 3
antipyrine< plasma free fraction, & fup=1 ¢ = &2 &2 A9

EAS A3 Q& & YAt

Animals

Adol= 4 39 47 ICR mouse, 7-8 T8 7 SD rat7} A&
Hlow, QEdEM (A7 %, deRla)olA FYsAT = AT
A B e ARS Aty sEAE ALY 78S =55
At FAH Y SD rat®= 50 mg/kg tiletamine HCl/zolazepam HCI (Zoletil
50%; Virbac Laboratories, France) and 10 mg/kg xylazine HCI
(Rompun®;Byer Korea, Korea)E & FALZ Tt nl3 st w3
FEHE g dEF s AEH 543 AHAY BF 52
ks Fo]  HA)o  heparinized saline(25 IU/mL)o= YR

polyethylene tube(PE 50; Clay Adams, Parsimony, N))Z& 4t %3}



Pharmacokinetic study of antipyrine in mice
st FoF AAw 20-25 g ICR mouse] 8 mg/mLel antipyrines
-3 normal saline & 98 5 mL/kg® ¥3 2, & 40 mg/kg® dose:

tail vein©. &= bolus ¥+

o, blood® stehgulFol A ABG (% 250 uL) FFD

ZAQY ¥, A%, A% A, W, 24, 25, A9e A& 95 Blood
sample 4°C, 13,200 rpmel A 10 3} centrifuged ¥ 43 &}
—-20Co] B#agrt 7+ 24 ny AZHE round bottom flaskel A I
e lar, A 7hA 20Tl ®aEE At

Sample preparation and analysis

Zh Aol W 1 g/mL=E 7ML, ZF 220 FAol 4ufjel 3 st
= DPBSE %o 3 homogenizer(Ultra Turrax model, T25, IKA
Works) 2 %2]& 7ttt dojd tissue homogenate?} &% 100 pl=
190 uLe] MeOH 3 10 pL9] IS solution(dimethylaminoantipyrine, 40 u
g/mL in MeOH)S 4<& F vortex & 4T, 13,200 rpmolA 10 #7+
centrifugeA| Z 2™, 1 4= HPLC-UV 7]7](Waters e2695, 2489)%
B2t} o] B34S water—acetonitrile(80:20, viv) 9] isocraticgt F 7 o]
1aL, flow ratei= 1 mL/min °Jlvh. 2 4359 50 pL= 94 HPLC
column(Kinetex XB-C18, 150X4.6 mm, 5 pm, phenomenex) 2.2 %

3L, 71 eluenti= 254 nmoll A A = St

Data analysis
Antipyrine®] plasma and tissue concentration versus time profileS
o]g3slo], 7} o go] FujA2l Kp valueE th23 22 A& ol &

& AlxkskATH38].

_ AU Cm f.lissue

3 A UCm r.plasma

3 O 11 &=
-"\.! '||'1_.]| L



Faol Exol Eu= 717} tissue, plasma profileZH-E 3 YA S
olm] gt} H3F antipyrine?] plasma free fractione 1Z(fup = 1), B/P
ratio= 0932=2 &8t vH21]. =3 PAMPAZFE 3% apparent
permeability Papp = 0.82 * 10°% ecm/s & 283} 0H30].

Antipyrine< hepatic elimination capacityS <73t d model drug
o2 AREE wE AL ulREo] liverd A tAE = EZolth20]. 17
U EAA 9l hepatic well stirred modelZ%-E 3+ in vivo intrinsic

clearance® A &AZ F Jo37], tAAe] FEREUAS AEdE

[}
o BEAYE Foly] s FARAA opEe adol dojups AL 1}
EhiE 4% 48yt
2 248 FE FRAe oA 7% P|EWgo] el antipyrine

9]  plasma and tissue concentration versus time profile®]
simultaneously fitted ¥ $It}. Data fitting®ll+= Winnonlin Professional
501%0] 21859 7+ &AW Z open loop modelS ©]43l4] initial

estimates T3F$12™ ©|& data fitting®] %83}

2.3 Estimation of trapped blood volume in tissue samples

Inulin® volume of distributione vascular space®} extracellular fluid
of stHHETh= 5SS VX EHE[23], A@AANA Enl wE9] blood”t
trapped HolAd=AE  FABerl A FAELAER AR
3H-labeled inulingd mouse®} ratel 0.1 mg/kg(for mice, 0.02 mg/mL
soln, 5 mL/kg; for rats, 0.1 mg/mL soln, 1 mL/kg)® F3}a1 30%
%o blood sampling=S &3 ¥ 1 25 tissue sampling= 33
=3

Tissue homogenate(=100 mg)E= 2 mL% <44A3]  soluene-350
(PerkinElmer Life and Analytical Sciences, Waltham, MA)°l| digestA|
71 (37T incubation), quenching= WA|sl7] €3] 200 uLe] hydrogen
peroxide(35%, Junsei Chemical Co., Ltd.)E ¥F3A]Zt}. Scintillation
cockail2+ Ultima Gold(10 mL; PerkinElmer Life and Analytical



Sciences, Waltham, MA)7} A}&%lom  o]i= liquid scintillation
counting program(Tri-Carb 3110TR Liquid Scintillation Analyzer,
PerkinElmer)< AF-&3to] 4] = itk

2.4 Integration plot analysis of theophylline for allometric
scaling in mice and rats

Integration plot analysis for brain upatke of theophylline
Theophylline rat(vF3 oA 7l )3} mousedl Al =5 10 mg/kg
2 iv. bolus Fo¥® F 54 AlZH(for rats, end time point tlast = 30,
60, 75, 90 s; for mice, t = 30, 60 s)o] A& wj7}=] 33| A HAA

EYe A9 71 2o R B HE59

Integration plot analysist® SA44 02 o] &%= a3 22 248 9
&t A vH24].
t
XBTain(t) . AUCD LV
— app vascular
CB lood (t) CB lood (t)

Sample preparation and analysis

ol v iR 2 7t 24 W 1 g/mLz 7Fgsta, ZF 279
A 2¥i(for rats), 4uj(for mice)ol] W F3= DPBSE Fo F
homogenizer(Ultra Turrax model, T25, IKA Works)® *7& Ztth,
A oJF tissue homogenate®} 4 100 pL= 400 pL ¢ MeOHI} 412
% vortex & 4T, 13,200 rpmoll A 10 7} centrifuger Ao, 71 A=
de  LC/MS/MS  7]7](Agilent 6460 Triple quadrupole mass
spectrometer with 1260/1290 LC system)® w213}t autosampler?]
25T 4T2 FAHJTY o542 5 mM ammonium acetate in
water-5 mM ammonium acetate in MeOH(20:80, v:v)9] isocraticgt =
Aol ar, flow rate= 0.3 mL/min ©|t. == AZFd 3 uL7F 94
HPLC column(Agilent Poroshell 120 SB-C18 2.7 pm, 3.0X100 mm)%.

2 FYE A Electrospray ionization< positive ion mode°l| 4 %13 =



A3, 7w Nebulizer® N2 488 30 psi & 1AL, I Gas flow
¢} gas temperature= ZtZ} 11 L/min, 300C%Z ## ¥ At} sheath gas
temperature:= 3507C, sheath flow ratex 11 L/min °©]%lt}. Capillary <F
nozzle®] voltage:= z+zb 4000 V, 1000 VE # -8 % 21t} Theophylline-&
MRM mode(m.w. 181.2->124)2 =74 = At}

Allometric scaling of the effective surface area
faxH A 3 interspecies allometry: E4#4 o7 z <
+ body volume(tissue volume)#2] v 22 #AA|A oz 2 oA

ATH39].

ok Mouseol Al 3 7+ 3718 F FEXAAL 99 Noﬂ e} g5}
o, rat] 7|8 FEEWRAE A

ol#13t BAIE studyst”’] Hal, permeability 7} #1-$- & hydrophilic g
42 Z 4% theophyllines ©]&3te] brain® =¢] distributional
clearance® 7ot APS  FdA. Rat?}  moused] R
theophylline2 10 mg/kg %5 LV. bolus Tl i, F & EFoA
ending time pointZ7}#] 33]¢] blood samplingS 1% 23] braine

sampling 3} 1 t}.



2.5 Physiological input parameters

Mice®} rat®] physiological parameterg< X 19 Ag 3t o, AFE

H  parameter #E2S Simcyp® simulator[40] Version 14 Release

1(Simcyp Limited, Sheffield, UK)ol A A}-&-% = parameters ©] t}.

Tissue volume(mL) Blood flow(mL/min)

Mouse(20 g) Rat(250 g) Mouse(20 g) Rat(250 g)

Liver 0.952 8.57 3.15 19.36
Brain 0.36 1.24 0.464 112
Kidney 0.272 219 19 116
Heart 0.096 1.05 0.799 3.2
Lung 0.12 1.24 14.01 80
Spleen 0.088 0.57 0.0995 0.88
Gut 2.048 6.19 1.74 8.08
Muscle 7.6 116.13 1.63 18.96
Adipose 1.504 16.66 0.981 472
Carcass 5.648 80.84 5.09 21.04
Venous blood 0.875 10.2
Arterial blood 0.437 511

3t 1. Physiological parameters used for whole body PBPK modelling

_10_



2.6 Compound specific parameters
Tissue profiles observedt theophyllineS A< &}al, rat modeld] % &

[e)
U 2 compoundE°l a4+ mechanisticdt in silico Kp oS

2l
S ArEEAT6,7]. 4 == A8 ® compound specific input
parameterS-S 3% 20 YERHAT
R a Papp
ats Type pKa1 pKaz logP fup (x 10 cm/s)"
monoprotic b ¢ ¢
Ketoprofen ¥ 445 3.12¢ 0.011 11 0.043
aci
) diprotic ]
Furosemide i 425 983 203° 01289 0.7 0.043
aci
. monoprotic g N .
Sumatriptan 9.54 0.93 0.83 1 0.013
base
_ monoprotic ¢ ¢
Midazolam 6.57 34% 0.028" 0.561 11
base
_ monoprotic . )
Ceftriaxone _ 7.57 -222* 02 1 0.03"
acid
Theophylline 0.18  0.98 0.043
¥ 2 Compound specific parameters for PBPK modeling
Mz Rr|EHe] dA &Ze 3k FxRFoe=w ALtdE pKa @Y

(chemicalize.org)

P[41] <[42] 9[43] ©[44] '[45] #[46]

"[34]

(471 T '[48] [49] *assumed '[50] ™[30]

_11_



3. Results

o] W wet AxtE zZF 22 FEEHAELS mouse ¢ rat 1T
3

1l 1
3 humanell A 2R 2 A= vh5 ¥ 3o Ay

Estimated surface area(cmz/gtissue)

Mouse Rat Human
Liver 1120000 538000 90600
Brain 165000 109000 10500
Kidney 1910000 953000 183000
Heart 514000 232000 34100
Lung 4350000 2000000 204000
Spleen 476000 255000 37400
Gut 395000 273000 47200
Muscle 94600 38100 6130
Adipose 4960 2230 230
Carcass 197000 81100 14100

3 3. Estimated surface area for application of capillary permeability
model in WBPBPK modelling
T3k mouse, ratoll Al ZFz} tissueol A 9] trapped volume #< TS

49 2t}
Trapped blood volume(ulL/g tissue+S.D.)

5

Mouse Rat
Liver 301+61.3 105+26.4
Brain 59.3+12.0 17.6+1.36
Kidney 240° 209+82.6
Heart 289+174 139+4.39
Lung 405+39.0 283+34.7
Spleen 151+29.2 43.0+£20.9
Gut 189+19.4 107+17.2
Muscle 148+8.22 38.7+8.15
Adipose 59.3£19.6 30.9+6.26

3 4. Trapped blood volume

_12_



theo 6709 9FEo] thdte] predictions A PFL, ZF FEo] o

3l prediction versus observed data: UhS-3F 7t}

Ketoprofen(plasma)
Ketoprofen
1000 -
— |ntegrated model
-~ Flow-limited
O model(Simcyp)
-E & Observed
fw)]
=
o
c
[=]
[ &)
1 L] L — 1 1
0 100 200 300 400
Time (min)
Furosemide(plasma)
Furosemide

— |ntegrated model

-~ Flow-limited
model(Simcyp)

& Observed

Conc.{pg/mL)

0.001

0 100 200 300 400
Time (min)

29 2. Simulation versus observed data for ketoprofen and

furosemide in rats
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Sumatriptan(plasma)

Sumatriptan
10000
— |ntegrated model
- - Flow-limited
TE. 1000 model(Simcyp)
= == |niegrated model (0.1P)
= ® Observed
[ 5]
S 1004
& L g
1|] L) L] 1 1
0 100 200 300 400
Time (min)
Midazolam(plasma)
Midazolam
100000+
— Integrated model
- - Flow-limited
'_E' 10000 model{Simcyp)
) # Observed
£ 1000
o
[
o
o 1004 .
10 : . e
0 100 200 300 400
Time (min)

29 3. Simulation versus observed data for sumatriptan and

midazolam in rats
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Ceftriaxone(plasma)

Ceftriaxone

10000+

Conc.(pg/mL)

0 100 200 300
Time (min)

400

Integrated model

* Flow-limited

model(Simcyp)
Observed

13 4. Simulation versus observed data for ceftriaxone in rats
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Theophylline

Plasma
100000+
-y ry
£ E
D [=1
£ 10000 £
] I
< c
2 o
o o
1000 : . . . .
100 200 300 400 500
Time (min)
Brain
10000
~ 1000 =
E E
=3 - =1
£ 100 £
o S
= c
Q o
[&] 10 Q
1 T T T T T 1
100 200 300 400 500
Time (min)
Heart
100000
~ 10000 =
E E
= =)
£ 1000 - £
g S
= c
Q o
o 100+ o
10 T T T T 1
0 100 200 300 400 500
Time (min)
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Liver
100000,
10000
1000 -
100
1"I Ll T T T 1
0 100 200 300 400 500
Time (min)
Kidneys
100000
10000
1000 -
100
1u| T T T T 1
0 100 200 300 400 500
Time (min)
Lungs
T T T T 1
0 100 200 300 400 500
Time (min)

gl



Spleen Gut

100000 100000-
—_ — 10000
E 10000 =
B — =)
= £ 1000 -
g - g
=] 1000 o
(5] o 100
100 10
b | T T T T 1 L T T T T 1
0 100 200 300 400 500 0 100 200 300 400 500
Time (min) Time (min)
Muscle Adipose
10000 10000
1000 Qg4 - & "
ry ) b =
T 2 =
=) - =) 100
£ 1o00 £
(5] (5]
1
1""! T T T T 1 IJ1. T T T T 1
0 100 200 300 400 500 0 100 200 300 400 500
Time (min) Time (min)
Carcass
10000+
L
o L 2
E L
k=)
£ 1000
o
|
o
(5]
100 r T T T 1
0 100 200 300 400 500
Time (min)

9 5. 19 3. Simulation versus observed data for theophylline in

rats

_17_

gl



4. Discussion

2 ATy HA2 tissue distribution modelo| A SH o2 7FA =
perfusion rate-limited model®}, AFHo=z AAHHo AL
permeability rate-limited modelS & 3}3}9, in vitro permeability assay
% high throughput screening system®. @ % ¢#{x PAMPA £ o]&
3 dEste T 2dS 753t Aolflth &, PAMPA screening

dataE ©]&3}l9], permeability’} ¥ °FE2 perfusion rate-limited

fe e

modelS, WAl permeability7} w2 59 A$  permeability
rate-limited modeldl &3t S5 Axtsd 4 Jd= T ZdS
A A et Aoldtk. B Ao A=, permeability 7} WS kRO H$ %
2 W9l vascular compartemento] 4] °F&9| instantaneous equilibrium
o] o]Fox7] o]¥7] wiol, well stirred model T4l capillary
permeability model & AF&3Fomn, oo mWE Kety-Renkin-Crone®]
TS £9 Wy, 4Hd A A PBPK modeling®l &3t 53] oFE 9]
distribution kineticoll Al & X 20| F Q23 o]f+= °9&9| transporter?]
71de] & wo] FA xAow FIHHE I &

- A= Aol Aok Ao A g

%= in vitro 54
&stA AHEE 3
olefgl A Fxe £EEA FHol FASHA diFyE7] o, =4
HofFagdds vg il permeabilityE 3= in vitro
system= ©] &3] %2 9] interstitial space®} intracellular spaceX}e] ol A
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Abstract

Application of Capillary
Permeability Model in
Whole-Body PBPK Model

Yooseong Jeong
Department of Pharmaceutics
The Graduate School

Seoul National University

Whole-body physiologically-based pharmacokinetic (PBPK)
model 1s the theoretical system to predict plasma and tissue
concentration versus time profile using differential equations
with parameter values such as organ volume(V,), organ
perfusion rate(Q.), and tissue-to-plasma water concentration
ratio(K,). Although this model has considerable usefulness, each
tissue should be considered as following either a perfusion
rate-limited model or a permeability rate-limited model after
experimental determination. The objective of this study is to
establish the whole-body PBPK model assuming capillary

permeability, merging these two limiting model into an united
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one. The united equation was derived with a mass balance
equation using a similar method of the capillary permeability
model, involving the two limiting case of the conventional
whole body PBPK model. Surface area of the interface between
the systemic circulation and 9 tissues(e.g. liver, brain, Kkidney,
heart, lung, spleen, intestine, muscle, adipose and carcass) was
estimated to enhance the utility of this equation. To estimate
the surface area for each tissue, we used antipyrine which has
been widely used as a model drug for pharmacokinetic study. It
1s shown that the application of capillary permeability model in
whole body PBPK modeling can provide more accurate
predictions of pharmacokinetic profiles than conventional models
with in vitro physicochemical properties of drugs. This model
can facilitate the process of drug development providing

predictions of the accurate human PK properties.

Keywords : physiologically-based pharmacokinetic modeling,
simulation, surface area, human prediction
g ® o 2012-23599
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