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Introduction: The use of physiologically based pharmacokinetic (PBPK) modeling in regulatory submissions has advanced significantly over time. Among the various applications of PBPK, drug-drug interactions
(DDls) are the most commonly addressed. For DDI predictions involving an investigational drug, probe substrates and modulator drugs (either inhibitors or inducers) are crucial. Inadequate models for probe
substrates or modulator drugs can result in the rejection of PBPK analysis in a new drug application. To enhance the reliability of PBPK DDI predictions supporting regulatory decision-making, network-based PBPK
models for probe substrates and modulators have been developed.

Objectives: The goal of this study is to develop and cross-validate network-based PBPK models for probe substrates and perpetrators, specifically targeting the CYP3A4, CYP2C8/OATP, and P-gp pathways.

Methods: Fully mechanistic PBPK models were developed in GastroPlus® Version 9 or above (Simulations Plus, Inc.) for the CYP3A4, CYP2C8/0OATP, and P-gp pathways. For the CYP3A4 network, models were
developed for sensitive substrates (midazolam, triazolam, and alfentanil), strong inhibitors (ketoconazole, itraconazole, and voriconazole, clarithromycin), moderate substrates (atorvastatin, clarithromycin) and
moderate inhibitors (diltiazem, fluconazole), weak inhibitors (ranitidine), strong inducers (rifampin, carbamazepine), and moderate inducers (efavirenz and rifabutin). For the CYP2C8/OATP network, models were
developed for rosiglitazone (a substrate of CYP2C8, CYP2C9, and CYP3A4), repaglinide (a substrate of CYP2C8, CYP3A4, and OATP1B1), pravastatin (a substrate of OATP1B1), rosuvastatin (a substrate of OATP1B1/3,
BCRP), gemfibrozil and its glucuronide metabolite (an OATP1B1/3 inhibitor and a strong CYP2CS8 inhibitor), and rifampicin (an OATP1B1/3 inhibitor). For the P-gp network, models were developed for P-gp substrates
(fexofenadine, digoxin, and edoxaban), P-gp inhibitors (itraconazole, quinidine), and P-gp inhibitors/inducers (rifampin and efavirenz). Each mechanistic PBPK model incorporates ACAT™ (Advanced Compartmental
Absorption and Transit) and whole-body PBPK models. The models were verified against published PK data (including multiple formulations when available) and DDI studies.

Results: PBPK models were developed for the CYP3A4 (13 compounds), CYP2C8/OATP (6 compounds), and P-gp (7 compounds) pathways and were fully verified against published PK data from multiple studies and
formulations, when available. The predicted PK parameters generally fall within 2-fold of the corresponding observed values. Additionally, the PBPK models were further cross validated against multiple published
DDI studies for the same interaction pathways. The predicted DDI magnitudes typically fall within the established Guest criteria limits.

Conclusion: Probe substrate and modulator models are developed for the CYP3A4, CYP2C8/OATP, and P-gp interaction networks. For each network, multiple PBPK models were created and cross-validated,
ensuring acceptable model performance. Each PBPK model consisted of a mechanistic ACAT and full-body distribution model, which allowed mechanistic interactions at tissue level (such as in the gastrointestinal
tract, liver, and kidney). In addition, these models offered flexibility to incorporate relevant pathways for future updates requiring minimal or no changes in model structure. The development and validation of
network-based PBPK models will strengthen confidence in DDI predictions, supporting both drug development and regulatory decision-making.

THE PBPK NETWORKS FOR DDI THE CYP3A4 NETWORK MODEL VALIDATION EXAMPLES

EVALUATION Zolh moete] Ts vafdstes) sk Validation against available PK data

multiple PK and DDI studies. In

. . . ITRACONAZOLE VORICONAZOLE CARBAMALZEPINE
this poster, validation plots are — @ )
EtWO r . Cmax [ng/mL] . 1000+ s 10.00
shown for representative 10000.0 - o cezw 0F o ez
~ Inducers ibi . | 2 3 [ e sz 2 B S
compounds due to the limited o0 | 5 E [ e ooz T [ e cazam .
. . Fluconazole . . . . . '_',"' > 2 100+ ® CBZ(tab) n = sol ® CBZ(tab)
Rifabutin  Ranitidine , space. Detailed validation studies | % R £ o] = A S 100
[1+] o .. = - Y L ()é L
Efavirenz ilti . S 1000 - Y o ¥ , :
- , #Diltiazem can be found in each model g P g S ’ O
arbamazepine . . @ s b = o cBzCRub) | 2 CBZ(CRtab)
1 A £ 10+ S 010+
. . Y , development and validation w00 4 g @ a g % o cozemney | 3 1 CBz(CReap)
Rifampin 4 Voriconazole report e g 8 i ® CBzE(ab) | Q 3 CBZ-E(tab)
' . L 27 100 : , “ [ 2 . CBZ-E(CRtab)
~. CYP3A4 < P 10 - : ' 100 1000 10000 o A o e 4 CBZ-E(CR
N y) Itraconazole 1 10 100 1000 10000 Observed Cmax (ng/mL) (LA ® CBZ-E(CRcap) 0.01 :_.r_.~/ : l ( Calp)
- H '/ SN TP PN TP B T f{ SR ST PP B PP B ———"
'Ab")’ _— (and metabohtes) Observed _ - _ 1 10 100 1000 0.01 0.10 1.00 10.00
4" ,.,, A Cmax Ratio ——Unity Line 2-Fold Line Observed AUCo_ iy (pg.h/mL) Observed Cax (pg/mL)
S Ketoconazole 20T S (©) (@)
e—— 250000 ~ - —
i Midazolam PK Predictions AUC [ng.h/ml] 1000 I 301 7
Midazoism \ Black: inhibition 1000 | 100000.0 —— - [ e CBZ(tab) 2 | CBZ(tab) SR
Triazolam Alfentanijl Green induction O T . E £ g - ,
Red: inhibition / induction = e e R T % 25000 4 < . E ’ ’
g “;.’;.’ ” 1’-. E 10000.0 A ‘- : “Ir..._-_a" ‘6:' g n E) 10—.— 7/
e . ot o ‘ ‘o s - - r , ’
(1] < - : - [ 3 ® Y : g < g
€ 100 - Y ‘. 3 oA 3 S 300+ O
o S+ Pt £ Y £ 2500 - -}
g ESC I @ 1000.0 - St 2 % 3 |
CYP2C8 — OATP Networ | o . 9 !
2 N g R o
e ibi & e 100.0 4 : ) 250 . . - a
. . . : _ 10 s . 100 1000 10000 100000 250 2500 25000 250000 R4
Gemfibrozil and metabolite Rifampicin 10 100 1000 Observed AUC (ng*h/mL) 100/ ) | ' 150 |
Black: inhibition Observed o . o 100 300 1000 1 T3 T 0 30
Green: induction Observed Cmax or AUC @ AUC(0-t) Ratio Unity Line 2-Fold Line Observed AUCius; (1ig.h/mL) Obsneved G (it}
Red: inhibition / induction
Validation against available DDI studies
Atorvastatin
(CYP3A4, UGT1A1/3, MIDAZOLAM vic ITRACONAZOLE VORICONAZOLE RIFAMPICIN
Rosiglitazone 0ATP131/3, P-gp) DDI Accuracy - Midazolam DDI Predictions - CYP3A4 Substrates DDI Accuracy - Voriconazole DDI Accuracy - Rifampicin
(CYPZCB, CYP2(C9, Rosuvastatin (Baseline Substrate Models)
.. ) °
CYP3A4)  Repaglinide Pravastatin (CYP2C9, UGT1A1, 5 10.00 - . . . £ 10.00
= % 10.00 = ©
(CYP2C8, CYP3A4, (CYP3A4, OATP1B1) OATP1B1/3) : a0 7% g & 1000 s
© £
OATP1B1) g £ £ O
~ 1.00 - bt © 5 1.00 -
o o (] =
S =] £ G
= < 1.00 - S 1.00 - 2
2 © < 7 © °°
] @ A A
P N t k g 010 - > g 3 g %%,
-gp Networ gy g -g
o .. ‘ a o a
e . 0.01 0.1 1 10 0.1 1 10 0.1 1 10 0.01 0.1 1 10
Qu"“dlne Verapamil Observed AUC or Cmax Ratio Observed AUC or Cmax Ratio Observed AUC or Cmax Ratio Observed AUC or Cmax Ratio
Efavirenz CARBAMAZEPINE
] ) FLUCONAZOLE (f) )
Rifampin . : 10.00- A 10004
ItraconaZOIE . DDI Accuracy C,,, Ratio o DDI Accuracy AUC Ratio :— : 82% : a?égf(gfa%/if P — o gg% : a?égfgfa%/if
g o K- © & CBZ + Phenytoin iT S o © & CBZ + Phenytoin
. © | ® CBZ + Quinidine P75 = | ® CBZ + Quinidine 4
° = CBZ + Tolbutamide /0" 7l o CBZ + Tolbutamide .
2 ° o 100+ A § 1.00+
& o - £ 7). £
¢ 10 ® > 2 10 % 1 ,,'/ g b
Black: inhibition g g Q [ A - [
Red: inhibition / induction B B = 3
£ & D B 010+
. - . 5} Ry —] <
Fexofenadine Digoxin Edoxaban s b A -
. — L o
o 01 1.0 10.0 N 01 10 100 = L/ A,
Observed C, ., Ratio Observed AUC Ratio w4 L
——Upper — Lower ——2-fold(+) ——2-fold(-) —— Unity —Upper — Lower ——2-fold(+) ——2-fold(-) ——Unity W S-warfarin » o | PP PPPH | 0.01 A NP PP PPV | PPN PP |
B S-warfarin M@ Triazolam @ Alfentanil ¢ Midazolam @ Omeprazole 4 Phenytoin M@ Triazolam @ Alfentanil + Midazolam @ Omeprazole 1.00 1 10.00 0.01 1.00 . 10.00
Observed DDI AUC,,q, ratio Observed DDI C,,.  ratio

THE CYP2C8-OATP NETWORK MODEL VALIDATION THE P-GP NETWORK MODEL VALIDATION EXAMPLES
EXAMPLES Validation against available

Validation against available PK data DDI studies

Validation against available PK data

DAoL DIGOXIN
100 « 10 -
ROSUVASTATIN PRAVASTATIN 7
500.0 | o 50.0 4 " 500.0 - /j::::/ Z E é
50.0 - _ ' el - 3 W 107 ® 10 | L
_ z - -7 g A £ £ 9
3 iee £ A z £ 3 g 2
‘5 E, 50.0 - 3 2 500 - 5 £ % g
- ’/' ), - - 4"_4" : ‘,” ‘,4' “;_‘ ”;’:, - o b= h
3 50 g s g 50 § £ k] ) 3
g (2 g g 3 ] & = g
8 < S P £ e 2
g “-4""‘,/ g "_a::_,»’ 3 ""’4""’¢ _g “/::—/, E
e 05 el . . o 5 4=~ : : : 05 sl . . o 0.5 Lo . . . 0.1 r r . e
05 50 50.0 0.5 5.0 50.0 500.0 0.5 5.0 50.0 0.5 5.0 50.0 500.0 0.1 - - - - 1 19 i
Observed Cmax (ng/mL) Observed AUC(,.y (ng*hr/mL) Observed Cmax (ng/mL) Observed AUC ., (ng*hr/mL) 01 1 10 100 Observed AUC (ng.h/mL) 0.1 T 3
— Unity —2Fold(+) - 1.25-fold(+) — Unity —2fold(+)  ----- 1.25-fold(+) Unity ----- 1.25-fold (+) —— 2-fold (+) —Unity  ----- 1.25-fold (+) —2-fold (+) Observed Cmax (ng/mL) 0.1 1 10
@ Rosuvastatin  ——2-Fold(-) ---=-1.25-fold(+) @ Rosuvastatin ——2-fold(-) -===-1.25-fold(-) @ Pravastatin  --—--- 1.2540ld () —— 2-fold (-) @ Pravastatin = ----- 1.25-fold (-) ——2-fold (-) Observed Ratio (AUC/Cmax)
° ° ° ° ° FEXOFENADINE
Validation against available DDI studies ETEGENE
, 10.00 -
ROSUVASTATIN PRAVASTATIN 10000.00 1 10000.00 | ’ - /
[1+] "
DDI Accuracy C,, Ratio DDI Accuracy AUC Ratio DDI Accuracy-Pravastatin DDI Accuracy-Pravastatin % 1000.00 __Tg': 1000.00 !i -
< O
o 10.00 10.00 A < 2 2
2 2 o 10.0 010'0 1 g 100.00 Y 100.00 o
" & 5 3 S 2 g 1004
£ 100 1 9 1.00 | @ @ E z <
e g Q 5 .00 1 £ 1000 ; T
5 3 O 1.0 - 2 10 - 2 3 B g
2 0104 S 0104 3 3 & a s
D‘: 9 % % 1.00 1.00 A E
o o) @
0'010 01 0.10 1.00 10.00 001 ' ' ' o1 x 0.1
- - . . 0.01 0.10 1.00 10.00 ’ ' ‘ . T i 0.10
; ) 0.1 1.0 10.0 0.10 + r r r r r T T T T T 0.10 T —rm
ity Obsewjd Crax Ratio o Observed AUC Ratio Observed C,,,, Ratio 0.1 Observ;c-ioAUC Ratio 10.0 0.10 100 10.00 100.00 100000 10000.00 0.10 1.00 10.00 100.00  1000.00 10000.00 0.10 1.00 10.00
—un —pper T &fold(* — Unity —Upper —2-fold(+) ——Uni ——2-fold(+ ——2-fold(- ——Uni —_ —_ bserved h .
@ Rosuvastatin —Lower —2-fold(-) @ Rosuvastatin —Lower —2-fold(-) —U;Ipt)e{:r —Lowef ) ° Rif:m(pi)cin —l2J-rf]cl)tI§((1(+] —g-?g\?ﬁ;-) ° II-?(i)T\:r?]rpicin Observed Cmax {ng/ml) Observed AUC (ng:/ml) Observed Ratio (AUC/Cmax)
®  Gemfibrozil ¢ ltraconazole 8 Fluconazole ®  Gemfibrozil ¢ ltraconazole o Fluconazole
[1] Guest EJ, Aarons L, Houston JB, Rostami-Hodjegan A, Galetin A. Critique of the two-fold measure of prediction success for ratios: application for the . - . . . )
' » 1o g b .  https://simulations-plus.learnupon.com/users/sign in?next=%2Flearner-dashboard
assessment of drug-drug interactions. Drug Metab Dispos. 2011 Feb;39(2):170-3. doi: 10.1124/dmd.110.036103. Epub 2010 Oct 29. PMID: 21036951. ! ! !
[2] Yin X, Cicali B, Rodriguez-Vera L, Lukacova V, Cristofoletti R, Schmidt S. Applying Physiologically Based Pharmacokinetic Modeling to Interpret Carbamazepine's o VISIt Booth #12

Nonlinear Pharmacokinetics and Its Induction Potential on Cytochrome P450 3A4 and Cytochrome P450 2C9 Enzymes. Pharmaceutics. 2024 May 30;16(6):737.

doi: 10.3390/pharmaceutics16060737. PMID: 38931859; PMCID: PMC11206836.
= www.simulations-plus.com


https://simulations-plus.learnupon.com/users/sign_in?next=%2Flearner-dashboard

	Slide 1

