Beyond FDA Guidance: Enhancing Accuracy

in Predicting Drug-Drug Interactions
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Drug Clearance (CL) is the primary PK parameter for predicting drug disposition

Pharmacokinetics
The principles of ADME

Absorption

Medicine
' How will it get in?

L 4

Metabolism
How is it broken down?

Liver Distribution

Where will it go?

Transporters

Excretion
How does it leave?

https://toolbox.eupati.eu/glossary/pharmacokinetics/

Drug Concentration
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More than 65,000 publications have appeared in the scientific lit-

erature addn::ising d.l:ug clearance as used in pharmacukinctics.

with a ﬁigniﬁcant number of these articles :wﬂuating the appro-

priate model to be used to describe organ elimination of d.l:ugs.

The great majority of these articles address htpatic elimination,

utﬂizing prtduminantl}' what is called the well-stirred model.™”
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In-vivo hepatic CL (CL;) is predicted by extrapolating in-vitro CL
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Metabolism rate is described by
Michaelis-Menten (MM) Equation

VoaxErS Vo ErS .

Is MM equation always valid?
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MM equation can be inaccurate when enzyme concentration is high
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& pM~nM CYP < K, is used. ' How about liver?
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Choi BS, Rempala G, Kim JK, Beyond Michaels-Menten equations: unbiased estimation of enzyme kinetics, Scientific Report (2017)



Many drugs with low K, does not satisfy the condition (If—T <0.1)
M

Considerable Error
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We need a better equation!

Baik H, Yoon H, Kim S, Kim JK, Prediction of in vivo clearance for drug with low K,,, CTS (2020)



The new equation (tQSSA) is accurate for any condition
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Does metabolism rate double as enzyme concentration doubles?

Metabolism rate (V)
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Baik H, Yoon H, Kim S, Kim JK, Prediction of in vivo clearance for drug with low K,,, CTS (2020)

New approach seems more realistic



The new approach can accurately predict hepatic CL
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Some drugs interact each other by increasing enzyme concentration
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AUCR has been predicted based on MM equation
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In Vitro Drug
Interaction Studies —
Cytochrome P450
Enzyme- and
Transporter-Mediated

cf) MM Equation

I+ 3 VmaxETS ~ VmaxETS _ CLintS
Ky +S Ky
, VmaxETEind
} - int — K = Eing
CLint VmaxET .
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Drug Interactions

This equation has been recommended by FDA

Guidance for Industry

U.S. Department of Health and Human Services
Food and Drug Administration
Center for Drug Evaluation and Research (CDER)

January 2020
Clinical Pharmacology
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Vu et al.
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, Beyond the Michaelis-Menten: Accurate Prediction of Drug Interactions through Cytochrome P450 3A4 Induction, CPT (2023)



The increased enzyme concentration can violate the MM validity condition (If—T <0.1)
M

Inducer reIg)i(;;zn" Substrate Ein;’,ilET’Ge Em’;::nET'He
Atorvastatin 0.266 1.346
Buspirone 0.676 3.427
Methadone 0.050 0.252
Midazolam 1.746 8.855
Nifedipine 0.357 1.809
Rifampicin 600mg q.d.  Quinidine 0.232 1.174
Quinine 0.066 0.334
Simvastatin 0.294 1.491
Tacrolimus 1.456 7.384
Triazolam 0.050 0.254
Zolpidem 0.079 0.402

Predicted AUCR / Observed AUCR
N

Inducers affecting the metabolism of substrates
'Rifampicin *Carbamazepine ‘Phenobarbital *Rifapentine

2
2 Alprazolam Nifedipine®

Simvastatin

1 Atorvastatin'

L etadone C Neego . Quinine' Zolpidem' | Midazolam* Quinidine’
' Metrwadone Nifedipine Ethinyl estradiol
Buspirone

- Simvastatin'
Quinidine’ Triazolam'
| 1 Midazolam®
Midazolam

Tacrolimus'

FDA equation significantly underpredicts AUCR

We need a better equation!
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Vu et al., Beyond the Michaelis-Menten: Accurate Prediction of Drug Interactions through Cytochrome P450 3A4 Induction, CPT (2023)



We derived a new equation for AUCR using the tQSSA
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Vu et al., Beyond the Michaelis-Menten: Accurate Prediction of Drug Interactions through Cytochrome P450 3A4 Induction, CPT (2023)



The new equation is better than the FDA equation

2°

Predicted AUCR / Observed AUCR

2.
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Inducers affecting the metabolism of substrates
'Rifampicin *Carbamazepine ’Phenobarbital *Rifapentine

_______________________________________ Simvastatin’ AIPrazolaM’ o Nifedipine®
Buspirone' s @ L o © @
g i 1 e ®
i 1 Quinine' Zolpidem’ Midazolam®  Quinidine®
 Methadone; Nifedipine” ; Tacrolimus' _ ~ " Ethinyl estradiol :
* i & o
Quinidine’ Triazolam' , "
Midazolam’ Simvastatin‘g ® New Eqn Midazolam
| Atorvastatin’ FDA Egn
FDA Egn New Eqn
AFE 0.222 0.686
AAFE 5.035 1.902
RMSE 0.876 0.411
o -
% of 2-fold 38% 76%
error
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Vu et al., Beyond the Michaelis-Menten: Accurate Prediction of Drug Interactions through Cytochrome P450 3A4 Induction, CPT (2023)



The new equation is better than the FDA equation

high enzyme concentration
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Vu et al., Beyond the Michaelis-Menten: Accurate Prediction of Drug Interactions through Cytochrome P450 3A4 Induction, CPT (2023)



We suggest a new guidance for accurately predicting DDI
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Inhibition constants represent the mechanism of enzyme inhibition

~u-B

Inhibition parameters

k_3
Ki = k_3

: How strong inhibition occurs in @

Kiu - k4

: How strong inhibition occurs in

16



Inhibition constants are estimated from in vitro data generated by following three steps

1. Estimate IC;, 2. Setup Sy, It 3. Estimate K;., K;,,
> 100
> _ i >
© O
S E— | # ) # : -
0 :
1Cs,
IT St
Reaction velocity with [
Reaction velocity without |
Y-variables I/, initial reaction velocity forming P
. Vmax
= S+ C + Y : substrate concentration Vo =
KM<1+K_->+ (1+K—_>
= [ + B 4+ Y : inhibitor concentration L t

17
Ramsay RR, Tipton KF. Assessment of Enzyme Inhibition: A Review with Examples from the Development of Monoamine Oxidase and Cholinesterase Inhibitory Drugs. Molecules (2017)



Imprecise results have been occurred in estimations

Substrate: Midazolam Inhibitor: Ketoconazole
3.7 54 14.9 110 180
<< >
o0 N D o> ) K, ["M]
D N o \S ) ic
N £° & S £
o Q N &8 W
X

Ranged 1 to 100!

How can we achieve precise estimation?

18
Quinney, Sara K et al., CPT: pharmacometrics & systems pharmacology (2013)



Inhibitor concentration higher than K., K;,, only contributes to the precise estimation

IT K KiC’ Kiu Kic < IT K Kiu (or Kiu < IT K Kic) IT > KiC’ Kiu
3
10 0.05 10° 0.05 10° 0.05
2
10 T . ot 10° Y
& 2 10 E = :
2 1 o 2 m 2 1 . o
< S X o X S
-2 -2 2
10 0 10 0 10 0
10° 1 10° 10° 107 1 10° 10° T 10° 10°
Kic (MM) Kic (MM) Kic (MM)
-> Imprecise A= ' -> Precise

We have solved this issue

Now we can precisely estimate the inhibition constants in a more efficient way

\\: Unknown values... how can we set appropriate I7? .

(Under Review in Nature Communications)



Summary

) QR
int

Ky

Canonical J New

oo

C liver _ Vinax E
int — T

CLl-iver — Vmax = KM

Ky int Ky T Ky+Ep

\_Y_J

Saturation

@ cu. - L

No

Et+K,
Eing Eing——2
EingET+Km

k
3 :@-a-3
-1
-+

-+

Inhibition parameters

k_aTlks Kie 1= =2

k3
: How strong inhibition occurs in @
k_4
# Ky = k_
4

: How strong inhibition occurs in

20



Thank you!
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MM equation was derived using QSSA

+ T 2 ks, I+
ks
Full system

S =—keS(Er — C) + kpC
<0

Fast /z keS(Ep — C) — kpC — k,C
P =k,C

ET=C+E

22



MM equation was derived using QSSA

K

+ —>
D
S =—keS(Er — C) + kpC

20
Fast &= kS(Er — C) = kyC — k€

P = k,C

Full system

ET=C+E

0=

Quasi-Steady State
Approximation

I

0 = krS(Er — C) — kyC — k,C

Cos) = ErS
( )_KM+S
KM:kb+kp

Ky

23



MM equation was derived using QSSA

k
-P:@==-P - m
by
Full system Reduced system
. _ Quasi-Steady State . E.S
5 —0 kpS(Er — C) + kpC Approximation S =—ky K T_I_ S
_ M
= ke S(En—C) — koC — k..C [
Fast/ rS(Er —C) = kp p ,_, _ErS
P =k,C F= PKy+S
0="keS(Er —C) — kpC — kp,C
(5) = Ky+S
KM _ kb+kp
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MM equation was derived using QSSA

D@ -m-P ~
Full system Reduced system
. _ Quasi-Steady State . E.S
5 —0 kpS(Er — €) + kpC Approximation S =—ky K T_I_ S
Fast/= keS(Er — C) — kpC — k€ I EMS
. kp+k P=k !
P =k,C Kn == P Ky + S
ET =C + E
ET ET
& 1 —< 0.1
S+ Ky Kum

Q: Always Valid? A: No! C is fast only when enzyme concentration is low.

25



New equation can be derived using the change of variable

ky k,
+ = -5 A+
ky

Full system
. Change of .
§S=—keS(Er —C) + k,C variable Sy =—k,C
0 0
Fast #'= k;(Sr = C)(Er — €) = kyC = kyC S—~S+C Fast &= ky(Sy — C)(Er — €) = kyC — kyC
: T = .
P =k,C P =k,C
Er=C+E Er=C+E

v

Valid only when E7 is low enough More plausible assumption

26



New equation can be derived using the change of variable

kr k,
+ ) > b, I+
Ky

Full system

Sp=—k,C (Sp=S+C)
0
Fast £'= kp(Sy — C)(Er — €) = kyC — ky,C
P =k,C

ET=C+E

27



New equation can be derived using the change of variable

K k,
+ - 5 ﬂ+
k

Full system
_ Quasi-Steady State
Sp=—kp,C (S =S+C) Approximation
0 )
Fast/= ke (St — C)(Er — C) — kyC — kpC
p =k,C 0 =kf(ST_C)(ET_C)
—k,C —k,C
E&'=:C‘+'E' 1 E.S
C(Sp) = 5 (Er + St + Ku ++/(Br + Sy + Ki)? — 4ErSy) ~ T ST,T: -

kp+k
KM = P
kf

28



New equation can be derived using the change of variable

k k
+ = = I+
ko

Full system
_ Quasi-Steady State
Sp=—kp,C (S =S+C) Approximation
0 )
Fast/’= ke (St — C)(Er — C) — kyC — kpC
p =k,C 0 =kf(ST_C)(ET_C)

—ky,C — ky,C
E}v==C:4-l?

1
C(Sp) = 5 (Er + St + Ku ++/(Br + Sy + Ki)? — 4ErSy) ~

kp+k
KM = P
kf

— [

Reduced system
Z;TST
__kp
Er+ S+ Ky

. ES
p =:kp TYT
Er + S + Ky,

S}.::

ErSt

Er+Sr+ Ky

total QSSA (tQSSA

29
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