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Drug-Drug Interactions

 Polypharmacy is increasingly common due to an aging population

 1 in 2 patients over 65 years old are prescribed ≥ 5 drugs

 Furthermore, DDIs continue to account for 5% of UK hospital admissions

 The National Institute of Health and Care Excellence (NICE) recently commented that clinical 

DDIs are more common than drug-disease interactions for the following 3 major indications:

 Type II diabetes

 Heart failure

 Depression

Introduction
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Hence, the potential for DDI remains a regulatory concern
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Why should we be concerned?

 Analysis of top 200 marketed drugs in the US revealed that BDDCS Class III compounds are 

dominated by certain therapeutic classes:

 Antimicrobial (bacterial and viral)

 Angiotensin II antagonists

 Statins

 All these compounds are metabolically stable and have poor permeability

 Therefore their disposition is primarily influenced by drug transporters

 Furthermore, statins are currently the most prescribed drug class in the UK; annual prescriptions 

in England soared from 0.3 to 52 million between 1998 and 2008

 Additionally, 93% of American adults taking cholesterol-lowering drugs (which rose from 10-28% 

over last decade) use statins

Transporter-mediated DDIs
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Due to their prevalence, the potential for DDI with statins is high
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Usually simple hazard 
identification

(using basic static 
equations detailed in 
regulatory guidance)

Actual risk analysis and 
mitigation of DDI

Effective and 
quantitative prediction 
of DDI using:

- estimates of likely 
unbound human 
exposure and dose

Aims in Drug Discovery and Development

Predicting transporter-mediated DDIs

1) Yoshida K, Maeda K, Sugiyama Y. Transporter-mediated drug–drug interactions involving OATP substrates: predictions based on in vitro inhibition studies. Clin

Pharmacol Ther. 2012;91:1053–1064.
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Drug Discovery
Lead optimisation

Late DevelopmentEarly Development

First Time

in Patients

First Time

in Humans

PDC

Selection
NDA

POC / POM

Traditionally:

In vitro transporter DDI potential studied here:

• for risk management and/or

• to explain unexpected clinical findings

Now more commonplace:

In vitro transporter DDI potential studied here:

• to aid candidate selection (Dx)

• to reduce unexpected clinical findings in 

patients (Early Dv before FTIP)

Dynamic modelling (PBPK)

 can provide most accurate simulation of single 

mechanism DDI as perpetrator concentration and 

inhibitory potency fluctuates with time

 Heavily reliant on empirical data and detailed 

comprehensive understanding of disposition of victim 

and perpetrator

“Mechanistic” static modelling

 Requires fewer inputs and assumes perpetrator 

concentrations maintained at interaction site

 Prediction of an in vivo effect may be achieved within 

2-fold using such methodology1

However, we want to move to….
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Mechanistic static model approaches

Aim of this talk: To compare and contrast the performance of 4 recent influential publications describing 

mechanistic static models used for predicting complex DDIs, that vary in their 

assumptions and input parameters, as described in the review article of Williamson and 

Riley (2017)

Predicting transporter-mediated DDIs

Williamson B and Riley R. Hepatic transporter drug-drug interactions: an evaluation of approaches and methodologies. Expert Opin Drug Metab Toxicol. 2017; 13:1237-

1250.
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Mechanistic static approach provides a useful tool in Drug Discovery and 
Early Development

Requires knowledge of several PK processes and parameters:

Estimation of effective unbound perpetrator concentration at interaction 
site

Inhibition (or induction) potency of perpetrator must be translated to an 
in vivo effect

A detailed comprehensive understanding of parallel intestinal, hepatic 
and renal disposition pathways of victim drug

Identification of transporters and enzymes responsible for victim drug’s 
disposition

Static models may be refined further by incorporation of Tier 1 ADME 
parameters e.g. intrinsic clearance
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1250.

Comparison of Mechanistic static models

Predicting transporter-mediated DDIs
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Applied victim-specific models requiring 

relatively few inputs

Applied the extended clearance 

concept and additional observations

Applied victim-specific models requiring 

relatively few inputs
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Method A – Elsby et al. (2012)
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Predicting transporter-mediated DDIs

Elsby R, Hilgendorf C, Fenner K. Understanding the critical disposition pathways of statins to assess drug–drug interaction risk during drug development: it’s not just about OATP1B1. Clin

Pharmacol Ther. 2012;92:584–598.

1) Zamek-Gliszczynski MJ, Kalvass JC, Pollack GM, et al. Relationship between drug/metabolite exposure and impairment of excretory transport function. Drug Metab Dispos. 2009;37:386–390.

Linear regression analysisModel performance (observed versus predicted AUC)

 Predicted AUCR for statin DDIs via pathways:

 OATP-mediated inhibition

 Intestinal BCRP-mediated inhibition

 Intestinal/hepatic CYP3A4-mediated inhibition (reversible)

 Based on adapted Rowland-Matin equation1 putting [I]/Ki into 

context with fraction eliminated / metabolised (e / m)

 Victim-specific models successfully applied by defining 

enzymes/transporters responsible for victim‘s disposition (from human 

ADME, clinical PGx and clinical DDI evidence)

 Used unbound maximum hepatic inlet concentration (Imax in, u) for 

OATP

 20 DDIs were analysed for 6 statins

 90% of DDIs predicted within 2-fold of observed AUCR

Assumptions

 If [Igut]/Ki>10, assumed 100% inhibition of intestinal transporter or 

enzyme to give maximum theoretical fold AUC change for pathway

Absence of CYP3A4 TDI in model

Bias -1.04

[Igut] = dose (mol)/250mL
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Method B – Yoshida et al. (2012)
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Predicting transporter-mediated DDIs

Yoshida K, Maeda K, Sugiyama Y. Transporter-mediated drug–drug interactions involving OATP substrates: predictions based on in vitro inhibition studies. Clin

Pharmacol Ther. 2012;91:1053–1064.

Linear regression analysis

Bias 2.63

Model performance (observed versus predicted AUC)

 Predicted AUCR for range of DDIs via pathways:

 OATP-mediated inhibition

 Intestinal transporter/enzyme-mediated inhibition

 Hepatic CYP3A4-mediated inhibition

 Based on extended clearance concept

 Used unbound maximum hepatic inlet concentration (Imax in, u) for 

OATP

 12 victims and 20 perpetrators were analysed for 58 DDI 

combinations

 76% of DDIs predicted within 2-fold of observed AUCR

 False negative frequency = 9%

Assumptions

 Assumed FaFg=1 when intestinal transporter or enzymes were 

inhibited as judged by DIN (drug interaction number = dose/Ki)

 CYP3A4 >2.8 L,  P-gp >10.8 L,  BCRP >10.8 L

 To avoid false negatives in final analysis, CYP TDIs were removed
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Method C – Varma et al. (2014)
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Predicting transporter-mediated DDIs

Varma MV, Bi YA, Kimoto E, et al. Quantitative prediction of transporter and enzyme-mediated clinical drug-drug interactions of organic anion transporting polypeptide 

1B1 substrates using a mechanistic net-effect model. J Pharmacol Exp Ther. 2014;351:214–223.

Linear regression analysis

Bias -0.25

Model performance (observed versus predicted AUC)

 Predicted AUCR for range of DDIs via pathways:

 OATP-mediated inhibition

 Intestinal transporter/enzyme-mediated inhibition

 Hepatic CYP3A4-mediated inhibition (reversible, TDI)

 Applied an extended clearance concept model

 Used unbound maximum hepatic inlet concentration (Imax in, u) for 

OATP

 10 victims and 6 perpetrators were analysed for 62 DDI 

combinations

 Looked at subset of 53 DDIs (minus CYP induction involvement)

 Interplay between enzyme-transporter interactions in clearance of 

victim required (victim-specific models for e / m)

 94% of DDIs predicted within 2-fold of observed AUCR
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Method D – Hu (2013)
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Predicting transporter-mediated DDIs

Hu Z-Y. Disposition pathway-dependent approach for predicting organic anion-transporting polypeptide-mediated drug–drug interactions. Clin Pharmacokinet. 2013;52:433–441.

Linear regression analysis

Bias -0.12

Model performance (observed versus predicted AUC)

 Predicted AUCR for range of DDIs via pathways:

 OATP-mediated inhibition

 Intestinal transporter/enzyme-mediated inhibition

 Hepatic CYP3A4-mediated inhibition (reversible, TDI)

 Victim-specific models validated by defining enzymes/transporters 

responsible for victim‘s disposition (fraction metabolised by 

enzymes only; CRCYP)

 Used unbound maximum hepatic inlet concentration (Imax in, u) for 

OATP

 13 victims and 22 perpetrators were analysed for 62 DDI 

combinations

 98% of DDIs predicted within 2-fold of observed AUCR

 Relied on substantial amount of historical victim data to apply a 

disposition-pathway dependent prediction (DPDP)
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Comparison of Mechanistic static models

Predicting transporter-mediated DDIs
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Are all input parameter values/assumptions 

consistent across the different models?
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Perpetrator Absorption – ka, Fa, Fg

Input parameters
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Rate of 
absorption 

(ka)

Extent of 
absorption 

(FaFg)

Method C & D – used 
victim specific Fg values

Method A & B - when 
intestinal enzymes/transporters 
were inhibited as predicted by 

either [I2]/Ki>10 or DIN, 
respectively, then assumed 

maximum value FaFg=1

Default Fa=1.0 and a 
victim specific correction 

for FaFg was applied by all 
Methods with different 

assumptions

Method C also used 
perpetrator-specific ka

value if known

Methods C&D

ka = 0.03 min-1

(previous studies have demonstrated for 
CYP TDI and induction in liver that this is 

sufficiently conservative and reduces 
likelihood of false positives)

Methods A&B 

ka = 0.1 min-1

(adopting FDA conservative 
approach if unknown for a 

drug)

• The value used for ka will impact the 

predictive accuracy of [I]:

• enterocyte concentration (Ig)

• unbound hepatic inlet 

concentration (Imax in, u)

• This could significantly impact the 

DDI estimate if a high value is used 

for a perpetrator with a low 

absorption rate

• The value used for FaFg will 

also impact the predictive 

accuracy of [I]:

• enterocyte concentration 

(Ig)

• unbound hepatic inlet 

concentration (Imax in, u)

• This could significantly impact 

the DDI estimate
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Perpetrator Absorption – Intestinal concentrations

Input parameters
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 For orally administered drugs 

inhibition of CYPs and efflux 

transporters in the intestine is of 

particular clinical concern due to 

their high expression levels

 Need to consider high first pass 

metabolism and the potential for GI 

fluid to both limit perpetrator 

concentrations in the intestinal 

lumen ([Igut]) and enterocyte

 Concentrations in the enterocyte [Ig] 

offer:

 a more dynamic approach by 

incorporating fraction and rate of 

absorption and intestinal blood 

flow

 overcomes limitations of [Igut] for 

poorly soluble compounds

Method A

Method B

Method 
C

Method 
D

What GI 

concentration were 

utilised?

• used [Igut] ([I2]) towards [Igut]/Ki>10 ratio

• however [Igut] probably not applicable to 

intracellular CYP3A4 and BCRP in 

enterocytes

• used DIN to predict an alternative [Igut] to 

dose (mol)/250mL 

• applied this to classify risk of CYP3A4 and 

P-gp inhibition in intestine

• used [Ig] and incorporated a modelled fugut

parameter to estimate unbound enterocyte 

concentrations

• gave significant improvement for rifampicin 

and itraconazole DDI prediction compared 

with using total concentrations

• used total [Ig]

[Ig] = ka x FaFg x dose (mol)/Qent
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Perpetrator Inhibitory Potency (Ki)

Input parameters
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 Numerous in vitro assay formats exist to quantify the inhibition potential of a compound, including the choice of probe 

substrate and the absence or presence of an inhibitor preincubation step

 Whilst it is preferred to use the Ki for the same substrate in vitro and in vivo, the occurrence of false negative/positive 

predictions did not vary significantly if the lowest reported Ki was adopted

 Williamson & Riley (2017) noted trends in the inhibition potencies of the perpetrators used in the four methods following 

comparison of the data:

 Method D appeared to report the weakest inhibitory potency values and quantified the AUCR for the main disposition pathway of

the victim only

 In contrast, Method C used more potent inhibition values (up to 20-fold lower than Method D) and predicted the AUCR with the 

most comprehensive dataset

 Despite these differences in Ki values, both methods displayed similar predictive accuracy. Possible reasons for similar model 

performance may include:

 The model parameters included may be correlated and therefore inclusion of all in one method over another may be 

counterintuitive

 Some of the parameters cited may not be informative for the model e.g. if clinical exposure [I] is significantly > Ki, then variability in 

Ki values used may only have a modest impact on final prediction

 While the 4 methods described employ variable inhibition values, it is recommended that each laboratory generates their own 

parameter estimates for using in subsequent DDI predictions
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Perpetrator hepatic Kp u,u

Input parameters

Varma MV, Bi YA, Kimoto E, et al. Quantitative prediction of transporter and enzyme-mediated clinical drug-drug interactions of organic anion transporting polypeptide 

1B1 substrates using a mechanistic net-effect model. J Pharmacol Exp Ther. 2014;351:214–223.
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 Understanding the unbound partition coefficient (Kp u,u) in vivo is required to define the distribution 

of the unbound compound in tissue and plasma

 For uptake transporter substrates, the unbound concentration in the liver will not equal the 

unbound concentration in the plasma and their liver concentrations will significantly exceed their 

unbound hepatic inlet concentration (unless reasonable hepatic efflux exists in parallel) 

 However, inhibition of the uptake transporter can decrease Kp u,u by 75-90% (Varma et al., 2014) 

thereby impacting on the intracellular concentrations of perpetrator available to inhibit hepatic 

enzymes (if it was an uptake substrate), which could potentially impact DDI predictions

 Neither Methods A, B or D utilised the Kp u,u parameter in their models

 In contrast, Method C did incorporate a predicted Kp u,u
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Contribution of disposition pathways (fraction 
metabolised/eliminated)

Input parameters
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To better 
define 

mechanism(s) 
of DDI need 
victim’s e or 

m

Without e or 
m

e or m

Clinical PGx, 
DDI, human 

mass balance 
data

Transporters

e

CYPs

m

These data can all be successfully applied to define / refine 

the contribution of specific pathways to overall disposition 

(Method A) 

For transporters, better to be guided by clinical data rather 

than simple in vitro substrate data, as something can be a 

substrate of multiple transporters in vitro, but not relevant in 

vivo.

Relatively 

straightforward to 

derive from in vitro

liver microsomes

Less data available

possibly due to significant 

overlap in substrate 

specificities

Value allows understanding of the maximum 

theoretical AUC change that could be achieved 

if that critical disposition pathway was 

completely inhibited by DDI

In the absence of this parameter, a very potent inhibitor (where 

[I] >> Ki) of a minor disposition pathway may be given too much 

weight towards an overall AUCR prediction, giving rise to false 

positives or over-predictions.
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How do the four methods compare with regard to 
incorporation of e or m?

Input parameters
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Method A Method B Method C Method D

Included e for multiple 

transporters and m for CYPs

Derived from published 

clinical PGx, clinical DDI and 

human radiolabelled mass 

balance data

Did not incorporate e or m 

parameters, rather included 

clearance data towards 

quantifying magnitude of DDI

Reported a false positive rate 

of 25% likely resulting from 

over-prediction of the 

maximum theoretical AUC 

change possible for each 

major disposition pathway

Included m for all CYP 

substrates but as e data was 

limited for transporters, only 

one main transporter was 

included in analysis

Additional inclusion of 

clearance data towards 

quantifying magnitude of DDI

However, for uptake 

substrates IVIVE was limited 

and a correction factor was 

applied to estimate the in vivo 

clearance of 70% of 

compounds

Refined m for CYPs to reflect 

ratio of hepatic enzyme 

contribution to observed DDI 

(CRCYP)

CRCYP=m CYP if one enzyme 

involved in DDI

CRCYP=0 if inhibition did not 

contribute to DDI

When efflux transporter 

inhibition and CYP inhibition 

effects were additive, CRCYP

was reduced and contribution 

of efflux was integrated (CRE)

However, e for uptake 

transporters was not present
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 Furthermore, when comparing predictive accuracies are the proposed mechanisms underlying each DDI the 

same for each victim/perpetrator combination across the different methods (i.e. are we comparing like for 

like)?

AUCR variation in clinical DDIs and proposed 
mechanisms underpinning DDIs

Input parameters
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 Comparison of different method performance complicated by the following:

 Numerous sources of clinical DDI data resulting in marked differences in reported AUCR values between 

models

 AUCR values varied even with same doses of perpetrator and victim

 Plus there is a wide choice of victim and perpetrator doses to choose from for each DDI combination

• e.g. Atorvastatin and Cyclosporine was evaluated in all models, but using clinical data 

derived from 5 different doses

Atorvastatin & Cyclosporine Fluvastatin & Fluconazole

Method OATP1B1 P-gp CYP3A4 BCRP MRP2 Method OATP1B1 CYP2C9

A
  

A


B
  

B
 

C
   

C NA NA

D
  

D
 

Not always!
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Mechanistic static models summary of analysis

Predicting transporter-mediated DDIs

Williamson B and Riley R. Hepatic transporter drug-drug interactions: an evaluation of approaches and methodologies. Expert Opin Drug Metab Toxicol. 2017; 13:1237-

1250.

19
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Additional Learning for Method A since Williamson 
and Riley analysis

20

Predicting transporter-mediated DDIs – 2 key victims

Elsby R, Martin PD, Surry D, et al.  Solitary inhibition of the breast cancer resistance protein (BCRP) efflux transporter results in a clinically significant drug-drug interaction with rosuvastatin by causing up 

to a two-fold increase in statin exposure. Drug Metab Dispos. 2016;44:398-408.

Elsby R, Chidlaw S, Outteridge S, et al. Mechanistic in vitro studies confirm that inhibition of the renal apical efflux transporter multidrug and toxin extrusion (MATE) 1, and not altered absorption, underlies 

the increased metformin exposure observed in clinical interactions with cimetidine, trimethoprim or pyrimethamine.  Pharmacol Res Perspect. 2017;5(5).

Model performance (observed versus predicted 

AUC)

 Predicted AUCR for 9 rosuvastatin DDIs (2016)

 Applied maximum theoretical enterocyte concentration (Ig) 

with e for BCRP in place of [Igut]/Ki>10 (2012). Plus 

OATP1B1 prediction.

 100% of DDIs predicted within 1.25-fold of observed 

AUCR

 Predicted AUCR for 5 metformin DDIs (2017)

 Using a renal MATE1 apparent oral e=0.39 and Cmax u as [I] 

to comply with the fact that any inhibitor that is a substrate of 

OCT2 cannot concentrate inside the cell due to the passive 

facilitative nature of OCT2.

 100% of DDIs predicted within 1.25-fold of observed 

AUCR

Linear regression analysis
Elsby et al. (2016)

Elsby et al. (2017)
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Additional Learning Summary

21

Predicting transporter-mediated DDIs

Linear regression analysisModel performance (observed versus predicted 

AUC)

 Combined all of:

 original statin DDIs (2012)

 additional rosuvastatin DDIs (2016)

 metformin DDIs (2017)

 31 DDIs – 29 out of 31 predicted within 2-fold (94%)

 2 not predicted due to possible absence of 3A4 TDI 

component?

 Use of enterocyte concentration ([Ig]) (rather than assuming 

complete intestinal inhibition if [Igut]/IC50>10) would likely 

benefit wider predictions from 2012

94% within 2-fold
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Which model do we use for Drug Discovery?

Predicting transporter-mediated DDIs
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Drug Discovery
Lead optimisation

Late DevelopmentEarly Development

First Time

in Patients

First Time

in Humans

PDC

Selection
NDA

POC / POM

One strategy:

In vitro transporter DDI potential studied here:

• to aid candidate selection (Dx)

• to reduce unexpected clinical findings in 

patients (Early Dv before FTIP)

 Application and utility of Methods A-D towards quantitative prediction of DDI may be dependent on the timing 

and interpretation of drug transporter studies
• Need to have confidence in translation of in vitro inhibition data to enable 

decision making (e.g. OATP1B1, BCRP inhibition – statin risk assessment)

• Method A and Method D may be pragmatic choices - require very few in 

vitro input parameters (ideal for Discovery when measured data may be 

limited)

• Both methods provide an indication of the possible maximum theoretical AUC 

change due to a perpetrators inhibition - “Worst-case scenario”

• useful for project teams to put the predicted AUC change into context 

with the therapeutic window of the victim co-med, i.e. whether it is 

just a PK-based DDI or clinically significant DDI

Method A  - ideal for understanding DDI risk versus statin co-meds (most prescribed drugs in UK)

- 94% predictive accuracy (caveat – currently no CYP TDI component)

Method D - ideal for hepatic transporter DDIs more broadly (complete with CYP TDI)

- 98% predictive accuracy
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Which model do we use for later Drug Development?

Predicting transporter-mediated DDIs
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Drug Discovery
Lead optimisation

Late DevelopmentEarly Development

First Time

in Patients

First Time

in Humans

PDC

Selection
NDA

POC / POM

 Method A (e.g. for metformin DDIs) and Method D could still be applied later in Development

 understanding DDI risk from in vitro transporter inhibition studies (e.g. OAT1, OAT3, OCT2, MATE1 & MATE2-K) that do not 

necessarily impact candidate selection, but rather inform clinical protocol design and ultimately drug labelling before going 

into patients

 Additionally as a project progresses further into Development and more detailed, mechanistic ADME 

understanding of the molecule emerges to inform drug labelling, then Method C may become more value 

adding

 Whichever strategy is adopted, it is critical that the in vitro drug transporter studies conducted (and their 

translation) are aligned with the proposed clinical plan encompassing patient population, co-medication and 

likely therapeutic area
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Improving Models

Predicting transporter-mediated DDIs
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Method Possible considerations for improving model performance

A Inclusion of CYP time dependent inhibition parameters

Use of perpetrator specific Fa, ka values

B Inclusion of fraction metabolised/excreted for victim substrate disposition pathways

Use of [Ig] for intestinal interactions

Use of perpetrator specific Fa, ka values

Inclusion of CYP time dependent inhibition parameters

C Inclusion of fraction excreted values for multiple transporters (where applicable to critical 

disposition)

Improved IVIVE for in vivo uptake transporter clearance

D Inclusion of fraction excreted values for transporters based on derivation used by Method A 

(PGx etc)

Use of perpetrator specific Fa, ka values

Inclusion of extended clearance concept may benefit predictions for some perpetrators
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Summary
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 Due to polypharmacy, DDIs continue to account for 5% of UK hospital admissions and as such remain a 

major regulatory concern (particularly for common co-meds such as statins)

 Within Drug Discovery and Development we are moving away from relatively simple hazard identification of 

DDI potential (using basic static equations detailed in regulatory guidance) to actual risk analysis and 

mitigation using quantitative prediction of DDI

 The mechanistic static model approach highlighted by Methods A, B, C and D can provide a useful tool in 

Drug Discovery and Early Development towards this goal:

 Use of unbound exposure preceded recent FDA guidance but is consistent

 Multiple CYP/transporter interactions now achievable – goes beyond current guidance

 Use of an extended clearance concept alone may not offer a clear advantage

 However, key to the successful accurate routine application of such models is:

 their crucial requirement to understand and correctly quantify (e /m) the clinically-relevant critical 

disposition pathways of victim drugs that underpin the mechanisms behind DDI

 a consensus agreement reached for each victim-specific disposition mechanism such they can be 

adopted by all mechanistic and PBPK models
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