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Overview

• Background to pH-dependent DDI

• Predicting the Effect of Acid Reducing Agents with PBBM

– Workflow for ARA prediction

• Case Studies

• Future outlook

• Questions



Background

• PK DDIs can cause toxicity or poor efficacy 

• Adverse drug events contribute to patient harm and healthcare costs*

• PBPK used to predict and manage metabolic DDIs and inform labels

• Absorption-related DDIs may equal the magnitude of metabolic DDI effects 
but PBPK is having less impact in this area 

* up to $177.4 billion annually. Ernst and Grizzle. J Am Pharm Assoc (Wash), 2001. 41(2): p. 192-9



The Effect of Acid Reducing Agents

• pH-dependent DDI may occur in the stomach when a poorly soluble weakly 
basic drug with pH dependent solubility is co-administered with an acid 
reducing agent (ARA) e.g. proton pump inhibitor (PPI), histamine 2 receptor 
antagonist (H2RA) or antacid

Basic pKa=3 & 6.5



pH-dependent DDI for Poorly Soluble Weak Bases 

Piscitelli, S.C., et al. (1991). Effects of ranitidine and 
sucralfate on ketoconazole bioavailability. Antimicrobial 

agents and chemotherapy. 35(9): p. 1765-1771.

ketoconazole exposures↓ 95%           
2 hours after ranitidine

Tomilo, D. L., et al. (2006). Inhibition of Atazanavir Oral 
Absorption by Lansoprazole Gastric Acid Suppression in 
Healthy Volunteers. Pharmacotherapy: The Journal of 

Human Pharmacology and Drug Therapy. 26(3): 341-346.

atazanavir exposures↓ 95%           
after lansoprazole



Impact on Label

https://www.accessdata.fda.gov/drugsatfda_docs/label/2011/021567s026lbl.pdf

https://www.accessdata.fda.gov/drugsatfda_docs/label/2011/021567s026lbl.pdf


Regulatory View



Applications of PBBM in Prediction of ARA Effect

Preclinical assessments of ARA

Development of Improved Formulation

De-risking compound selection

Characterization of GI contents

Proposed biorelevant media

Understanding variability

Investigation of BE
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Key Input Parameters of Compounds 
Parameter Molecule 1 Etoricoxib JNJ-X Danirixin GSK1 Erlotinib Ribociclib

Molecular weight 356.4 g/mol 358.9 g/mol 434 g/mol 441.9 g/mol 463.5 g/mol 393.45 g/mol 434.55 g/mol

Log P 3.58 2.28 (log D, pH 7.0) 3.03 3.45 6.52 2.7 1.954

pKa 4.5 (base) 3.8 (base) 4.8 (acid), 8.1 (base) 9.96 (base) 2.95 (base) 5.65 (base) 8.6 (base)

5.5 (base)

BCS Class 2 2 4 4 2/4 2 4

pH – solubility profile 

(mg/mL)

5.75 (pH 1.2)

1.25 (pH 2.1)

0.48 (pH 3.0)

0.012 (pH 4.0)

0.005 (pH 6.0)

0.005 (pH 8.0)

25.1 (pH 2.0) 

2.01 (pH 3.1)

0.70 (pH 3.5)

0.3 (pH 4.0)

0.14 (pH 4.5)

0.09 (pH 5.0)

0.08 (pH 5.5)

0.05 (pH 6.9)

6.2 (pH 1.3)

0.23 (pH 4.9)

0.31 (pH 6.5, FaSSIF)

0.64 (pH 5.0, FeSSIF)

Freebase

0.601 (pH 2.0)

0.021 (pH 4.0)

0.004 (pH 6.0)

0.005 (pH 8.0)

0.715 (SGF, pH 1.2)

0.009 (FaSSIF, pH 6.5)

0.019 (FeSSIF, pH 5.0)

HBr salt

0.605 

0.685

0.194 

0.052 

0.757 

0.459 

0.724

32 (SGF)

4.3 (pH 2.0)

0.7 (pH 4.0)

0.05 (pH6.0)

0.02 (pH 7.0)

0.02 (pH 8.0)

0.6 (pH 2.5)

0.32 (pH 3.4)

0.015 (pH 5.0)

0.0058 (pH 6.5)

0.0085 (FaSSIF, pH 6.4)

0.0533 (FeSSIF, pH 5)

2.4 (≤pH 4.5)

0.8 (pH 6.8)

0.3 (pH 7.5)

2.4 (FaSSIF, pH 6.5)

2.2 (FeSSIF, pH 5.0)

Dose 50 mg 120 mg 1000 mg 100 mg 50 mg 100 mg 150 mg 600 mg

Effective human 

permeability 

(cm/sec)

3.25 × 10-4 4.75 × 10-4 0.4 × 10-4 0.91× 10-4 0.8 × 10-4 4.32 × 10-4 0.9 x 10-4

Permeability Source Rat Intestinal 

Perfusion

Caco-2 MDR1-MDCKII ADMET Predictor Fit to Cp-time profile Caco-2

Precipitation time 

(sec)

900 10000 14872 90000 (freebase)

900 (HBr salt)

900 900 900

Particle size (radius) d10 = 10 µm

d50 = 20 µm

d90 = 40 µm

20 µm (mean) d50 = 5 µm 0.9 µm (mean, freebase)

5.7 µm (mean, HBr salt)

25  µm (mean) d50 = 27 µm 60 µm (mean)

Disposition model 

parameters

Vc = 0.299 L/kg

CL = 0.034 L/hr/kg

Vc = 0.507 L/kg

CL = 0.046 L/h/kg

V2 = 1.132 L/kg

k12 = 0.617 1/h

k21 = 0.276 1/h

Elimination t1/2 = 

26.7 hr

N/A 

(fraction absorbed was 

simulated)

Vc  = 0.082 L/kg

Vmax = 0.013 mg/s

Km = 0.214 mg/L

k12 = 0.221 1/h

k21 = 0.173 1/h

Perfusion limited PBPK 

model for distribution

Mean CLsys = 2.2 L/h

Vc = 0.826 L/kg

CL = 0.15 L/h/kg

V2 = 1.138 L/kg

Vmax = 4.47E-4 mg/s

Km = 0.232  µg/mL

k12 = 0.182 1/h

k21 = 0.132 1/h

Vc = 5.0 L/kg

CL = 0.596 L/h/kg

k12 = 0.07 1/h

k21 = 0.041 1/h



Develop and validate PBBM
1. Physicochemical properties and/or dissolution data
2. Clinical PK, when available from FIH (& IV data if 

available)
3. Simulate with default physiology & verify vs. observed 

data
4. Optimize model

Workflow for Prediction of ARA 
effect for BCS 2/4 Compounds

Criteria Supporting the Reliability of PBBM Simulation for Acid Reducing Agents (ARAs) 

• Mechanism of interaction related primarily to changes in gastric pH (i.e. no chelation effects and/or metabolic interaction between API and ARA)
• Clinical data under normal dosing conditions available for model verification
• Free form of the API is used in a conventional dosage form (may be more difficult to model formulations containing salts or acidulants)

Predict likelihood of ARA effect pre-FIH
1. Physicochemical properties (full pH solubility, 

biorelevant solubility) and In Vitro/Preclinical data as 
Input

Predict ARA effect
1. Apply validated human model 

adjusting for pH effect of ARA 
(e.g. pH 4-5 for PPIs in fasted 
conditions)

2. Due to variability in ARA effect, 
conduct PSA across the 
physiological pH range

3. If possible, verify model against 
clinical experience (e.g. if 
dedicated ARA study available or 
if popPK model available 
demonstrating clinically relevant 
covariate effect on AUC &/or 
Cmax)

Apply Developed Model
1. If significant effect predicted, 

conduct dedicated ARA study and 
verify model. If needed further 
optimize model (repeat step 2)

2. If no significant effect predicted, 
consider whether model can be used 
to inform label

3. Use model to inform impact of future 
formulation changes as needed



Case Studies



Property Value

logD 1.96 at pH 3.575

pKa 7.05 base

Permeability 2.5 *10-4 cm/s

Kinetic solubility of granules in 

clinical capsules measured at 

37°C in 50 mL of  biorelevant

media after 4 hours stirring with a 

paddle speed of 50 rpm . Five 

milligram of RO5424802 was 

applied.

FaSSIF (23 µg/mL)

FeSSIF (77 µg/mL)

Clinical Dose 600 mg

Alectinib

The AAPS Journal (2016) 

Table S1. Summary of published case studies on the application of PBBM in prediction of ARA effect



Model Changes for PPIs

• Fasting gastric pH increased  to 4.5

• Postprandial gastric pH increased to 6.5



Prediction

• Negligible effect of elevated gastric pH predicted

– Very limited dissolution in the stomach irrespective of pH

– Solubility of alectinib at normal healthy gastric pH << 2.4 mg/mL (the 

value needed for complete dissolution of the dose in a glass of water (600 

mg dose / 250 mL))

• Solubility decreases with increased gastric pH have little effect 

• This prediction was useful to design pivotal study w.r.t. patient 

exclusion criteria

• Prediction was later confirmed by clinical study



Potential to use PBBM to waive clinical study 

Pabinostat FDA Review 
” Model simulations suggested the lack of effect of elevating gastric 
pH on panobinostat oral absorption and PK. No dedicated clinical 
study pursued”

Case Study 2: etoricoxib
Case Study 5: GSK-1
Case Study 7: Ribociclib

lack of pH sensitivity across the 
pH range 2-8. 

PBBM simulations supplemented 
with PopPK analyses may lead to 
waiving of dedicated PPI clinical 

pharmacology trials



Case Study 3: JNJ-X

A BCS class 4 weakly basic compound 

with intermediate lipophilicity and 

pKa of 3.8 given at a high dose

Parameter JNJ-X

Molecular weight 434 g/mol

Log P 3.03

pKa 3.8 (base)

BCS Class 4

Solubility (mg/mL) 6.2 (pH 1.3)

0.23 (pH 4.9)

0.31 (pH 6.5, FaSSIF)

0.64 (pH 5.0, FeSSIF)

Dose 1000 mg

Peff (cm/sec) 0.4 × 10-4

Precipitation time 

(sec)

14872



Case Study 3: Early risk evaluation

3D PSA varying Dose, Peff & pH

pH 5.0pH 1.3 
DDI liability confirmed by 

clinical PPI study

Demonstrates value of
PBBM for PPI liability in early 

development

PBBM models verified with 
PPI data might be used to 

waive studies after 
formulation changes



Case Study 6: Erlotinib

• Lipophilic with high permeability 
and low solubility

• CYP3A4 & CYP1A2 substrate 

• The effect of omeprazole and 
ranitidine on erlotinib has been 
studied clinically. Modelling was 
done retrospectively

Parameter

logP (O/W) 2.7

pka 5.65

fu 0.046

B/P 0.55

Permeability (cm/s) caco-2 33.6x10-6 -> human Peff 4.3x10-4

Buffer solubility at 

different pH (mg/ml)

pH mg/mL

2.5 0.6

3.4 0.32

5 0.0145

6.5 0.0058

Biorelevant solubility 

at 37°C (mg/ml)

Media start pH end pH mg/mL

FaSSIF 6.5 6.4 0.0085

FeSSIF 5 5 0.0533



Step 1: Disposition Model

• Mean Cp(t) for IV and PO crossover study 
150-mg tablet vs 25-mg 30 minute 
intravenous infusion in 20 healthy mainly 
female subjects

• 2 compartmental model with nonlinear 
clearance fit gives best fit

• Bioavailability estimated with saturable
clearance is 59% vs 106% based on a 
simple non-compartmental analysis

Vc/kg= 0.826 L/kg CV= 26%
CL2/kg= 0.150 L/h/kg CV= 54%
V2/kg= 1.138 L/kg CV= 33%
Vmax = 4.47E-4 mg/s CV= 53%

Km = 0.232 µg/mL CV= 77%
K12 = 0.182 1/h CV= 60%
K21 = 0.132 1/h CV= 63%
Tlag = 0.228 h CV= 19%
Ka = 0.731 1/h CV= 53%
F = 59.27 % CV= 19%

nonlinear model fit in PKPlus



Step 2: Oral Tablet Simulation (Fasted State)

• Vmax and Km transferred to 
the enzyme table accounting 
for changed units and free 
fraction in plasma 

• Default model simulation over 
estimates observed Cp(t)

• Reduction in %fluid colon 
improves match

10% fluid in colon  
25% absorption from the large intestine.

1% fluid in colon 
8% absorption from the large intestine.



Step 3: Simulation with/without ARA

• Stomach pH changed from 1.3 to 4.0 
• Gastric transit increased from 0.25h to 0.5hWithout omeprazole

Without ranitidine

With omeprazole

With ranitidine

AUCinf omeprazole ranitidine

Observed 54% 67%

Simulated 51% 51%

Sensitivity to gastric pH

Cmax omeprazole ranitidine

Observed 39% 46%

Simulated 60% 60%



Erlotinib Conclusions

• PBBM indicates high risk of pH-dependent DDI

• Precise prediction of extent of effect is challenging
– Complex non-linear PK 

– HCl salt dosed

– Uncertainty in colonic absorption

– High sensitivity to gastric pH in range 3 – 5

• Model verification with clinical data recommended

• Subsequent application of a verified PBBM for waiver can be envisaged
– Formulation changes

– Different patient populations



PBBM for ARA DDI Risk & Formulation Development

• PBBM should play a role in integrating physicochemical, in vitro, in vivo 
and physiological data into a mechanistic framework to yield fuller 
understanding of pH dependent DDIs

• A bottom-up approach and PSA is useful for early internal decisions

• Multiple PBBM examples support the value during clinical development

• Wider application to streamline drug development and waive unnecessary 
studies is warranted
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