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• Introduction to drug development

• Introduction to physiologically-based pharmacokinetic (PBPK) modeling

– GastroPlus Demo

• Introduction to quantitative systems pharmacology/toxicology (QSP/QST) 
modeling

– DILIsym Demo

Agenda
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Drug Development Pipeline

M a t t h e w s ,  H o l l y  &  H a n i s o n ,  J a m e s  &  N i r m a l a n ,  N i r o s h i n i .  ( 2 0 1 6 ) .  “ O m i c s ” - I n f o r m e d  
D r u g  a n d  B i o m a r k e r  D i s c o v e r y :  O p p o r t u n i t i e s ,  C h a l l e n g e s  a n d  F u t u r e  P e r s p e c t i v e s .  

P r o t e o m e s .  4 .  2 8 .  1 0 . 3 3 9 0 / p r o t e o m e s 4 0 3 0 0 2 8 .  
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• Signed into law in December 2022

• The Federal Food, Drug, and Cosmetics Act of 1938 mandated animal 
testing on all new drug products

FDA Modernization Act 2.0

Advancing Alternative Methods at FDA

• With the new law, new drugs 
are no longer required to be 
tested on animals before 
human studies.

• Drug developers may start 
relying more heavily on 
modeling and simulation as it 
uses less resources than an 
animal study
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Broad Classes of Models Used in Drug 
Development

Pharmacokinetic 
(PK)/
Pharmacodynamic 
(PD)

Physiologically Based 
Pharmacokinetic (PBPK)

Quantitative Systems 
Pharmacology (QSP) or Toxicology 
(QST)

Simplistic 
representation of 
the human body 
into a small 
number of 
compartments to 
model drug 
disposition and 
drug action

Physiological 
representation of 
the human body 
to model drug 
disposition

Blussé van Oud-Alblas et al. 2019 Shin, HK et al. 2017

Mechanistic 
representation of 
drug action

Utilize  
systems of 
differential 
equations

Machine learning

h t t p s : / / b l o g . k n o l
d u s . c o m / g e t t i n g -

f a m i l i a r - w i t h -
a c t i v a t i o n -

f u n c t i o n - a n d - i t s -
t y p e s

Non-linear, non-
mechanistic model 
that uses features of 
the compound to 
predict its ADMET 
properties
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• A mathematical modeling approach used to understand drug kinetics in 
the body (human or animal).

• Drug kinetics are described by the acronym ADMET

– Absorption

– Distribution

– Metabolism

– Elimination

– Toxicity

What is PBPK?
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• Predict the first-in-human dose of a drug

• Predict the effect of a change in drug formulation

• Predict drug kinetics in special populations (e.g., pediatrics, hepatic 
impairment)

• Predict drug interactions (e.g., other drugs, food)

• Predict an appropriate dosing scheme

• Simulate virtual clinical trials

How Are PBPK Models Used in Drug Development?
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• GastroPlus is a platform for performing PBPK simulations

• Input various physical chemical properties of the drug (e.g., solubility, 
permeability, lipophilicity)

• Multiple options for simulated physiology (e.g., monkey, dog, rat, human, 
fed, fasted)

• Population simulations

• Wide range of drug administration routes 

 (e.g., oral, IV, IM, SQ, pulmonary, ocular)

GastroPlus Software
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* Modified from van de Waterbeemd, H, and Gifford, E. ADMET In Silico Modelling: 
Towards Prediction Paradise? Nat. Rev. Drug Disc. 2003, 2:192-204

F% (not Fa%)Fa%

D PV

Metabolism Metabolism

A SC

Overview of Processes Accounted for in GastroPlus: 
Oral Administration

pKa

Solubility vs. pH
Biorelevant 
solubility
Precipitation 
kinetics

Transcellular permeability
Paracellular permeability
logD vs. pH
Lysosomal trapping
Villus blood flow
Carrier-mediated transport
Gut extraction

Liver metabolism
Hepatic uptake
Biliary secretion Plasma protein binding

Blood:plasma concentration 
ratio
Tissue distribution
Systemic clearance

FDp%
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GastroPlus and Mechanistic Oral Absorption: 
Advanced Compartmental Absorption and Transit (ACAT) 

Model

Mechanistic 
Absorption 
Modeling 

Physiologically based 
Pharmacokinetics 

(PBPK)
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• Machine learning platform to predict ADMET of a drug given its chemical 
structure

• Ensemble of neural networks

• Predictions include uncertainty based on the variance in the neural 
networks

ADMET Predictor®

Midazolam

ADMET Predictor
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ADMET Predictor Independently Shown to 
Have High Predictive Performance

Independent comparison of logP 
predictors

(Tetko & Poda, 2007)

Independent comparison of aqueous solubility predictors

(Dearden JC. Exper. Opin. Drug Discovery 2006 1:31)
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GastroPlus Demo
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Introduction to QSP/QST Modeling
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Calcitonin Gene-related Peptide (CGRP) 
Antagonists for Treatment of Migraines
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Calcitonin Gene-related Peptide (CGRP) 
Antagonists for Treatment of Migraines

X
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Calcitonin Gene-related Peptide (CGRP) 
Antagonists for Treatment of Migraines

X X
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Calcitonin Gene-related Peptide (CGRP) 
Antagonists for Treatment of Migraines

XX



NASDAQ: SLP19

What is QSP/QST?
• QSP/QST applies a systems-level, mechanistic representation of drug interaction with normal 

or disease physiology to retrospectively interpret clinical data and to prospectively predict 
efficacy (QSP) or safety (QST)

Biochemistry

Toxicity 
Mechanisms

Exposure

Tox

DILIsym, a QST model, simulates toxicity at the 
intersection of exposure, toxicity, and biochemistry

IPFsym, a QSP model, simulates efficacy at the intersection of 
exposure, pharmacodynamics, and pathophysiology
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How Are QSP/QST Models Used in Drug 
Development?

QSP
• Predict treatment efficacy

• Predict comparative efficacy against standards 
of care

• Predict clinical efficacy of combination therapies

• Predict optimal dosing regimen

• Predict mechanistic underpinnings of response / 
non-response

• Predict biomarkers of response

• Predict potential response variability in human 
populations

QST
• Retrospectively identify key mechanistic drivers 

of clinically observed toxicity

• Predict treatment toxicity

• Prospectively identify key mechanistic drivers of 
predicted toxicity

• Predict safe dosing regimen

• Predict biomarkers of toxicity response

• Predict response variability in human 
populations
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DILIsym Software Overview

•Multiple species: human, rat, 
mouse, and dog

- Population variability

•The three primary acinar 
zones of liver represented

•Essential cellular processes 
represented to multiple 
scales in interacting sub-
models

•Over 80 detailed 
representations of 
optimization or validation 
compounds with ~80% 
prediction success

•Single and combination drug 
therapies
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DILIsym: Quantitative Systems Toxicology

Kuepfer 2010, Molecular Systems Biology

Mitochondrial dysfunction

Cellular life-cycle

Patient variability 
(SimPops)

Drug distribution & 
metabolism
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Toxicity Mechanism: Bile Acid Transporter 
Inhibition
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• Bile acids are synthesized in the liver and 
transported into the bile by BSEP

• In humans, bile acids are stored in the 
gall bladder until meal time

– Rats do not have a gall bladder

• Bile acids are taken up by enterocytes 
and return to the portal blood

• Hepatocytes take up bile acids, 
mediated by NTCP

• MRP3/4 can transport bile acids from 
hepatocyte to blood

• Bile acids are presumed to be 
concentrated in the periportal region of 
the liver

Bile Acids Undergo Efficient Enterohepatic 
Recirculation Mediated by Transporters 

Jonker 2011
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• Drugs can interfere with multiple bile acid 
transport processes such as uptake, 
canalicular efflux, and basolateral efflux

• Research has shown a relationship between 
bile acid efflux transporter inhibition and 
toxicity ‡

• Drug effects on hepatobiliary bile acid 
disposition can be simulated using data 
from in vitro transport assays

– Inhibition constants (e.g., IC50, Ki)
– Type of inhibition (e.g., competitive, 

noncompetitive)

Drugs Can Inhibit Bile Acid Transporters

OA
-

BSEP

Hepatotoxicity

Bile 
Acids

MRP3/
4

(OSTα/β)

NTCP
(OATP)

Bile 
Acids

Drug

Drug
‡ Morgan 2013, Pedersen 2013, 

Dawson 2010, Morgan 2010
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BA  H+ 
Gradient 

Uncoupling 

Bile Acid Homeostasis ModelDrug PBPK model

Drug inhibits BA 
transport

BA Transport Inhibition Model

Hepatocyte Life-Cycle

Cellular ATP Model

Bile Acid Transport Inhibition Model Overview

Bile acid 
accumulation 

disrupts cellular 
energy balance

Disrupted cellular 
energy balance 

can cause 
hepatocyte 
apoptosis or 

necrosis
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Calcitonin Gene-related Peptide (CGRP) 
Antagonists for Treatment of Migraines

XX
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DILIsym Toxicity Parameters for 
Telcagepant, MK-3207 and Ubrogepant

Mechanism DILIsym Parameter Unit
DILIsym Parameter Value***

telcagepant MK-3207 Ubrogepant

Mitochondrial 
Dysfunction

Coefficient for ETC inhibition 1 µM 17,400 N/A 472

Coefficient for ETC inhibition 3 µM N/A 0.347 N/A

Max inhibitory effect for ETC inhibition 3 dimensionless N/A 0.35 N/A

Oxidative Stress RNS/ROS production rate constant 1 mL/nmol/hr 2.0 x 10-5 2.2 x 10-4 1.6 x 10-4

Bile Acid 
Transporter 
Inhibition

BSEP inhibition constant µM 7.9 7.62 38.1

BSEP inhibition alpha value dimensionless 4.6 Competitive 8.39

NTCP inhibition constant µM 19.4 No Inhibition No Inhibition

MRP3/4 inhibition constant** µM 16.6 49.9 85.9

*Values shown in the table for DILIsym input parameters should not be interpreted in isolation with respect to clinical implications, but rather, should be combined 

with exposure in DILIsym to produce simulations that have predictive and insightful value

**Mixed inhibition with alpha = 5 assumed

Smith et al., Tox Sci 2020
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eDISH Plots Simulated by DILIsym 
Show Predicted Hy’s Law Cases for MK-3207 
and Telcagepant but None for Ubrogepant

- Simulation Results

Hyperbilirubinemia Hy’s Law Range

Normal Range

Temple’s Corollary 

Range

Hyperbilirubinemia Hy’s Law Range

Normal Range

Temple’s Corollary 

Range

MK-3207 450 mg bid 14 days Ubrogepant 200 mg split qd 4 daysTelcagepant 280 mg bid 12 weeks

Smith et al., Tox Sci 2020
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Conclusion

DILIsym modeling was part of the weight of 

evidence that supported FDA approval of 

Ubrogepant for the treatment of acute 

migraine headaches. 
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DILIsym Services QSP/QST Platforms
Model Disease area Key References Primary biomarkers included: 

Number of compounds/ 

targets evaluated

NAFLDsym
Non-Alcoholic Fatty Liver Disease 

and Non-Alcoholic Steatohepatitis

Kenz 2020,  Kenz 2019, 

Longo 2018, Siler 2018,   

Siler 2022

Histologic NAS, histologic fibrosis score

Liver fat (MRI), plasma ALT

25-30

IPFsym Idiopathic pulmonary fibrosis Siler 2021
Forced vital capacity; high resolution 

computed tomography
6

ILDsym Interstitial lung disease Kenz 2022
Forced vital capacity; high resolution 

computed tomography
5 

CARDIOsym
Cardiac recovery following 

myocardial infarction
Kenz 2021

Cardiomyocytes, myofibroblasts, 

collagen
2

KIDNEYsym Kidney diuresis -- Urine volume; urinary sodium loss 3

GOUTsym
Gout

Emphasis on hyperuricemia
-- Uric acid 5

MITOsym Hepatocyte bioenergetics Yang 2015
Oxygen consumption rate; ATP 

concentrations
>70

DILIsym Drug induced liver injury
Shoda 2017, Battista 2020, 

Eichenbaum 2020
Plasma ALT, plasma AST, plasma bilirubin >70

RENAsym Drug induced kidney injury Gebremichael 2020
Urine KIM-1, urine aGST, serum 

creatinine
10 

Q
SP

Q
ST
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DILIsym Demo
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University+
Modeling and simulation (M&S) education today to set the 
next generation of scientists up for success tomorrow.

>150

Free & 
paid courses 

Membership pricing to 
government agencies

Internship+ Postdoc+

Apply Today
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