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Abstract 
 

The transition from experimental findings in animal models to clinical applications in human 

patients is a key challenge in pharmacology and toxicology. To date, this step still inhibits a 

significant level of uncertainty explaining amongst others the continuously high attrition rates in 

pharmaceutical development programs. Computational modelling bears the promise to support 

cross-species extrapolation through mechanistic descriptions of relevant physiological processes. 

In this review, the benefits and limitations of computational approaches for clinical translation 

are discussed and the needs for future applications are outlined. A particular focus is laid on the 

differentiation between pharmacokinetics and pharmacodynamics. While the former determines 

drug exposure in plasma or specific tissues, the latter describes the resulting response, i.e. the 

therapeutic outcome or an adverse event. Based on a previous study it is argued that the main 

challenges for cross-species extrapolation is genetic divergence between different animal models 

and humans which will require novel inter-disciplinary concepts for clinical translation in the 

future. 

Keywords: Cross-species extrapolation, Inter-species extrapolation, PBPK modelling, 

Pharmacology, Toxicology. 
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Animal experiments are still routinely 

used in pharmacology and toxicology. In 

pharmaceutical development, animal 

models are a mandatory milestone before a 

new compound is administered to humans 

in clinical phases I - III. The main 

objectives in the preclinical phase are 

patient safety, i.e. to identify a non-toxic 

dose for first-in-man studies, and to 

explore the to-be-expected therapeutic 

window of a novel compound. Today, 31% 

of all pharmaceutical development 

programs are discontinued in the 

preclinical phase, while 46% of all projects 

in phase I are stopped (Paul et al. 2010). 

The majority of these project terminations 

are due to safety reasons (82% in the 

preclinical phase and 62% in phase I, 

respectively) (Cook et al. 2014). Likewise, 

it has been estimated that only about 43% 

of toxic side effects in humans are 

correctly predicted (Hartung 2009). It can 

thus be concluded that animal experiments 

are in a significant number of cases not 

informative with regard to drug safety. 

This clearly indicates the need for novel 

rational approaches to translate results 

from animal experiments to human 

patients. Given an increasingly high ethical 

(and scientific) standard in animal welfare, 

it is mandatory to design tailor-made 

animal experiments to provide reliable 

insights which cannot be obtained 

otherwise. Note that such claims date back 

to the 1950s when 3R principles (3R: 

reducer, refine, replace) for animal 

experiments were formulated first (Russell 

and Burch 1959). 

A substantial contribution to the 

establishment of 3R principles in 

pharmacology and toxicology can be 

expected from computational modeling 

(Hartung et al. 2017). This is because 

pharmacokinetic (PK) models provide an 

important possibility to quantify plasma 

exposure to xenobiotic compounds. For 

cross-species extrapolation of PK 

parameters in compartmental PK models 

allometric scaling is usually applied. Such 

approaches are based on exponential 

regression equations to predict parameters 

in another species.  However, it should be 

noted that this approach is largely data-

driven with uncertain translational power. 

This was shown in a systematic study of 

102 small molecule drugs where an 

average prediction error of 254% was 

calculated for allometric scaling of 

pharmacokinetic parameters from rats, 

dogs, and monkeys to humans (Ward and 

Smith 2004).  

An alternative approach to 

compartmental models is physiologically-

based pharmacokinetic (PBPK) models 

(Jones et al. 2009; Kuepfer et al. 2016). 

PBPK models are based on systems of 

ordinary differential equations and include 

a large amount of prior physiological 

information regarding the physiology of an 

organism. In particular, organs and the 

connecting vascular circulation are 

explicitly represented in PBPK models. 

Physiological processes underlying drug 

ADME (ADME: absorption, distribution, 

metabolism and excretion) can hence be 

described mechanistically. PBPK therefore 

allows a unique opportunity to simulate 

time-concentration profiles in blood and 

different tissues. Moreover, enzyme-

mediated metabolisation as well as 

transport processes can be explicitly 

considered in PBPK models (Meyer et al. 

2012), Table (1). Due to the large level of 

physiological detail represented in PBPK 

models, they are ideally suited for 

extrapolation from a basic reference model 

to novel scenarios (e.g. different patient 

subgroups, different preclinical species or 
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different doses and administration 

schemes, etc.).  

In the simplest case, extrapolations in 

PBPK models only require modifications 

of a single physiological model parameter 

such as a reduction in liver clearance 

capacity in hepatically impaired patients. 

PBPK modelling in humans has for 

example been successfully used to describe 

the functional impact of different 

phenotypes of ADME proteins on drug 

pharmacokinetics in patients through 

modulation of catalytic activities (Cordes 

et al. 2016; Lippert et al. 2012). Likewise, 

PBPK models have been used to quantify 

the difference in endosomal clearance of 

various monoclonal antibody variants 

through adjustments of the binding 

affinities to the neonatal Fc receptor in 

cynomolgus monkeys (Niederalt et al. 

2018). More extended extrapolations with 

simultaneous alterations of multiple 

physiological model parameters involve 

simulations of pediatric drug 

pharmacokinetics (Maharaj and Edginton 

2014) or  elderly patients (Schlender et al. 

2018). The use of PBPK modelling in 

clinical studies requires well-designed 

analysis plans for model qualification and 

statistical analyses. The application of 

PBPK modelling in pharmaceutical 

development programs is strongly 

encouraged by regulatory agencies to 

support decision making through dedicated 

computational simulations.  

In the light of the growing acceptance 

of PBPK modelling in pharmaceutical 

research is a self-evident and tempting 

conclusion to apply PBPK modelling for 

cross-species extrapolations. This would 

significantly support the translation of 

results from preclinical studies to first-in-

man studies and to later clinical phases. 

Surprisingly, there are still few scientific 

papers applying PBPK modelling for 

extrapolations to different mammalian 

species (106 hits for a PubMed search for 

“PBPK” AND (“cross-species” OR “inter-

species” OR “interspecies”) before June 

2019). A significant number of these 

works stems from toxicology each 

discussing very specific case studies and 

applications for single compounds 

(Campbell et al. 2017). In an attempt to 

assess the basic possibilities and 

limitations of PBPK-based cross-species 

extrapolation, a comparative study was 

performed in which the impact of different 

degrees of prior information on the 

accuracy of cross-species extrapolation has 

been systematically evaluated (Thiel et al. 

2015). In this study, the benefit of using 

different domains of prior, species-specific 

input was systematically assessed in mice 

and humans for PBPK models of ten 

marketed small molecules (molecular 

weight 194.2 - 1202.6 g/mol). This input 

included: (1) species-specific physiology, 

(2) plasma protein binding, (3) enzyme and 

transporter kinetics and (4) tissue-specific 

gene expression and was either considered 

exclusively or in different permutation. 

Notably, the drug-specific metabolism of 

each of the ten compounds was of 

comparable complexity with one active 

process. Hence, the contribution of ADME 

proteins to the overall drug PK could be 

well described, quantified and 

differentiated. The key outcome of this 

analysis was that species-specific 

physiology is essential to achieve accurate 

simulation results when extrapolating a 

PBPK model from a reference to a target 

species. In addition, plasma protein 

binding, kinetic rate constants and gene 

expression data could be shown to 

synergistically contribute to the quality of 

simulation outcomes if they are considered 

simultaneously (Thiel et al. 2015). A 

plausible interpretation of these findings is 

that species-specific physiology alone 

largely determines passive processes of 

drug PK. This is because the basic volume 

of distribution is thus determined by 
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setting organ volumes, organ surface areas 

or organ blood flow rates as well as the 

connecting vascular circulation. Also, 

passive distribution of drugs within 

different tissues can be directly quantified 

in PBPK models from physicochemical 

properties of a compound (Jones et al. 

2009; Kuepfer et al. 2016). Plasma protein 

binding, ADME gene expression as well as 

enzyme and transporter kinetics then 

describe the overlaying active ADME 

processes in addition to species-specific 

physiology and passive distribution 

processes.  

One challenge for the application of 

computational models for cross-species 

extrapolation is genetic divergence in 

ADME genes including the cytochrome 

p450 protein family between different 

mammalian species (Vamathevan et al. 

2013). This also holds for species 

differences in drug transporter expression 

and their activity, which is still poorly 

understood (Chu et al. 2013). As an 

immediate consequence, ADME 

parameters are difficult to translate 

between different animal models. 

Evaluating the homology of an 

orthologous ADME gene in different 

species is one possibility to assess the 

functional comparability of an enzyme or 

drug transporter in different animal 

species. However, a full in vitro 

characterisation of active processes is 

necessary for the support of cross-species 

translation by targeted in vitro-in vivo 

extrapolation (Thiel et al. 2015). This is in 

particular important in the case of limited 

sequence similarity in orthologous genes. 

An even more sophisticated approach are 

humanised animal models (Nadeau and 

Auwerx 2019). It remains to be shown 

whether scaling of experimental data from 

such models through species-specific 

PBPK models could further improve the 

accuracy of cross-species extrapolations as 

such accounting for physiological 

differences. 
 

Table (1): Processes in drug PK/PD involving drug distribution and molecular 

interactions. 

 

Finally, it should be noted that any 

downstream pharmacodynamics (PD) 

effect will further increase species-specific 

differences due to the multitude of on- and 

off-target drug-interactions since PBPK 

models merely describe physiological 

ADME processes underlying drug 

disposition in the body.  PD effects are 

therefore a result of the xenobiotic 

compound interfering with the limited set 

of ADME proteins and with several 

endogenous networks. To account for such 

resulting species-specific divergence in 

drug responses remains a key challenge in 

pharmacology and toxicology especially 

since some analyses are only possible in 

animal models (Ghallab et al. 2016; 

Ghallab et al. 2019; Schenk et al.). To 

 

 
 

Pharmacokinetics (PK) 

 

Pharmacodynamics (PD) 

 

Physiology and passive processes 
+ drug ADME and drug 

distribution 
 

 

Molecular interactions and active 

processes 

- ADME proteins and 

drug transporters 

- drug interactions with 

endogenous networks 
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translate findings from animal models to 

human patients and to simultaneously 

reduce the number of animal sacrifices will 

require novel inter-disciplinary concepts 

for clinical translation in the future 

encompassing both targeted experimental 

design and computational modelling. 
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