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INTRODUCTION AND MOTIVATION

During drug research and development, gaining insights 
into the mechanistic drivers of the observed pharmacoki-
netics (PK) is crucial to enable solid human PK extrap-
olations as well as predicting human efficacious doses. 

The absorption, distribution, metabolism, and excretion 
(ADME) processes build the foundation for a mechanistic 
understanding of the drug–body and drug–target inter-
actions. Sufficient knowledge of the underlaying ADME 
processes is needed to enable cross-species and human PK 
translations that go beyond the scaling of PK parameters 
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Abstract
In drug research, developing a sound understanding of the key mechanistic driv-
ers of pharmacokinetics (PK) for new molecular entities is essential for human PK 
and dose predictions. Here, characterizing the absorption, distribution, metabo-
lism, and excretion (ADME) processes is crucial for a mechanistic understanding 
of the drug–target and drug–body interactions. Sufficient knowledge on ADME 
processes enables reliable interspecies and human PK estimations beyond allomet-
ric scaling. The physiologically based PK (PBPK) modeling framework allows the 
explicit consideration of organ-specific ADME processes. The sum of all passive 
and active ADME processes results in the observed plasma PK. Gene expression 
information can be used as surrogate for protein abundance and activity within 
PBPK models. The absolute and relative expression of ADME genes can differ be-
tween species and strains. This is affecting both, the PK and pharmacodynamics 
and is therefore posing a challenge for the extrapolation from preclinical findings 
to humans. We developed an automated workflow that generates whole-body gene 
expression databases for humans and other species relevant in drug development, 
animal health, nutritional sciences, and toxicology. Solely, bulk RNA-seq data cu-
rated and provided by the Swiss Institute of Bioinformatics from healthy, normal, 
and untreated primary tissue samples were considered as an unbiased reference of 
normal gene expression. The databases are interoperable with the Open Systems 
Pharmacology Suite (PK-Sim and MoBi) and enable seamless access to a central 
source of curated cross-species gene expression data. This will increase data trans-
parency, increase reliability and reproducibility of PBPK model simulations, and 
accelerate mechanistic PBPK model development in the future.
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with empiric allometric factors.1 The physiologically based 
PK (PBPK) modeling framework can be a powerful tool to 
predict the PK of an arbitrary compound or particle based 
on the underlying biophysical, biochemical, and physio-
logical processes.

The PBPK framework is commonly used in academic 
research2 and the pharmaceutical industry3 and by regu-
latory authorities.4 PBPK modeling integrates the passive 
and active ADME processes of a compound and later are 
mediated by enzymatic or transporter processes at their 
respective side of action in various tissues.5 Together, the 
passive and active processes are the determinants of the 
overall PK profile in plasma and tissues. In the context of 
PBPK modeling, gene expression information can be used 
as a surrogate for protein abundance and hence catalytic 
activity.6 Notably, the absolute and relative expression of 
ADME genes and their ortholog counterparts in nonhu-
man species can substantially differ between species7 and 
strains8 after a toxicant challenge9 or between healthy and 
disease states.10 This can affect both, the observed PK be-
havior and the pharmacodynamic (PD) effects, leading 
to substantially different PK-PD profiles.11 Accounting 
for these differences reduces the inherent uncertainty 
of cross-species extrapolations and improves overall PK 
predictions.1,12,13

Efforts to resolve ADME processes down to the indi-
vidual enzyme contribution (e.g., cytochrome P450 [CYP], 
uridine diphosphate glucuronosyltransferase, adenosine 
triphosphate–binding cassette) are investigated rather late 
during candidate profiling, when the metabolic profiles 
between human and nonhuman species are compared.14 
Also, explicit ADME phenotyping or kinetic investigations 
are usually conducted only for humans and pose another 
challenge for cross-species extrapolations.11 In addition, 
the manual collection of required expression informa-
tion can be a tedious and an error-prone task, which can 
take up a substantial fraction of the overall model devel-
opment. As a consequence, the explicit consideration of 

transporter and metabolizing enzymes is not commonly 
considered in PBPK modeling, especially in early drug dis-
covery and for later cross-species extrapolations.15,16

Furthermore, without a common reference or stan-
dard, the prediction quality of a PBPK model considering 
expression information might be limited by the quality of 
the used data. Usually, the used sources are individually 
chosen and collected from different literature sources. If 
not explicitly provided together with the PBPK model, this 
poses a risk for reproducibility and can lead to inconsistent 
model simulations across or even within an organization.

We established a computational workflow (Figure 1) 
that enables the reproducible generation of whole-body 
gene expression databases that are interoperable with 
the Open Systems Pharmacology (OSP) Suite com-
ponents PK-Sim and MoBi.17,18 We used a single data 
source (https://bgee.org) that contains publicly avail-
able and manually curated RNA-seq data from healthy, 
normal, untreated primary tissue samples of multiple 
species.19 A seamless access to a central source of cu-
rated cross-species ADME and target gene expression to 
increase transparency of data usage, ensure reproduc-
ibility of PBPK model simulations, and accelerate over-
all PBPK model development. The workflow is currently 
implemented for 17 species including humans and is rel-
evant for drug development, animal health, nutritional 
sciences, and toxicology. To ensure maintenance, open 
access, and further development, the provided workflow 
is also part of the OSP community (www.open-syste​ms-
pharm​acolo​gy.org).20

Structure

A gene expression database underlaying the OSP Suite 
(PK-Sim and MoBi) consists of 19 interconnected tables 
holding the gene expression values as well as meta-
information of the genes and experimental sources 

F I G U R E  1   Workflow to generate Open Systems Pharmacology Suite interoperable gene expression databases. First, raw gene 
expression data from BgeeDB is merged with gene annotation information from biomaRt. After filtering and reformatting, the annotated 
expression data are split into data tables (Figure 2) and compiled into a local SQL database.

https://bgee.org
http://www.open-systems-pharmacology.org
http://www.open-systems-pharmacology.org
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(Figure  2). Three tables hold information on (i) global 
expression statistics, (ii) mapping between PK-Sim 
organ-container names and names of the experimentally 
sampled tissues, and (iii) interconnection information 
of the different tables (TAB_GLOBAL_STATISTICS, 
Appendices  S5 and S6). The explicit gene expression 
values are stored in the TAB_EXPRESSION_DATA_
VALUES tables and alternative gene and protein name 
annotations are stored in the TAB_GENES, TAB_
GENE_NAMES, TAB_GENE_NAME_TYPES, and 
TAB_GENE_VARIANTS tables. Information about 
the data sources is stored in the TAB_EXPRESSION_
DATA_RECORDS table.

Content

Gene expression data is provided by Bgee (https://bgee.
org/), a public database hosted by the Swiss Institute of 
Bioinformatics that holds curated gene expression infor-
mation from publicly available sources originating from 

primary tissue samples of healthy untreated individuals.19 
Thus, no in vitro cell lines, disease states, gene knock-out 
strains, or samples collected after a treatment or challenge 
of chemicals or drugs are included. Bgee was set up to ena-
ble the comparison of gene expression patterns across and 
within multiple species and holds data generated by mul-
tiple methods such as bulk RNA-seq, single-cell RNA-seq, 
Affymetrix, in situ hybridization, and expressed sequence 
tags (ESTs). Furthermore, Bgee provides information on 
gene orthology and homology between organs and species 
to enable the comparison of tissue-specific expression pat-
terns. We solely used bulk RNA-seq data and neglected 
information originating from other methods such as mi-
croarray, in situ hybridization, or EST data. The raw data 
were accessed with the R-Bioconductor package BgeeDB21 
and filtered for high-quality entries with significant ex-
pression (“high quality” and “present” annotations). The 
resulting entries were annotated with the R-Bioconductor 
package biomaRt22 to enable the search across multiple 
namespaces and to link human genes to their animal 
orthologues.

F I G U R E  2   Layout of the Open Systems Pharmacology Suite interoperable gene expression databases. Rectangles represent distinct 
data tables with the first row being the table name. Key symbols indicate the unique key variables of the respective table. Lines indicate how 
individual variables are interconnected over multiple tables. Symbols indicate if an entry is mapped to multiple (∞) or a single entry (1).

https://bgee.org/
https://bgee.org/
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The used version of the Bgee repository (Version 15.0) 
enables access to gene expression information of 52 spe-
cies. The presented workflow makes use of gene expres-
sion information for a subset of 17 species relevant in 
drug research and development, toxicology testing, ani-
mal health, and nutritional sciences. An overview of the 
total experimental libraries and unique sampled tissues 
for each species is given in Table 1. Notably, the number 
of unique sampled tissues can be higher than the number 
of organs in a species because the sampling information 
mentions different tissue subsections such as "left lung" 
and "right lung".

The bulk RNA-seq gene expression values are reported 
as transcripts per kilobase million (TPM), fragments per 
kilobase million (FPKM), and read counts. Apart from 
read counts, the other measures normalize for sequencing 
depth and gene length,23 and information about their tech-
nical differences can be found elsewhere.24,25 To enable a 
comparison with other data sets, expression values can be 
translated into reads per kilobase million (RPKM). Here, 
the total read counts of an experiment j are calculated and 

scaled to read counts per million, and next the read count 
of each gene i is divided by the total read count of the re-
spective experiment j and divided by the gene length in 
kilobase (Equation 1).

Before expression data can be used in a PBPK model in 
PK-Sim, normalization is needed to enable the integration 
of expression data from multiple sources (experiments) 
as well as to calculate the relative expression reflecting 
the different expression activity across multiple tissues. 
The normalization procedure and calculation of the rel-
ative expression values is defined in the code of the PK-
Sim software itself, and only the unit-specific geometric 
mean (Equation 3) of an average gene (gAVG) estimated 
over all studies is calculated in the presented workflow 
and stored in the respective expression database table 
(TAB_GLOBAL_STATISTICS).

Sample counts (SC) represent the gene-specific quan-
tified expression value of a specific expression unit (e.g., 
TPM, FPKM, RPKM, read counts). Total counts (TC) 
represent the sum of all SC in one experiment. The rel-
ative individual ratio (RIR) of a gene i is calculated for 
each experiment j as the ratio between the SCs and TCs 
(Equation 2).

Thus, the RIR stands for the relative contribution of a 
single gene to the total measured signal in an experimen-
tal data set (similar to the TPM unit). In a database, the 
gAVG expression of a gene is estimated over all studies 
n with the same expression unit and stored in the TAB_
GLOBAL_STATISTICS table (Equation 3).

The final normalized expression value (EXPi) for a 
gene i is calculated with Equation (4) as the ratio of the 
RIR and gAVG (Equation 4).

For a gene i, the organ compartment with the largest 
normalized expression value EXPi is arbitrarily set as 1. 
The remaining expression values of other organ compart-
ments are scaled relative to this maximal value (<1).

(1)RPKMij =
read countij

TCj =
∑n
j=1 read countij

106

∗
1

gene lengthi
103

(2)RIRij =
SCij

TCj =
∑n

j=1 SCij

(3)
gAVG = 10

∑n
j=1

log(RIRij)
log(10)
n

(4)EXPi =
RIRi
gAVG

T A B L E  1   Species-specific content of the Open Systems 
Pharmacology Suite interoperable gene expression databases

Species Binomial name

Total 
library 
count

Unique 
sampled 
tissuesa

Human Homo sapiens 5975 75

Cattle Bos taurus 1985 78

Turkey Meleagris gallopavo 590 17

Mouse Mus musculus 566 26

Pig Sus scrofa 527 26

Sheep Ovis aries 432 54

Guinea pig Cavia porcellus 284 11

Monkey 
macaque

Macaca mulatta 264 9

Horse Equus caballus 248 6

Dog Canis lupus 
familiaris

162 30

Zebrafish Danio rerio 161 12

Rat Rattus norvegicus 116 13

Rabbit Oryctolagus 
cuniculus

104 10

Chicken Gallus gallus 84 9

Goat Capra hircus 64 17

Crab-eating 
macaque

Macaca fascicularis 37 14

Cat Felis catus 34 7

Note: Total library counts represent the number of experimental gene 
expression measurements used to construct the data base. Unique sampled 
tissues indicate the number of sample body sides.
aIncludes different tissue subsections, resulting in high numbers of unique 
sampled tissues.
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As previously described by Meyer et al.,6 relative ex-
pression values in combination with a scaling factor 
(SF)—an arbitrary reference concentration—can be used 
as a surrogate for the protein concentration of a gene in 
an organ compartment (Equation 5). Notably, the default 
reference concentration is currently defined as 1 μmoL/L 
in PK-Sim and can be changed by the user.

The total catalytic activity in an organ VOrgan
max  is defined 

as the product of an enzymatic catalytic rate kcat and the 
organ-specific protein concentration EOrgan (Equation 6).

In addition to gene expression values, Bgee provides 
UBERON ontologies for anatomical entities (i.e., or-
gans and tissues) and life cycle stages (ontogeny).26 The 
mapping of gene expression data from external sources 
(like Bgee) to the respective PK-Sim organ containers 
is enabled by a mapping table (Appendix  S6). Notably, 
besides complete organ samples (homogenates), subtis-
sue parts, such as “left lung,” “skin of left leg,” or “lat-
eral live lobe,” can be mapped to their respective PK-Sim 
organ container. The current version of PK-Sim (Version 
11) allows the user, besides other properties, to filter for 
numeric ages (non-numeric entries are arbitrarily set to 
0). Here, negative values indicate the time before, and 
positive values indicate the time after birth in years, re-
spectively. The life cycle stages from Bgee, however, also 
contain non-numeric values such as “adult” or “juvenile 
state.” Where possible, numeric ages were extracted from 
Bgee for all species, scaled to years, and used as mean 
ages (Appendix  S3). For non-numeric stages, the age is 
arbitrary set to zero. Due to the implemented numeric 
age restriction in the software, explicit filtering for non-
numeric age stages is currently not possible. However, 
the non-numeric stages can be accessed by filtering for 
the age zero or by using the default setting where all age 
properties are considered.

CONSTRUCTION

The presented workflow generates gene expression data-
bases interoperable with the OSP Suite (PK-Sim and MoBi) 
and is outlined in Figure  1. The underlaying data origi-
nates from publicly available sources, accessible through 
the BgeeDB R package.21 Currently, gene expression data-
bases for 17 species can be automatically generated with 
the presented workflow (Table 1). The required R code ex-
ecuting the workflow can be found in the Appendix S3. In 

addition, the latest maintained version of the code and de-
rived databases are available via the OSP user community 
GitHub page: https://github.com/Open-Syste​ms-Pharm​
acolo​gy/Gene-Expre​ssion​-Datab​ases/releases.

For many users, only ADME-relevant genes are of inter-
est when developing PBPK models. As suggested by Zhao 
et al.,25 we compiled a subset of genes empirically known 
to contribute to ADME processes from public sources.27–30 
The resulting set consists of 80 search terms based on 
the first three to four letters of the official HUGO Gene 
Nomenclature Committee gene symbols31 to consider all 
subvariants of a gene family (Figure 3, Appendix S1).

Before a species-specific database can be generated, a 
preparatory step is needed. First, species-specific gene an-
notation information is accessed, rearranged, and stored 
in a local SQL database via the biomaRt22 R package for 
further processing (Appendix S2). Next, the main function 
(Appendix  S3) executes the database generation work-
flow. Here, the species-specific gene expression data are 
accessed from the Bgee server and stored in a local SQL 
database. Next, the expression data are filtered for genes 
annotated as “high quality” (only for Bgee Versions >13.0 
and <15.0) and “present.” The refined expression data are 
linked to the previously prepared annotation information 
including gene identifiers (ENSEMBL gene ids,22 entrez 
gene ids,32 Homo sapiens homolog ensemble gene ids22), 
symbols (uniport gene symbol,33 synonym), and names 
(gene description, common gene name, wikigene name, 
Homo sapiens homolog gene name22) as well as chromo-
somal start and end positions and Homo sapiens sequence 
homology in percent. This diverse gene annotation allows 
a later fuzzy search by a user across different namespaces 
and for ambiguous search terms. Finally, the annotated 
expression data are split into separate data tables match-
ing the PK-Sim database structure and compiled into a 
local SQL database (Appendix S4).

The main function (Appendix S3) can be customized by 
the user considering the following specifications: SPECIE, 
RELEASE, ADME_ONLY, TPM_ONLY, INCLUDE_
RPKM and COMPUTE_IN_RAM. The SPECIE vari-
able defines the desired specie (one of human, monkey, 
minipig, dog, mouse, rat, rabbit, zebrafish, cattle, horse, 
cat, guineapig, chicken, goat, sheep, turkey, monkey_
CrabEatingMacaque). The RELEASE option specifies 
the Bgee release version (e.g., “13_0,” “14_2,”, “15_0”). If 
the ADME_ONLY option is set TRUE, only genes catego-
rized as ADME relevant will be used to set up the data-
base (defined in Appendix  S1). Setting the TPM_ONLY 
to TRUE will result in an expression database containing 
only values in the TPM expression unit (recommended 
default). The INCLUDE_RPKM option starts the calcula-
tion of RPKM values based on read counts (Equation 3). 
The COMPUTE_IN_RAM option enables data processing 

(5)E
Organ
i

[

�mol∕L
]

= EXPi[−]∗SF
[

�mol∕L
]

(6)V
Organ
max

[

�mol∕L∕min
]

= kcat
[

1∕min
]

∗EOrgan
[

�mol∕L
]

https://github.com/Open-Systems-Pharmacology/Gene-Expression-Databases/releases
https://github.com/Open-Systems-Pharmacology/Gene-Expression-Databases/releases
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in local memory. Here the expression data are first loaded 
into the local machine memory, which usually requires 
excessive amounts of ram. For large data sets, we recom-
mend using the default choices, where all calculations 
are executed on the local hard drive.

Access

All scripts and R code to generate the PK-Sim compatible 
gene expression databases are provided in the supplemen-
tary material and are available via the official OSP GitHub 
page: https://github.com/Open-Syste​ms-Pharm​acolo​gy/
Gene-Expre​ssion​-Datab​ases/releases.

To enable data transfer to PK-Sim, a generated gene ex-
pression database must be manually linked to the respective 
species physiology within the software. The “Application 
Tab” in PK-Sim enables the user to specify the path to a 
species-specific expression database. A step-by-step manual 
of how to link the gene expression databases to PK-Sim can 
be found in the OSP online documentation: https://docs.
open-syste​ms-pharm​acolo​gy.org/worki​ng-with-pk-sim/
pk-sim-docum​entat​ion/pk-sim-optio​ns#templ​ate-datab​ase-
path. A tutorial on how to incorporate explicit ADME pro-
cesses and best-practice recommendation of how to develop 
and validate mechanistic PBPK models can found in the liter-
ature5,6,14 and in the OSP online documentation: https://docs.
open-syste​ms-pharm​acolo​gy.org/worki​ng-with-pk-sim/

F I G U R E  3   Overview of the mechanistic absorption, distribution, metabolism, and excretion processes. Drug metabolism can be 
categorized into Phase I and Phase II. Here, the Phase I reactions introduce polar functional groups by oxidation, reduction, and hydrolysis, 
resulting in activated metabolites that can be better excreted or undergo Phase II metabolism with subsequent conjugation to hydrophilic 
endogenous moieties. Drug transporters facilitate the enhanced uptake and/or export, supporting the drug elimination by metabolism, 
and play a complemental role to the Phase I and II metabolism. ABC, adenosine triphosphate–binding cassette; ALDH, Aldehyd-
Dehydrogenasen; BCRP, breast cancer resistance protein; CYP, cytochrome P450; FMO, flavin-containing monooxygenase; GST, glutathion-
s-transferase; MAO, monoamine oxidases; MRP, multidrug resistance–associated protein; NAT, N-acetyltransferase; OAT, Organo-
Anion-Transporter; OATP = Organic anion transporting polypeptides; OCT, Ornithine transcarbamoylase; P-gp, P-glycoprotein; SULT, 
Sulfotransferase; SLC, solute carrier; UGT, uridine diphosphate glucuronosyltransferase.

https://github.com/Open-Systems-Pharmacology/Gene-Expression-Databases/releases
https://github.com/Open-Systems-Pharmacology/Gene-Expression-Databases/releases
https://docs.open-systems-pharmacology.org/working-with-pk-sim/pk-sim-documentation/pk-sim-options#template-database-path
https://docs.open-systems-pharmacology.org/working-with-pk-sim/pk-sim-documentation/pk-sim-options#template-database-path
https://docs.open-systems-pharmacology.org/working-with-pk-sim/pk-sim-documentation/pk-sim-options#template-database-path
https://docs.open-systems-pharmacology.org/working-with-pk-sim/pk-sim-documentation/pk-sim-options#template-database-path
https://docs.open-systems-pharmacology.org/working-with-pk-sim/pk-sim-documentation/pk-sim-expression-profile#background-active-processes-in-pk-sim
https://docs.open-systems-pharmacology.org/working-with-pk-sim/pk-sim-documentation/pk-sim-expression-profile#background-active-processes-in-pk-sim
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pk-​sim-​docum​entat​ion/​pk-sim-expre​ssion​-profi​le#backg​
round​-activ​e-proce​sses-in-pk-sim.

DISCUSSION

The presented computational workflow enables the repro-
ducible generation of whole-body gene expression data-
bases interoperable with the OSP Suite PK-Sim. In total, 
17 species relevant for drug development, animal health, 
nutritional sciences, and toxicology including humans are 
available (Table 1). Previously, only a single gene expres-
sion database for humans was available for PK-Sim, and 
thus cross-species extrapolations of explicit ADME pro-
cesses was rather challenging. Furthermore, the previous 
database integrated data from different biological back-
grounds, such as cancerous tissue and in vitro cell lines 
that do not represent a healthy in vivo state. A substantial 
fraction of the data originated from just a few literature 
sources, such as for the reverse-transcription polymerase 
chain reaction data,6 or from different experimental meth-
ods, such as microarray or EST data,6 that cannot be used 
together for an integrated analysis.

The presented whole-body gene expression databases 
are based on bulk RNA-seq data solely derived from 
healthy, normal, and untreated primary tissue samples. 
Thus, they provide a reference for healthy normal gene ex-
pression as a basis for ADME, target, and off-target genes.19

However, the presented databases also come with lim-
itations. Users should be aware that RNA expression is 
only a surrogate for protein abundance and activity. Gene 
expression might be influenced by a circadian rhythm,34 
posttranscriptional,35 and posttranslational modifica-
tions36 that can affect protein amounts and activity. For 
example, a similar gene expression in distinct organs or 
tissues might result in different protein abundance due to 
different capacities of the translation cycle.37 The used data 
sets are based on bulk RNA-seq data from tissue homoge-
nates. Here, the gene expression is averaged over the used 
tissue mass. Thus, different expression values of specific 
cell types or subcompartments of the sample cannot be 
resolved. Furthermore, the underlaying data source does 
not account for individual expression differences (within 
population distribution) or alternative gene variants (splic-
ing) that could have profound effects on PK and PD prop-
erties.38,39 Considering more detailed information could 
further support population PK and PK-PD extrapolations.

Currently, the PK-Sim interoperable gene expression 
databases are limited to the integration of relative expres-
sion levels. These are translated into actual protein con-
centrations by multiplication with an arbitrary reference 
concentration (1  μmoL/L) that is not part of the expres-
sion databases but, rather, hard coded in the OSP software. 

Here, replacing the concept of relative expression values 
with experimentally measured enzyme tissue concentra-
tions could be of benefit for further development, removing 
uncertainties about posttranscriptional effects. However, 
comparing proteome quantifications across different ex-
periments without a shared quantification standard is a 
challenge in itself and would need substantial experimen-
tal investments.40 A step forward could be the scaling of 
relative expression values with well-characterized organ-
specific protein quantifications of ADME enzymes that are 
available for many species.7,41–43 Here, the combination of 
relative expression values with measured protein concen-
trations could be used to replace the arbitrary scaling factor 
(reference concentration) that is currently used.

OSP users need to be aware of the default software set-
tings when using gene expression information. By default, 
expression data from the underlaying database for a spe-
cific enzyme (e.g., CYP3A4) is averaged over all available 
entries regardless of age, gender, or health state to derive 
relative expression values. The user is obliged to review the 
used expression data, such that only appropriate informa-
tion suited for the specific modeling task at hand is used.

We provide the established workflow for species-
specific database generation to the OSP GitHub commu-
nity (https://github.com/Open-Syste​ms-Pharm​acology) 
to ensure transparency, open access, and future mainte-
nance. By having seamless access to a central source of 
curated interspecies gene expression data, we seek to 
contribute to the development of a community-wide stan-
dard. In practice, we aim to increase data transparency, 
support a reliable integration of explicit ADME processes 
in PBPK models, and accelerate overall PBPK model de-
velopment for interspecies scaling, drug–drug interaction 
predictions, pediatrics extrapolation, toxicokinetic stud-
ies, and PK-PD considerations in the future.
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