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HIGHLIGHTS

e Extensive literature research on CYP1A2, CYP2A6, CYP2D6, CYP3A4/3A5, CYP3A7 activity.

e Open source OpenCYP database provides data for healthy adult variability in CYP activities.
e Quantitative comparisons are hampered by different experimental conditions used.

e Data gaps identified on specific age groups (e.g. elderly, children and neonates).

e OpenCYP database as a promising tool for PBk modelks and chemical risk assessment.
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The open source database “OpenCYP database” has been developed based on the results of extensive
literature searches from the peer-reviewed literature. OpenCYP provides data on human variability on
baseline of activities and polymophism frequencies for selected cytochrome P-450 isoforms (CYP1A2,
CYP2A6, CYP2D6, CYP3A4/3A5 and CYP3A7) in healthy adult populations from world populations. CYP
enzymatic activities were generally expressed as the metabolic ratio (MR) between an unchanged probe
drug and its metabolite(s) in urine or plasma measured in healthy adults. Data on other age groups were
very limited and fragmented, constituting an important data gap. Quantitative comparisons were often
hampered by the different experimental conditions used. However, variability was quite limited for
CYP1A2, using caffeine as a probe substrate, with a symmetrical distribution of metabolic activity values.
For CYP3A4, human variability was dependent on the probe substrate itself with low variability when
data considering the dextromethorphan/demethilathed metabolite MR were used and large variability
when the urinary 6p-hydroxycortisol/cortisol ratio was used. The largest variability in CYP activity was
shown for CYP2D6 activity, after oral dosing of dextromethorphan, for which genetic polymorphisms are
well characterised and constitute a significant source of variability.

It is foreseen that the OpenCYP database can contribute to promising tools to support the further
development of QIVIVE and PBK models for human risk assessment of chemicals particularly when
combined with information on isoform-specific content in cells using proteomic approaches.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In vitro methods and physiologically-based modelling have
been identified as key research priorities for the international
research community involved in toxicological research and
chemical risk assessment at the regulatory level. Such methods

0378-4274/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.toxlet.2021.07.019&domain=pdf
mailto:susanna.vichi@iss.it
http://dx.doi.org/10.1016/j.toxlet.2021.07.019
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.toxlet.2021.07.019
http://www.sciencedirect.com/science/journal/03784274
www.elsevier.com/locate/toxlet

268 S. Vichi et al. /Toxicology Letters 350 (2021) 267-282

Table 1

List of queries used for the ELS (formatted for Scopus) for CYP1A2, CYP2A6, CYP2D6, CYP3A4, CYP3A5, CYP3A7.

STUDY
QUESTION

Objective: Data collection of human of: CYP1A2, CYP2A6, CYP2D6, CYP3A4, CYP3A5, CYP3A7.

Search string

TITLE-ABS-KEY (("population distribution” OR "tissue distribution " OR "tissue localization" OR intestine OR liver OR kidney OR lung OR "expression

level*" OR "gene expression" OR "genetic polymorphism*" OR "individual susceptibility” OR "gene environment" OR "ethnic variability” OR caucasian
OR asian OR "Afro American” OR hispanic OR "race difference*" OR "age difference*" OR "gender difference*" OR "sex difference*" OR ontogenesis OR
"foetal stage" OR neonate* OR children OR "elderly people” OR adult* OR genotype OR induction OR inhibition)) AND TITLE-ABS-KEY ((human* W/50
("CYP3A4" OR "CYP3A5" OR "CYP3A7" OR "CYP1A2" OR "CYP2A6" OR "CYP2D6"))) AND NOT ("cell line*" OR "cell culture*" OR HEPArg OR HEPG2 OR

recombinant OR supersome*)

and models provide opportunities to a more mechanistic
understanding of toxicokinetic (TK) and toxicodynamic (TD)
processes allowing quantitative in vitro in vivo extrapolations
(QIVIVE) and ultimately, with a growing commitment from
research and scientific advisory bodies, reducing animal testing. In
the food and feed safety area, the European Food Safety Authority
(EFSA) published in 2014 a scientific report addressing “modern
methodologies and tools for human hazard assessment of
chemicals” including in vitro and in silico methods, integrated test
strategies, OMICs and physiologically-based kinetic and dynamic
modelling (i.e. PBK and PBD models). The report identified,
through consultations of national and international public health
agencies, key priorities to implement such new approach
methodologies (NAMs) in the risk assessment process (EFSA,
2014). From these key priorities, EFSA launched a number of
collaborative research projects including the creation of open
source toxicological databases such as EFSA OpenFoodTox and
related in silico models (Dorne et al., 2017, 2021; Benfenati et al.,
2020) as well as generic open source PBK models for human health,
animal health and ecological risk assessment (Grech et al.;, 2019;
Baas et al., 2018; Lautz et al., 2020a,b,c).

A key strategy to implement these tools in chemical risk
assessment is to move from external exposure metrics to internal
dose metrics using TK parameters. Human variability in phase [ and
phase II metabolic pathways as well as transporters and renal
excretion, from which the internal dose is strictly dependent, is
critical to obtain reliable model estimates (Bessems et al., 2014).
Characterisation of human variability in Absorption, Distribution,
Metabolism and Excretion (ADME) processes requires the mapping
of human isoforms involved in xenobiotic metabolism, frequencies
of known polymorphisms across populations of different geo-
graphical origin, and the derivation of variability distributions for
internal exposure dose metrics using peak concentrations (Cmax),
area-under the plasma-concentration curve (AUC) or clearance,
which, depending on the chemical and its toxicological profile, can
represent markers of acute or chronic exposure. This ultimately
allows the integration of TK processes with TD data, reflecting
dose-response relationships for markers of adverse effects in
relation to the Modes of action (MoA) and Adverse Outcome
Pathway (AOP) of chemicals as a quantitative continuum.

The present work is part of an EFSA funded project "Modeling
human variability in toxicokinetic and toxicodynamic processes
using Bayesian meta-analysis, physiologically-based modeling and
in vitro systems". The project aims to develop predictive tools for
human health risk assessment of single and multiple chemicals
compounds by integrating human variability in TK and TD
processes and physiologically-based kinetic models to increase
robustness, transparency and openness of EFSA scientific assess-
ments (Hardy et al., 2015). In the frame of different EFSA funded
projects, analysis of human variability has been recently published
for a range of phase I isoforms (CYP3A4, CYP2C19, CYP2C19,
CYP2D6, paraoxonase-1, carboxylesterases), Phase Il enzymes
(UDP-glucuronyltransferases, glutathione-S-transferases) and
transporters (Quignot et al., 2021; Darney et al., 2019, 2020a,

b,2021 submitted; Kasteel et al., 2020a,b; Buratti et al., 2021; Di
Consiglio et al., 2021 submitted).

Amongst phase [ xenobiotic biotransformation enzymes,
Cytochrome P450s (CYPs) have a predominant role. Human
variability in CYP activity is strongly affected by genetic
polymorphisms, although such metabolic activities can be also
modulated through differences in enzyme espression influenced
by a number of variables including age, health status, life-style, and
the geographical origin of the population (Ingelman-Sundberg,
2004; Dorne et al., 2003; Darney et al., 2019, 2021; Quignot et al.,
2018, 2021). Overall, any shift in the metabolic capacity of CYP
isoforms may lead to a change in the internal dose of toxicologi-
cally relevant parent compounds or metabolite(s) and hence to a
decreased or increased response to therapeutic drugs as reported
and retrievable in available central repositories (e.g PharmGKB and
PharmVar Consortium) or sensitivity to adverse effects resulting
from exposure to xenobiotics. In order to address the variability in
the metabolic activity of CYP isoforms, this manuscript describes
the results of extensive literature searches and critical data
collection to investigate human variability in metabolic activities
and relevant genetic polymorphisms in world populations of CYP
isoforms in healthy adults, namely CYP1A2, CYP2A6, CYP2D6,
CYP3A4/3A5 and CYP3A7. Results are presented in the open-source
database OpenCYP. Future perspectives conclude particularly to
explore the use of such database to develop QIVIVE extrapolations
models fro chemical risk assessment.

2. Materials and methods

Extensive Literature Searches (ELS) were performed using the
methodology described in the EFSA Systematic Review Guidance
(EFSA Guidance, 2010). The ELS was performed (January 1989
—-October 2019) from the primary peer-reviewed scientific litera-
ture on CYP isoform activities looking into databases and
multidisciplinary platforms of international coverage, namely
Scopus, Web of Science, PubMed, Food Sience Source and Agricola.
The ELS were carried out through the formulation of appropriate
queries, exploiting the use of specific key terms for each topic and
Boolean operators (eg. AND, OR, NOT), using different specific
syntax for each database, designed to include as many studies as
possible relevant to the scope and to minimise the bias (Table 1).

2.1. Primary screening

The primary screening was carried out using titles and
abstracts, after removal of duplicates. Scientific studies reporting
in vivo or ex-vivo activity of the selected human CYP isoforms (i.e.
CYP1A2, CYP2A6, CYP2D6, CYP3A4/3A5 and CYP3A7) in the English
language were included (inclusion criteria).

Papers belonging to one of the following categories were
excluded (exclusion criteria):

- Studies on species other than human
- in vitro studies
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Fig. 1. Prisma flow diagram illustrating the results from the extensive literature searches on activities of major CYP isoforms (CYP1A2, CYP2A6, CYP2D6, CYP3A4, CYP3A5,

CYP3A7) in humans.

- Studies devoted to set up an analytical method

- Modelling studies only

- TD data only or drug development

- Data from studies on unhealthy individuals (patients)

- Data from studies on individuals using medication or on
occupationally exposed individuals.

Only entries meeting the inclusion/exclusion criteria were
imported into EndNote™ reference software for further evaluation.

2.2. Secondary screening

The secondary screening involved an in-depth analysis of the
content and quality of each individual peer reviewed paper, taking
into account study design, methods, results, statistical analysis and
reporting. Factors which may affect the quality of results, such as
insufficient description of methods, results reported without
adequate descriptive statistics, poor description of the human
population were excluded; proceedings, letters to editors, confer-
ence papers, short communications, for which an adequate quality
check could not be carried out, were also excluded. The reliability
of the data was evaluated by applying the Klimisch scoring system
(Klimisch et al., 1997), when applicable, so that studies classified in
category 4 were excluded from further analysis due to poor quality.
For population studies for which application of the Klimish score
was not appropriate, the scoring system reported in
Darney et al. (2019) was applied to exclude papers reporting
a) no or insufficient information on the enrolled population
(number, age, health status, geographical origin of the population),
b) insufficient description of the methodology used and c) pharma/
toxicokinetic data without descriptive statistics.

2.3. Data extraction

Data from eligible studies after the secondary screening were
extracted and captured in a data extraction form, organised in a
structured Excel database, adapted from OECD harmonised
templates (OHTs) from an EFSA’s data model allowing consistency
with EFSA’s chemical hazards database (OpenFood-Tox)
(Dorne et al,, 2017). Reviews, book chapters and other sources
not reporting primary datasets for CYP activity were not
considered for data extraction to avoid multiple inclusion of the
same dataset from different references.

The database was structured as a single excel sheet showing
in sequential order the data extracted from the selected
papers: each study was identified with an ID number and
information extracted included references, CYP isoform activ-
ity, details of the study design and method used (e.g. probe
substrate(s), methods for quantification of the parent/metab-
olite(s), matrix in which the metabolites were measured, time
of treatment), number of individuals, summary statistics of
in vivo parameters (e.g. sample size, arithmetic or geometric
mean, median, standard deviation, confidence intervals, etc.) and
factors impacting on variability (e.g. world populations, presence
of polymorphic enzymes) (Supplementary Material A).

Whenever papers compared data between i) healthy adults (e.g.
control group) vs individuals affected by specific diseases, or ii)
healthy adults (e.g. control group) vs individuals taking specific
medication or occupationally exposed, data from the control group
were used, while data referring to the patients or 'exposed’ people
were flagged into the database by using a separate note column
(pathologies or exposure type, respectively) as additional infor-
mation.
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The final database contains the metabolic activities for the
selected CYP isoforms: CYP1A2, CYP2A6, CYP2D6, CYP3A4,
CYP3A5, CYP3A7, across healthy adults and world populations.

2.4. Meta-analyses of TK data

For the in vivo probe substrates identified from the ELS, data
from human PK studies following oral (single) or intravenous
(bolus) exposure to derive kinetic parameters such as Cmax, area
under the curve-AUC and clearance were collected for CYP2A6 and
1A2. The search was carried out with the above mentioned criteria,
to evaluate the possibility of performing a meta-analysis, aimed at
estimating the distributions of variability for these two CYP
activities in non-phenotyped subjects for each probe substrate and
deriving the related variability distributions and uncertainty
factors, following the method described in Darney et al. (2019).

3. Results and discussion
3.1. Overview of the OpenCYP database

The whole data collection strategy and information flow of
information for the six selected CYP isoforms namely CYP1A2,
CYP2A6, CYP2D6, CYP3A4, CYP3A5, CYP3A7 is summarised in Fig. 1.
As expected, the largest datasets were available for the major
CYP3A subfamily and CYP3A4 isoform, CYP1A2 and CYP2D6, while
datasets for CYP2A6 and CYP 3A5/3A7 isoforms were much more
limited (Fig. 2).

Overall, a total number of 121 papers providing quantitative
data on isoform-specific CYPs activities and polymorphism
frequencies across world populations were extracted and comput-
ed in the OpenCYP excel database (Supplementary material A and
DOI for EFSA knowledge junction: 10.5281/zenodo.5031737). The
complete list of relevant articles available in the database is
provided in Supplementary material B.

Baseline enzymatic activities for healthy adults, measured using
isoform-specific probe substrates for each CYP, were preferentially
collected using stable and reproducible parameters such as the
metabolic ratio (MR), defined as the ratio(s) between the amount of
an unchanged probe substrate and its metabolite(s) measured in

CYP3A7

1%

|

N/

urine, saliva, serum or plasma (Pelkonen et al., 1998, 2008). This
approachis widely used to investigate inter-individual differences in
CYP phenotypes, and implies that probes substances comply with
key requirements to be applied in human in vivo studies, such as
being non-toxic, easily available and measurable in biological fluids
with analytical methods that are sufficiently specific and sensitive.
MRs were stratified on the basis of CYP genetic polymorphisms for a
large number of studies to take into account the impact of the
genotype

3.2. Isoform-specific CYP enzymatic activities and consideration of
geographical ancestry in human populations

Characterisation of the geographical ancestry across human
world populations were often poorly described and constitute a
potential bias to quantify isoform-specific CYP enzymatic activities
from the literature, even though the country in which the subjects
were recruited for each study was systematically spelt out. Such a
bias is particularly relevant for societies of cosmopolitan nature,
where mixed populations from a range of geographical ancestry
exist. Therefore, when geographical ancestry of the individuals was
not specified, or a heterogeneous group was considered, a
comparable picture of the isoform-specific CYP activities could
not be reached for different world populations. Overall, when the
geographical ancestry was indicated, the majority of isoform-
specific CYP activities were available for Caucasian and Asiatic
populations (Table 2).

In addition, information on the age of the recruited subjects
almost exclusively referred to healthy adult populations, reported
the data were heterogeneously reported either as ranges or average
value (with or without the standard deviation), or even without
summary statistics i.e ‘young adults’. Finally, in some instances, the
“adult population” spanned over a very wide age group (e.g. 36—85
years) which also included the elderly). For such peer reviewed
articles, this inconsistency limited options to compare healthy
adults and the elderly subgroup. Overall, data for other age groups
including the elderly, children and newborns are very limited.

In addition to the MR, taken as the preferable metrics, many
other parameters were reported for the quantification of the
isoform-specific CYP activities as follows (Table 3):

CYP1A2
27%

CYP2A6
12%

Fig. 2. Relative contribution of CYP isoform activities data to the OpenCYP database.
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Table 2
Geographical ancestry of human populations for isoform-CYP activities included in
the database.

Geographical origin n. of papers % values
CYP1A2
No infornation available 21 46
Mixed geographical ancestry 5 11
Caucasian 10 22
Asiatic 10 22
Other 0 0
Tot 46 100
CYP2A6
Asian 6 30
Afro-American 3 15
no info 5 25
white/Caucasian 3 15
Other 3 15
Tot 20 100
CYP2D6
No info 17 50
Caucasian 10 29
Chinese/Japanese/Asian 4 12
Mixed 3 9
Tot 34 100
CYP3A
no info 37 52
Chinese/Japanese/Asian 14 20
Caucasian 12 17
mixed 8 11
Tot 71 100

e CYP1A2 activity was quantified using kinetic parameters for
probe substrates (e.g. caffeine and theophylline clearance),
caffeine breath test and methoxy-resorufin-O-dethylase (MROD)
assays.

e CYP2A6 activity was measured through coumarin hydroxylation
rate.

e CYP2D6 activity was quantified using debrisoquine recovery
ratio, dextromethorphan (DEX) O-demethylation or DEX meas-
urements, desipramine or metoprolol clearance.

e CYP3A activity was measured with 6-8-hydroxycortisol/cortisol
ratio and the DEX/MM ratio as well as with other selected probe
substances (e.g. midazolam, alprazolam or testosterone) and as
the percentage of erythromycin metabolised per hour (refer-
ences in Supplementary material A).

Overall, isoform-specific activity and MRs evidenced high
variability which essentially reflects differences in the experimen-
tal conditions tested, according to probe concentrations, times of
measurement, biological matrix (e.g. plasma or urine), exposure
routes and, when available, characteristics of the population
enrolled in the study (e.g. gender, age, geographical origin).

3.2.1. CYP1A2 activity

For CYP1A2, the most widely used probe substrate was caffeine
(94 % of the extracted papers) (Table 4). 1t is involved in the main route
of caffeine metabolism in humans (70-80 %) that is the N-3-
demethylation to paraxanthine (Thorn etal.,2012), even though other
enzymes are known to be involved in further reactions to a much
lesser extent (xanthinoxidase, N-acetyl transferase and with lesser
extent also CYP2E1, CYP2A6, CYP3A4, CYP3AS5) (Dorne et al., 2001).
However, caffeine kinetics is very well characterised in humans
(i.e. complete absorption, high clearance and short half-life).
Median value of caffeine tested doses was shown to be 100 mg
(min = 45 mg; max = 300 mg) with detection in biological
matrices, primarily urine and plasma (see references in
Supplementary material A). Each peer reviewed paper reported
the mean or the median of MR value after oral caffeine
administration (100—-300 mg): they were spread over a wide
range (0.1-27.6) with the minimum measured in urine after oral
dosing of 100 mg caffeine in a female Chinese population

Table 3
Validated Human assays for the measurement of CYP3A, CYP2D6, CYP1A2 and CYP2A6 isoform-specific activities.
Different parameters used to describe the enzymatic activity n. of % values
papers

CYP1A2
Caffeine Metabolic Ratio 38 79
PK parameters (e.g. clearance) 6 13
Caffeine Breath test 3 6
MROD assay 1 2
Tot 48 100

CYP2A6
nicotine metabolic ratio 7 41
caffeine metabolic ratio 6 35
coumarin hydroxylation rate 4 24
Tot 17 100

CYP2D6
DEX/DOR ratio 20 54
debrisoquine recovery ratio 5 14
metoprolol/hydroxymetoprolol ratio 4 1
sparteine metabolic ratio 2 5
other (DEX clearance, encainide/(ODE + MODE) ratio, DEX O-demethylation, (+)-tramadol/(+)(R,R-O-demethyltramadol) ratio, desipramine 6 16
clearance, metoprolol clearance)
Tot 37 100

CYP3A
pharmacokinetics variables of midazolam 23 28
6-p-hydroxycortisol/cortisol ratio 15 19
DEX/MM ratio 10 12
% of erytromycin metabolized per hour 9 1
pharmacokinetics variables of alprazolam 5 6
pharmacokinetics variables of testosterone 3 4
Other * (n < 3) 16 20
Tot 81 100
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Table 4
List of suitable probes for CYP1A2, CYP2A6, CYP2D6 and CYP3A metabolic activity assessment.

Probes n. of papers % values

CYP1A2
Caffeine 43 94
methoxyresorufin 1 2
tizanidine 1 2
theophylline 1 2
Tot 46 100

CYP2A6
nicotine 8 444
caffeine 6 333
coumarin 4 22.2
Tot 18 100

CYP2D6
DEX/DOR 22 61
debrisoquine 5 14
metoprolol/hydroxymetoprolol 4 11
sparteine 2 6
other (encainide/(ODE + MODE), (+)- tramadol/(+)(R,R-O-demethyltramadol), desipramine) 3 8
Tot 36 100

CYP3A
midazolam 23 27
6-B-hydroxycortisol 16 19
DEX/MM 11 13
14C N-methyl erytromycin 9 11
alprazolam 5 6
testosterone 3 4
Other * 18 21
Tot 85 100

" Other: Alfentanil, Budesonide, Buspirone, Caffeine, Cyclosporine, Dapsone, Erythromicin, Omeprazole, Prednisolone, Quinidine, Quinine, Simvastatin, Tacrolimus,

Verapamil).

(0-12 h collection) (Chen et al., 2011) and the maximum in a
Jordanian population of both sexes (24 h collection)
(Hakooz and Hamdan, 2007), respectively. When data from
different papers were grouped according to the matrix and time
of collection, MR values were:

1) Mean Urine MR 4-6 hours after dosing: 6.05 + 2.26 (SD) and a
median value = 6.11 (n = 466)

2) Mean Urine MR 12-24 hours after dosing: 17.48 + 6.01 (SD) and
a median value = 18.3 (n = 90)

3) Mean Plasma MR 4-6 hours after dosing: 0.51 4+ 0.27 (SD) and a
median value = 0.48 (n = 950)

Overall, variability was relatively limited, despite heterogenous
data from different human populations (gender, different age, diet
and geographical origin, and likely genetic make up) with similar
means and median values indicating a symmetric distribution of
values (Gaussian). However, it can be considered that data
variability was averaged out by the mean (or median) value
reported in each paper. In contrast, a paper on a Tunisian group of
individuals genotyped for 6 different CYP1A2 variants reported a
MR in plasma higher than the mean value cited above (range 1.97-
2.55) even though variants did not impair caffeine metabolism
(Iméne et al., 2015).

The Bayesian meta-analysis methodology applied in
Darney et al. (2019) for CYP3A4, for the derivation of isoform-
specific human variability and related uncertainty factors, has not
been applied to CYP1A2. Indeed, looking at the retrieved literature,
no new significantly relevant literature on CYP1A2 probe
substrates was available since Dorne et al. (2001) and such an

analysis was considered unnecessary without prior information
(non-informative distribution).

3.2.2. CYP2A6 activity

Caffeine and nicotine (the latter tested at the median dose
of 2 mg in plasma and urine) were also the most common
probes used to address CYP2A6 activity (respectively in 33 % and
44 % of the extracted papers). Caffeine was selected for the high
specifity of the conversion of the caffeine metabolite paraxantine
(1,7-dimethylxanthine, 17X) to 1,7-dimethyl uric acid (17U)
exclusively catalyzed by CYP2A6, which activity can be measured
through the comparison of the urinary molar ratios of these
metabolites (Nowell et al., 2002). Nicotine is instead frequently
used for a routine CYP2A6 phenotyping, since the essay employs a
non-invasive method (references in Supplementary material A).
For nicotine, the minimum value of MR was 0.08, measured in
plasma in a population of African-Canadians after oral dosing of 4
mg (4,5 h collection) (Al Koudsi et al., 2009), while the maximum
value was 11.5 measured in plasma after oral dosing of 2 mg (2 h
collection) and reported for an Afro-American population
(Fukami et al.,, 2004). For 17X/17U, the minimum MR = 0.06
was measured in urine after oral dosing of 100 mg (24 h
collection) (Hakooz and Hamdan, 2007), while the maximum
value was 0.48 after oral dosing of 106—118 mg (6 h collection)
(Begas et al., 2017).

As for CYP1A2, the Bayesian meta-analysis methodology
applied in Darney et al. (2019) to derive isoform specific
uncertainty factors was not applied to CYP2AS6, since looking at
the retrieved literature no significant new data were available
since Dorne et al. (2004) and the variability derived in that paper is
still considered accurate (21-34 % in healthy adults).
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3.2.3. CYP2D6 activity

Dextromethorphan (DEX) has been used extensively over the
years as a probe substrate to assess the in vivo metabolic activities
of CYP2D6 and also CYP3A, based on its mediated metabolism to
dextrorphan (DOR), or 3-methoxymorphinan (3-MM). Here, the
ELS showed that DEX is a CYP2D6 probe substrate and CYP3A4
probe substrate in 61 % and 13 % of the extracted papers
respectively and this is particularly valid for historical papers
from the 1990s. More recently, DEX has been dismissed as a
CYP2D6 probe substrate, after its recognition as a psychotropic
substance carrying a potential for abuse and dependence
(Martinak et al.,, 2017). Median values of the DEX tested oral
doses in humans were shown to be around 30 mg for both CYP2D6
(range 25-80 mg) and CYP3A (range 30-80 mg) (see references in
supplementary material).

For CYP2D6, MRs for DEX/DOR were very widely distributed
ranging from very low values with a minimum of ~ 0.002
indicating efficient biotransformation typical of extensive metab-
olisers (EMs) to a maximum of 0.59 associated with poor
metabolisers (PMs) (Funck-Brentano et al., 1992; Wenk et al.,
2004; McCune et al., 2001; Markowitz et al., 2003a,b,c; o’Connell
et al., 2006; Tushar et al., 2007; Al-Jenoobi et al., 2014a, b, 2015;
Saruwatari et al., 2014). Historically, a urinary MR (DEX/DOR) >0.3
has been generally applied to define PM phenotypes. From this
database, the Funck-Brentano et al. (1992) enrolled 110 individuals
of which 52 individuals were also genotyped: results indicated that
both CYP2D6 EM and PM phenotypes were identified from the
DEX/DOR MR calculated in urine. On the other hand, other studies
showed that dextromethorphan metabolic ratio did not
reliably discriminate heterozygous and homozygous EMs
(Evans and Relling, 1991).

Grouping of datasets using the average DEX oral dose (30 mg),
the mean urinary MRs for DEX (collected after 8 h) were 0.14 + 0.50
with a median value of 0.01. Human subpopulations included both
male and female genders, different age groups, individuals with a
range of diets, geographical origin and likely a range of CYP2D6
genotypes and phenotypes. Overall, human variability in CYP2D6
was substantial, as also indicated by the SD reported in each study,
generally higher than the mean value itself. Therefore, although
data variability could be expected to be averaged out by the mean
(or median) value, reported in each paper, this is not the case for
CYP2D6. The fact that mean and median value differ by more than
one order of magnitude indicates that the distribution of values is
asymmetrical, with a distribution shifting to lower values. Data on
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human variability in kinetics for CYP2D6 including inter-pheno-
typic differences have been described elsewhere
(Darney et al.,, 2021), using the Darney et al. (2019) Bayesian
meta-analysis method.

3.2.4. CYP3A4 activity

Since CYP3A4 is the predominant enzyme of CYP3A subfamily
and plays a major role in drug metabolism, a significant number of
probe substrates are available (Table 4). From the retrieved
literature, the most frequently probe susbtrates were identified as:

1) midazolam (27 % of publications) through its 1-hydroxyl-
ation which is mainly (but not exclusively) responsible for
clearance in humans. Midazolam in vivo kinetic parameters related
to 1-hydroxymidazolam formation (i.e. AUC, Cmax, tmax, ti,
Vmax/Km) have been previously applied for meta-analysis of
human CYP3A4 variability (Darney et al., 2019);

2) 6p-hydroxycortisol which has been historically often selected
as arelatively non-invasive endogenous marker for CYP3A4 in vivo
induction and inhibition, even if its sensitivity and selectivity is
still controversial.

With regards to the variability of the baseline level of CYP3A4
activity, it was not possible to draw robust conclusions based on
the midazolam/hydroxymidazolam MR, due to the limited number
of individuals enrolled and the diferent experimental conditions
used for its measurement (see Supplementary material A). Using
urinary MR 6p-hydroxycortisol/cortisol as index of CYP3A4/A5
activity, interindividual differences, including differences across
world populations, were shown with lowest MR value reported in
13 Asian females (2.1) whereas MR in Caucasians individuals from
the same study were nearly 3-fold higher (5.6). Overall, highest MR
values were reported for 36 egyptian males (23.3), while for
females (n = 29) MR values were nearly 4-fold lower (mean = 6.5).
However, no bimodality in either gender was observed and none of
the studies carried population genotyping (Lin et al., 1999;
El Desoky et al., 2005). Grouping of the datasets while considering
urinary 6p-hydroxycortisol/cortisol MR (collected in the morning
the day after dosing), the MR distribution was 11.24 + 17.25
(median value = 6.5). Conversely, when selecting CYP3A4/A5
activity data from urinary DEX/3-MM ratio (25—-30 mg DEX
collected between 0—8 hours after oral dosing), variability in MR
was lower with mean/SD values of 3.27 + 2.86 and a median value
of 2.95.

Some authors suggested that there are no ‘ideal’ markers to
predict CYP3A4 enzymatic activity with high accuracy, since none

Table 5
Frequencies of most common genetic polymorphisms in human world populations for CYP1A2.
Gene Change Polymorphic  SNP rs MAF® Asian MAF® - MAF* - MAF* - additional References
allel Caucasian African/ other notes
African
American
CYP1A2 -163C> A *1F(or *1 F 15762551 0.30-0.61 0.27-0.34 0.40-0.68 gMAF, Preissner et al., 2013; Pilgrim et al.,
*1Jand *1 K) global 2012; Zanger and Schwaby, 2013; Xue
MAF 0.35 et al., 2014; Zhou et al., 2009.
—2464T—delT *1D rs35694136 0.42-0.707 0.048-0.24 in  0.075-0.40 Preissner et al., 2013; Zhou et al., 2009.
Caucasian; 0.92
in Turkish
—-3860G >A *1C rs2069514 0.063-0.27 0.008-0.08 0.071-0.40 0.20-0,30 gMAF, Preissner et al., 2013; Zanger and
Hispanic global Schwaby, 2013; Ren et al., 2016; Xue
MAF 0.19 et al,, 2014; Zhou et al., 2009.
—739T > G *1E, *1G, *1], 0.027-0.10 0.004-0.09 0.03-0.13 Zhou et al., 2009
*1K
—729T > C *1K rs12720461 0-0.04 0.03-0.05 0.030 Zhou et al., 2009
5347 T>C *1B, *1H, *1 0.19-0.2 0.392 Zhou et al., 2009
G, *3, *8, *15,
*16

2 = minor allele frequency.
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of them are uniquely metabolised by the isoform (Benet, 2005) and
the possibility that multiple substrates are simultaneously bound
to the isoform cannot be excluded (Ekroos and Sjogren, 2006). As
expected, a data gap emerged regarding the in vivo activity data for
CYP3A7; only few in vitro were data collected from the screened
literature, that were exceptionally entered into the inventory file.

3.3. Genetic polymorphisms of CYP isoforms
Genetic polymorphisms of CYP isoforms strongly contribute to

human variability in CYP activities including differences across
populations of different geographical ancestry and also constitute
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amajor source of inter-individual differences in xenobiotic kinetics
and dynamics. Such human variability has been extensively
investigated in the area of pharmaceuticals to pave the way for
personalised medicine (Sim and Ingelman-Sundberg, 2011;

Lauschke and Ingelman-Sundberg, 2016). Moreover, CYP isoforms
are also involved in the bioactivation of pro-carcinogens and
cellular signaling molecules and such extensively studied poly-
morphisms are well characterised as potential susceptibility
factors in the aetiology and onset of a range of cancers and other
diseases. While considering the impact of these isoform-specific
genetic polymorphisms on CYP1A2, 2A6, 2D6 and 3A4/3A5/3A7
activities, the available peer-reviewed literature was large (n = 418)

Table 6
Frequencies of most common genetic polymorphisms in human world populations for CYP2A6.
Gene Polymorphic Change SNP rs MAF® - Asian MAF® - MAF* - MAF® - other additional References
allele Caucasian African/ notes
African
American
CYP2A6 *1B gene 0.267-0.542 0.276-0.335 0.112-0.198 Preissner et al., 2013; Lépez-Flores
conversion et al., 2017
with
CYP2A7
*1D -1013A> G 0.10-0.20 0.267-0.40 >0.5 Lépez-Flores et al., 2017
*1F 5717C>T 0 0.018 0 Lopez-Flores et al., 2017
*1G 5717C > T, 0 0.012 0.123-0.133 Lépez-Flores et al., 2017
5825A > G
*1H —745A > G 0.016-0.045 <0.11 0.098 Lépez-Flores et al., 2017
*2 1799T > A 151801272  0-0.011 0.011-0.053 0-0.01 0.013 gMAF  Zanger and Schwaby, 2013; Murphy,
2017; Lépez-Flores et al., 2017; Zhou
et al., 2017
*4 crossover 0.049-0.256 0.003-0.04 0.015-0.020 Murphy, 2017; Lopez-Flores et al.,
with 2017; Zhou et al., 2017
CYP2A7
*5 6582G > T 1s5031017 0-0.146 0-<0.001 0-<0.001 Lopez-Flores et al., 2017; Zhou et al.,
2017
*7 6558T > C  1s5031016  0.02-0.13 <0.001 0-<0.001 0.04 gMAF Zanger and Schwaby, 2013; Murphy,
2017; Lopez-Flores et al., 2017; Zhou
et al.,, 2017
*8 6600G > T 1528399468 0.003-0.05 0-0.003 0-0.003 Lépez-Flores et al., 2017; Zhou et al.,
2017
*9 —48T > G 1528399433 0.144-0.27 0.040-011 0.040-0.12 0.13 gMAF Preissner et al., 2013; Zanger and
Schwaby, 2013; Naidoo et al., 2014;
Murphy, 2017; Zhou et al., 2017
*10 two point 0-0.043 0.-<0.001 0.-<0.001 Lopez-Flores et al., 2017; Zhou et al.,
mutations 2017
*12 several 0-0.013 0.029 0-0.004 0.035-0.047 0.008-0.035 Preissner et al., 2013; Murphy, 2017;
SNPs Hispanics gMAF Lépez-Flores et al., 2017
13 —48T > G, 0-0.015 0 0 Lépez-Flores et al., 2017
13G>A
*14 86G > A 0-0.035 0.014-0.052 0.008-0.014 Lépez-Flores et al., 2017; Zhou et al.,
2017
*15 —48T > G, 0-0.022 0 0 Lépez-Flores et al., 2017
2134A > G
*16 2161C > A 0-<0.001 0-0.036 <0.001-0.017 Lépez-Flores et al., 2017; Zhou et al.,
2017
*17 several 0 0 0.073-0.112 Naidoo et al., 2014; Murphy, 2017;
point Lopez-Flores et al., 2017; Zhou et al.,
mutations 2017
*18 three 0-0.014 0.003-0.022 0-0.006 Lépez-Flores et al., 2017; Zhou et al.,
subvariants 2017
*19 multiple 0.005-0.014 0.-<0.001 0-<0.001 Lépez-Flores et al., 2017; Zhou et al.,
changes 2017
*20 multiple 0.000 0.000 0.01-0.017 Lépez-Flores et al., 2017
changes
*21 51G > A, 0-0.019 0.005-0.028 0.002-0.007 Lépez-Flores et al., 2017; Zhou et al.,
6573A > G 2017
*23 2161C>T 0-0.001 0 0.01-0.02 Lopez-Flores et al., 2017; Zhou et al.,
2017
24 two 0-<0.001 0 0.007-0.013 Lépez-Flores et al., 2017; Zhou et al.,
subvariants 2017
*35 two 0.005-0.128 0-0.149 0.025-0.059 Lépez-Flores et al., 2017

subvariants

a

= minor allele frequency.
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Table 7
Frequencies of the most common genetic polymorphisms in human world populations for CYP2D6.
Gene Polymorphic Change SNP rs MAF® - Asian  MAF® - MAF® - African/ MAF* additional References
allele Caucasian African - notes
American other*
CYP2D6 *2 2850C > T, 4180 G > C 1516947, 0.131-0.362  0.041-0.343  0.141-0.267 0.215 Gaedigk et al., 2017; Zhou et al.,
and other variants rs1135840 2017
*3 2549delA 1s35742686  0.-0.001 0.013-0.041 0-0.003 0.007 gMAF Gaedigk et al., 2017; Preissner
0.009 et al.,, 2013; Zanger and
Schwaby, 2013; Zhou et al., 2017
*4 1846 G > A rs3892097 0.004-0.116  0.150-0.250  0.034-0.119 0.105 gMAF Gaedigk et al., 2017; Preissner
0.106 et al.,, 2013; Zanger and
Schwaby, 2013; Zhou et al., 2017
*4D 100C > T; 1039C > T; 0.034 Preissner et al., 2013
1661 G > C; 1846 G >
A;4180G > C
4L 100C > T; 997C > G; 0.045 Preissner et al., 2013
1661 G > C; 1846 G >
A;4180G > C
*5 Recombination 0.02-0.065 0.029-0.041 0.04-0.062 0.024 Gaedigk et al., 2017; Preissner
et al., 2013; Zhou et al., 2017
*6 1707delT rs5030655 0-0.001 0.009-0.022 0-0.003 0.004 gMAF 0.01 Gaedigk et al., 2017; Preissner
et al,, 2013; Zanger and
Schwaby, 2013; Zhou et al., 2017
*7 2935A > C rs5030867 0-0.008 0-0.01 <0.001 0.000 Gaedigk et al., 2017; Preissner
et al., 2013; Zhou et al., 2017
*8 1758G > T rs5030865 0-<0.001 0 <0.001 0.001 Gaedigk et al., 2017; Zhou et al.,
2017
*9 2615-2617delAAG rs5030656 0-0.009 0.016-0.021  0.001-0.005 0.012 Gaedigk et al., 2017; Preissner
et al., 2013; Zhou et al., 2017
*10 100C>T rs1065852 0.065-0.70 0.024-0.080 0.032-0.120 gMAF Gaedigk et al., 2017; Preissner
0.260 et al.,, 2013; Zanger and
Schwaby, 2013; Zhou et al., 2017
*12 124G > A rs5030862 0 0 <0.001 0.042 Gaedigk et al., 2017; Zhou et al.,
2017
*13 revised hybrid allele 0 0.002 0.005 0 Gaedigk et al., 2017
*14 1758G > A rs5030865 0-0.016 0 0-0.002 0.003 Gaedigk et al., 2017; Zhou et al.,
2017
*15 137insT; 137_138insT 0 0.006 Gaedigk et al., 2017
*16 See CYP2D6*13 0.002 Gaedigk et al., 2017
*17 1023C > T; 2850C > T rs28371706; 0-0.001 <0.001-0.004 0.14-0.24 0.026 gMAF Gaedigk et al., 2017; Zanger and
rs16947 0.049 for  Schwaby, 2013; Zhou et al., 2017
1023C > T
*18 4133dupGTGCCCACT <0.001 Gaedigk et al., 2017
*19 2539_2542delAACT 0 0.003 Gaedigk et al., 2017
*21 2573insC 0.005 Gaedigk et al., 2017
*27 3853G > A 0.001 Gaedigk et al., 2017
*28 19G > A; 1661 G > C; <0.001 Gaedigk et al., 2017
1704C > G; 2850C > T;
4180 G > C
*29 1659G > A; 1661 G > <0.001 0-0.001 0.065-0.092 0.019 Gaedigk et al., 2017; Zhou et al.,
C;2850C>T;3183G > 2017
A;4180G > C
*31 multiple changes 0 0.001 0.005 Gaedigk et al., 2017
*34 2850C > T 0.002 0.030 0.001 Gaedigk et al., 2017
*35 multiple changes 0.001 0.064 0.018 Gaedigk et al., 2017
*36 multiple changes 0.015 0 0.002 Gaedigk et al., 2017
*39 1661 G > C,4180G > C 151135840 0.002 0.069 0.004 0.004 Gaedigk et al., 2017
*40 1863_1864 in.(TTT 0 0 0.006-0.017 0.001 Gaedigk et al., 2017
CGC CCC)2
*41 2988G > A rs28371725 0.022-0.135  0.03-0.090 0.01-0.097 0.036 gMAF Gaedigk et al., 2017; Preissner
0.055 et al., 2013; Zanger and
Schwaby, 2013; Zhou et al., 2017
*42 3259insGT; 0 0 0-0.004 0.004 Gaedigk et al., 2017; Zhou et al.,
3259_3260insGT 2017
*43 77G > A <0.001-0.008 <0.001 0.007-0.02 Gaedigk et al., 2017; Zhou et al.,
2017
*44 2950G > C 0.001 Gaedigk et al., 2017
*45 multiple changes 0 0.052-0.068 0 Gaedigk et al., 2017
*46 multiple changes 0 0-0.011 0 Gaedigk et al., 2017
*45 or *46 multiple changes 0 0 0.029-0.040 0.011 Gaedigk et al., 2017
*47 multiple changes 0.001 Gaedigk et al., 2017
*48 972C > T 0.001 Gaedigk et al., 2017
*49 multiple changes 0.007 0 Gaedigk et al., 2017
*50 1720A > C 0.001 0 Gaedigk et al., 2017
*51 multiple changes 0.001 Gaedigk et al., 2017
*52 multiple changes 0.003 Gaedigk et al., 2017
*54 0.001 Gaedigk et al., 2017



276

Table 7 (Continued)
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Gene Polymorphic Change SNP rs MAF® - Asian MAF® - MAF® - African/ MAF® additional References
allele Caucasian African - notes
American other*

100C > T; 1039C > T;

1661 G > C; 2556C > T;

4180 G > C
*56A/B multiple changes 0 0.007 0.0021-0.0025 0 Gaedigk et al., 2017
*58 multiple changes 0 0-0.002 Gaedigk et al., 2017
*59 1661 G > C; 2291 G > 0 0.007 Gaedigk et al., 2017

A; 2850C > T; 2939 G

> A;4180G > C
*60 1887insTA; 2303C > T <0.001 Gaedigk et al., 2017
*63 multiple changes <0.001 Gaedigk et al., 2017
*64 multiple changes 0 0.003 Gaedigk et al., 2017
*65 multiple changes 0.011 0.002 Gaedigk et al., 2017
*66 See CYP2D6*13 0.001 0-0.00255 Gaedigk et al., 2017
*69 multiple changes 0.006 Gaedigk et al., 2017
*71 —1584C > G; 125G > 0.005 Gaedigk et al., 2017

A;1494T > C
*73 multiple changes 0 0.002 Gaedigk et al., 2017
*74 974C > A, 3609 G > T 0 0.002 Gaedigk et al., 2017
*82 multiple changes 0 0.023 Gaedigk et al., 2017
*100 multiple changes 0.002 Gaedigk et al., 2017
*101 multiple changes 0.002 Gaedigk et al., 2017

2 = minor allele frequency.

and included a range of populations of different geographical
ancestry. Data collection was performed using reviews and
meta-analyses. Relevant and informative reviews include
Gaedigk et al. (2017) and Zhou et al. (2017) to whom the reader
is referred for full details. The latter reported a global distribution
map of CYP alleles with clinical relevance and integrated whole-
genome and exome sequencing data from 56,945 unrelated individu-
als for five major human world populations to potentially develop
population-adjusted pharmacological dosing (Zhou et al., 2017).

Tables 5-8 illustrates the frequencies of polymorphisms for CYP
1A2, 2A6, 2D6 and 3A4/3A5/3A7 in healthy adults from different
geographical ancestry.

3.3.1. Allelic frequency of CYP1A2 polymorphisms

The ELS search yielded articles on 13 different CYP1A2 alleles
with a variable occurrence depending on geographical origin and is
summarised in Table 5. The most frequent alleles described were:
CYP1A2*1F (-163 C > A), which is often reported as rs762551, but is
also part of several other haplotypes (e.g. *1 F, *1 J and *1 K), with a
frequency range of 0.27-0.34 in Caucasians, 0.30—0.61 in Asians
and 0.40-0.68 in Africans/African Americans (Preissner et al.,
2013; Pilgrim et al., 2012; Zanger and Schwaby, 2013; Xue et al.,
2014; Zhou et al, 2009). The range values were narrow for
Caucasians and wider for Asians and Africans and up to 2-fold
higher compared to that in Caucasians. CYP1A2 (5347 T > C),
associated to the *1B, *1H, *1 G, *3, *8, *15, *16 haplotype, was
absent in Africans/African Americans with a frequency of
0.19-0.20 in Asians, and showed highest value (0.392) in
Caucasians (Zhou et al., 2009). CYP1A2*1D (-2464T—delT) had
the lowest prevalence in Africans/African Americans, ranging from
0.075 to 0.40, in a similar fashion to that in Caucasians (0.048 to
0.24) and in contrast, frequencies were up to 10-fold higher
(0.42-0.707) in Asians, with very high frequencies in Turkish
populations for which around 92 % of the population is
characterised by this CYP1A2 polymorphism (Preissner et al.,
2013; Zhou et al., 2009). CYP1A2*1C (-3860G > A) has the lowest
allele frequency in Caucasians (0.008-0.08), with the exception of
Hispanics (0.20—-0.30), the latter being higher than that reported in
Asians (0.063-0.27), and in Africans/African Americans
0.071-0.40 (Preissner et al., 2013; Zanger and Schwaby, 2013;
Ren et al., 2016; Xue et al., 2014; Zhou et al., 2009).

To date, a number of studies have investigated the association
between genetic polymorphisms of CYP1A2 and its enzymatic
activities. However, the functional consequences of such poly-
morphisms on the metabolism of CYP1A2 substrates is still
controversial. In a recent review assessing the effects of genetic
polymorphisms on CYP1A2 activity by caffeine metabolism (3570
subjects), the functional importance of —163C > A polymorphism
(rs762551) was demonstrated. In this study, inter-individual
differences were more pronounced amongst smokers, showing a
higher enzymatic activity in homozygous or heterozygous
individuals compared that in individuals expressing the CYP1A2
wild-type (Koonrungsesomboon et al., 2018). Conversely, no
altered caffeine metabolic ratios were clearly demonsterd for
other CYP1A2 polymorphisms.

3.3.2. Allelic frequency of CYP2A6 polymorphisms

To date, more than 40 alleles and some uncharacterised
haplotypes have been identified at the CYP2A6 locus, rising from
single nucleotide polymorphism (SNP), gene conversion, gene
deletion and/or gene duplication (L6pez-Flores et al., 2017). The
distribution of CYP2A6 allelic variants has a typical pattern in
populations of different geographical ancestry, as described for the
other CYPs. Results from the retrieved review articles and meta-
analyses showed a high prevalence in world populations of the
CYP2A6*1B allele, generated by a gene conversion with CYP2A7
locus, ranging from 0.267 to 0.542 in Asians, from 0.276 to 0.335 in
Caucasians and from 11.2 to 19.8 in Africans/African Americans
(Preissner et al., 2013; Lopez-Flores et al., 2017). The CYP2A6*1D
(-1013A > G) has a high frequency especially in Africans/African
Americans (>0.5), but it is common also in Caucasians, ranging
from 0.267 to 0.40, and lower in Asian populations with a
frequency of 0.10—0.20 (L6pez-Flores et al., 2017). CYP2A6%4 is one
of the most widely studied CYP2AG6 allele in human populations
and rises from an homologous unequal crossover with CYP2A7,
leading to the whole gene deletion that accounts for the majority of
PMs. It is prevalent in Asians (in particular Japanese) with an allele
frequency of 0.049-0.256, while it shows a frequency < 0.04 in
European descents and even a lower one in Africans/African
Americans (Murphy, 2017; Lopez-Flores et al., 2017; Zhou et al.,
2017). CYP2A6"5 and *7 variants are also common in Asians
(frequency up to 0.146 and 0.130, respectively), but they are rare in
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Table 8
Frequencies of most common genetic polymorphisms in human world populations for CYP 3A4, 3A5, 3A7.
Gene Polymorphic Change SNP rs MAF® - Asian MAF® - MAF® - African/African MAF® - other additional References
allele Caucasian American notes
CYP3A4 *2 644 T > C rs55785340 0 0.011-0.027 0 Werk and Cascorbi,
2014; Zhou et al.,
2017; Preissner et al.,
2013
*3 1334T>C rs4986910 0 0-0.04 0-0.033 Werk and Cascorbi,
2014; Zhou et al., 2017
*4 352A> G rs55951658 <0.001-0.006 O 0 Werk and Cascorbi,
2014; Zhou et al., 2017
*5 653C> G rs55901263 <0.001-0.006 O 0 Werk and Cascorbi,
2014; Zhou et al., 2017
*6 830_831insA rs4646438  <0.001-0.005 O 0 Werk and Cascorbi,
2014; Zhou et al., 2017
*7 167G > A rs56324128 0 0.001-0.014 O Werk and Cascorbi,
2014; Zhou et al., 2017
*8 389G > A rs72552799 <0.001-0 0.003-0.014 0-0.04 Werk and Cascorbi,
2014; Jarrar et al.,
2016; Zhou et al., 2017
*9 508G > A rs72552798 0 0-0.002 0 Werk and Cascorbi,
2014; Zhou et al., 2017
*10 520G > Cor A rs4986908 <0.001-0.001; <0.001; 0.002 Werk and Cascorbi,
0.012 for A 0.003 for C 2014; Zhou et al., 2017
1 1088C > T rs67784355 <0.001-0.002 0-0.003 <0.001 gMAF Werk and Cascorbi,
0.001 2014; Zhou et al., 2017
*12 1117C>T rs12721629 0-<0.001 0-0.004 0.003-0.007 gMAF Werk and Cascorbi,
0.001 2014; Zhou et al., 2017
*13 1247C>T rs4986909  0-0.012 0-0.004 0-0.021 Werk and Cascorbi,
2014; Zhou et al., 2017
*14 44T > C rs12721634 gMAF Werk and Cascorbi,
0-0.003 2014
*15 485G > A rs4986907 0-<0.001 0 0-0.042 gMAF Werk and Cascorbi,
0.014 2014; Zhou et al., 2017
*16 554C > G rs12721627 0-0.014 0 0 gMAF Werk and Cascorbi,
0.005 2014; Zhou et al., 2017
*17 566T > C rs4987161 0 0-0.020 0 Werk and Cascorbi,
2014; Preissner et al.,
2013
*18 878T>C rs28371759 0-0.028 0 0.002 gMAF 0.01 Werk and Cascorbi,
2014; Zhou et al., 2017
*19 1399C > T rs4986913 0-0.012 0-0.022 0 Werk and Cascorbi,
2014; Zhou et al., 2017
*20 1461_1462insA 1567666821 0 0-<0.006 <0.001 Werk and Cascorbi,
2014; Zhou et al., 2017
21 956A > G rs201821708 0.005 Werk and Cascorbi,
2014
*22 15389C > T rs35599367 0-0.043 0.025-0.083 <0.001-0.043 gMAF Werk and Cascorbi,
0.021 2014; Zanger and
Schwaby, 2013; Zhou
et al., 2017
*23 484C > T rs57409622 gMAF 1 Werk and Cascorbi,
2014
*24 600A > T rs113667357 gMAF 1 Werk and Cascorbi,
2014
*1B UTR —-392A > G 152740574 0 0.030-0.050 0.50-0.82 Hispanics gMAF 0.20 Keshava et al., 2004;
0.064-0.146 Werk and Cascorbi,
2014; Zanger and
Schwaby, 2013
CYP3A5 *2 1289C > A rs28365083 0 0.001-0.10 <0.001 Jarrar et al., 2016;
Zhou et al., 2017
*3 6986A > G 1s776746 0.66-0.78 0.77-0.96 0.12-0.50 gMAF Jarrar et al., 2016;
0.312 Zanger and Schwaby,
2013; Preissner et al.,
2013; Naidoo et al.,
2014; Zhou et al., 2017
*4 14665A > G rs56411402  0-<0.01 0 0 Park et al., 2014; Zhou
et al., 2017
*5 12952T > C <0.001-0.007 O 0 Park et al., 2014; Zhou
et al., 2017
*6 14,690 G > A rs10264272 0 0-0.3 0.12-0.25 gMAF Park et al., 2014;
0.045 Zanger and Schwaby,
2013; Naidoo et al.,
2014; Zhou et al., 2017
*7 27131_27132insT 1541303343  0-<0.001 0 0.1 Park et al., 2014;
Naidoo et al., 2014;
Zhou et al., 2017
*8 3699C > T rs55817950 0-<0.001 0 0-0.04
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Table 8 (Continued)

Gene Polymorphic Change SNP rs MAF® - Asian MAF® - MAF?® - African/African MAF® - other additional References
allele Caucasian American notes
Park et al., 2014; Zhou
et al., 2017
*9 19386 G > A rs28383479 0.02 Park et al., 2014
*10 6986A > G; 0.02 Park et al., 2014;
29,753 T> C; Preissner et al., 2013
31611C>T
CYP3A7 *2 26041C > G 0.28 0.08 0.62 0.17 Saudi Preissner et al., 2013
Arabian
*3 0.003 in Lee et al., 2010
koreans
*1C at least 5 0.03 0.06 Dapia et al.,, 2017

SNPs

2 = minor allele frequency.

individuals of European or African origin (Zanger and Schwaby,
2013; Murphy, 2017; Lépez-Flores et al., 2017; Zhou et al., 2017).
CYP2A6*9 is a SNP at the promoter region (—48T > G) that leads to a
decreased enzyme expression, reported in 0.144—0.27 of Asians
while its frequency varies from 0.04 to 0.12 in other ethnic groups
(Preissner et al., 2013; Zanger and Schwaby, 2013; Naidoo et al.,
2014; Murphy, 2017; Zhou et al., 2017). CYP2A6*17 was reported in
Africans/African Americans at a frequency up to ~ 0.11, whereas it
is absent in Caucasians and Asians (Naidoo et al., 2014; Murphy,
2017; Lopez-Flores et al., 2017; Zhou et al., 2017). Distributions of
CYP2AG6 alleles across world populations are listed in Table 6.

3.3.3. Allelic frequency of CYP2D6 polymorphisms

The ELS search highlighted the widely polymorphic nature of
CYP2D6, owing to the existence of more than 300 different allelic
variants and a series of subvariants, giving rise to decreased,
normal, or increased enzyme activities amongst individuals and
world populations. While certain polymorphisms show similar
frequencies across world populations, others have been detected
sporadically in specific populations or their prevalences widely
differ amongst world populations. Some polymorphisms (includ-
ing presence of multiple copies of the wild type gene) are fully
functional, some exhibit reduced functionality and some are null
and therefore do not affect CYP2D6 activity. This range of
polymorphisms and functional changes can explain the variability
of enzymatic activities i.e from no/low activity in PMs, to
intermediate, extensive and ultra-rapid metabolisers. Table 7
displays CYP2D6 genetic polymorphisms within at least one of the
major world population. In this subset, the CYP2D6*4 (1846 G > A)
is the most frequent CYP2D6 allele in Caucasians, where it is
present at a frequency of 0.15-0.25, and leads to the absence of the
protein in the liver, while it has a minor frequency in Asians
(0.004-0.116) and in Africans/African Americans (0.034-0.119)
(Gaedigk et al., 2017; Preissner et al., 2013; Zanger and Schwaby,
2013; Zhou et al., 2017). Another commonly detected allelic variant
with a normal function is the CYP2D6*2 (2850C > T, 4180 G > C and
others) reported in 0.131-0.362 of Asians, in 0.141-0.267 of
Africans/African Americans and in 0.041-0.343 of Caucasians
(Gaedigk et al., 2017; Zhou et al., 2017). In contrast, the CYP2D6*5
gene deletion allele is present at a frequency of 0.020 to 0.062 in all
the major world population groups (Gaedigk et al., 2017; Preissner
etal., 2013; Zhou et al., 2017) whereas about 0.065 to 0.70 of Asians
are carriers of the CYP2D6*10 (100C > T) decreased-function allele,
while it has a lower prevalence in Caucasians (0.024—0.080) and in
Africans/African Americans (0.032-0.120) (Gaedigk et al., 2017;
Preissner et al., 2013; Zanger and Schwaby, 2013; Zhou et al., 2017).
The frequency of the partially defective CYP2D6*17 variant (1023C
> T; 2850C > T) occurs in up to 24 % of Africans/African Americans,

whereas it is rare in the other world populations (Gaedigk et al.,
2017; Preissner et al., 2013; Zanger and Schwaby, 2013; Zhou et al.,
2017). CYP2D6 duplications due to unequal crossing have been also
identified in combination with the *29, *41, *45 alleles and the
overall frequency of the gene duplications in all world populations
is variable but generally < 0.10 (Gaedigk et al., 2017; Preissner et al.,
2013; Zanger and Schwaby, 2013; Zhou et al., 2017). Frequencies at
the CYP2D6 locus in human world popualtions are illustrated in
Table 7.

3.3.4. Allelic frequency of CYP3A4, 3A5, 3A7 polymorphisms

Genes coding for the CYP3A subfamily, namely CYP3A4, CYP3A5
and CYP3A7 are clustered on chromosome 7. At least 40 allelic
variants have been described in the CYP3A4 gene which is, at the
protein level, by far the major CYP isoform expressed in human
hepatocytes (Jarrar et al., 2016). CYP3A4*1B is considered the most
common SNP in CYP3A4 and the most extensively studied.
However, its significance is still not yet clear due to contrasting
results on its impact on enzymatic activity. In Africans/African
American, frequency of CYP3A4*1B is in the range of 0.50-0.82,
whereas it is absent in Japanese and Chinese populations and has a
low frequency (0.030—0.050) in Caucasians (Keshava et al., 2004;
Werk and Cascorbi, 2014; Zanger and Schwaby, 2013). However,
amongst all the other CYP3A4 variants currently identified, almost
all fall into the category of rare polymorphisms, showing a
frequency between 0.01 and 0.03, or mutations, having a frequency
< 0.01. Of these variants, however numerous, the CYP3A4*2 (644 T
> C) shows a frequency between 0.011 and 0.027 in Caucasians and
is absent in other world populations (Werk and Cascorbi, 2014;
Preissner et al., 2013; Zhou et al., 2017). CYP3A4* 3 (1334 T > C) has
been found only in Caucasians (0—0,04) and in Africans/African
Americans (0—0,03) (Werk and Cascorbi, 2014; Zhou et al., 2017)
and CYP3A4*15 (485 G > A) has been only described in Africans/
African Americans with a maximum frequency of 0.042 (Werk and
Cascorbi, 2014; Zhou et al., 2017). CYP3A4*18 (878 T > C) was
described in 0.028 of Asians and in 0.002 of Africans/African
Americans (Werk and Cascorbi, 2014; Zhou et al., 2017).

Finally, the intronic variant CYP3A4*22 (15389C > T) has been
reported with a frequency of 0.025-0.083 in Caucasians and up to
0.043 both in Asians and in Africans/African Americans (Werk and
Cascorbi, 2014; Zanger and Schwaby, 2013; Zhou et al., 2017). The
relevance of interindividual differences for the CYP3A4*22 variant
has been demonstrated in relation to the pharmacokinetics of a
number of drugs used in cancer therapies. In addition, it has been
associated with reduced clearances of tacrolimus and cyclosporin
A in renal transplant patients. On the other hand, differences in
kinetics may also result in more efficient therapeutic responses as
indicated by treatment with fluticasone propionate or lipid-
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lowering agents, expecially when administered to patients which
do not express CYP3A5 (Werk and Cascorbi, 2014).

CYP3A5 is expressed in extrahepatic tissues with more than 25
allelic variants (Jarrar et al., 2016). The CYP3A5*3 genetic polymor-
phism (intronic transition 6986A > G) is the most common SNP,
leading to the loss of CYP3A5 activity due to the disruption of the
correct splicing of CYP3A5 transcripts. It has been reported in
0.77-0.96 of Caucasians, in 0.66—0.78 of Asians and in 0.12—0.50 of
Africans/African Americans (Jarraretal.,2016; Zanger and Schwaby,
2013; Preissner et al., 2013; Naidoo et al., 2014; Zhou et al., 2017).
Variability in the frequency of CYP3A5*3 across world populations is
at the basis of the marked differences in the metabolism of drugs
that are CYP3A5 substrates (Lamba et al., 2002). CYP3A5*2 (1289C >
A) is a coding SNP reported in 0.001-0.10 of Caucasians and in
<0.001 of Africans/African Americans (Jarrar et al.,2016; Zhou et al.,
2017).CYP3A5%6(14,690G > A), *7(27131_27132insT) and *8(3699C
> T) have been mostly found in Africans/African Americans,
respectively at the frequencies of 0.12-0.25, 0.1, and 0-0.04
(Park et al., 2014; Zanger and Schwaby, 2013; Naidoo et al., 2014;
Zhou et al, 2017). Apart from CYP3A5*3, the only genetic
polymorphism reported in Asians with an incidence slightly >1%
is the CYP3A5* 9 (19,386 G > A) (Park et al., 2014).

CYP3A7 is the major hepatic CYP enzyme expressed in the
foetus. Generally, its expression decreases and shifts to CYP3A4
after birth; however, it continues to be expressed at significant
levels in some adult individuals carrying the CYP3A7*1C allele,
influencing levels of circulating endogenous sex hormones and
clinical outcome from various malignancies as lymphocytic
leukemia, breast and lung cancer (Johnson et al., 2016). CYP3A7*1C
allele has been reported to be defined by at least 5 SNPs, at a
frequency of 0.03 in Caucasian populations and 0.06 in Africans/
African Americans (Dapia et al., 2017). The most common genetic
polymorphism was shown to be the CYP3A7*2 (26041C > G), found
in 0.62 of Africans/African Americans, in 0.28 of Asians and in 0.08
of Caucasians (Preissner et al., 2013), while the CYP3A7*3 allele has
been reported only in Koreans at the frequency of 0.003
(Dapia et al., 2017; Lee et al., 2010). Distributions of CYP3A4,
3A5 and 3A7 alleles across world populations are summarised in
Table 8.

4. Conclusions and future perspectives

The manuscript presents the results of large extensive literature
searches from the peer-reviewed scientific literature and the
creation of the OpenCYP database which will be public (DOI:
10.5281/zenodo0.5031737) (Supplementary material A and B): an
open source database providing data for human variability in the
baseline activities and frequencies of polymophisms for CYP1A2,
CYP2A6, CYP2D6, CYP3A4/3A5 and CYP3A7 across world pop-
ulations. This database presents a collection of quantitative data on
CYP enzymatic activities extracted from in vivo studies conducted
on ethnically heterogeneous populations. This peculiarity repre-
sents its added value with respect to what is currently avaialble,
given that the majority of search engines that are freely accessible
generally provide only qualitative information on enzymatic
activities for specific substrates or, in most cases, indicate only
the coherent reference literature.

As relevant examples, reliable and high quality databases
addressing data collection of human genotypes and phenotypes
are already available, as the central repositories PharmGKB (http://
www.pharmgkb.org) and PharmVar Consortium (https://www.
pharmvar.org/). They both represent an important open-access
source of information, especially directed to clinical applications,
considering different responses to drugs based on genetic variability.

The former, structured around four specific entities: variants,
genes, drugs and diseases, provides clinical information, including

dosing guidelines and drug labels, potentially clinically relevant
gene-drug association, and also information on how genetic
variants can be involved in the PK or PD pathways of a specific
therapeutic drug. Analogously the Pharmacogene Variation
(PharmVar) Consortium reports pharmacogene (PGx) variation
with a focus on haplotype structure and allelic variation,
supporting the interpretation of pharmacogenetic test results to
guide precision medicine.

Besides clinical applications, having available data on human
variability on the activity of phase I, phase Il enzymes and
transporters involved in ADME processes, represents critical data
needs to move towards the development of PBK and in silico tools
that provide reliable estimates when used in the risk assessment
process. Having information on the isoform-specific biotransfor-
mation of a chemical obtained in vitro, the possibility to integrate
data on human variability of the active enzyme (as the ones
included in the OpenCYP database) could allow for improvement
and testing the prediction power of PBK generic models.

The OpenCYP database, as an open source database, aims to
provide CYP-specific enzymatic activity for healthy adults and
their genetic polymorphism frequencies across world popula-
tions. In addition, additional efforts have supported the genera-
tion of human variability distributions for a range of Phase I,
Phase Il and transporters using human in vivo kinetic parameters
and bayesian meta-analyses (e.g. CYP3A4 and paraoxonoase-1,
carboxylesterases, CYP2D6) (Darney et al., 2019, 2020a,b, 2021-
submitted). For these enzymes, pathway-related uncertainty
factors were derived for populations of different geographical
ancestry (CYP3A4, CYP2D6, paraoxonoase-1 and carboxyl ester-
ases) and inter-phenotypic differences (paraoxonoase-1) associat-
ed with genetic polymorphisms (Darney et al., 2019, 2020a,b,
2021; Di Consiglio et al., 2021).

While compiling the OpenCYP EFSA database, we conclude that,
despite the high number of collected papers, discrepancies in the
reporting of the age and demographic characteristics of enrolled
individuals were noted across the datasets and constituted a
challenge to perform a full statistical analysis of CYP-specific
activities and variabilities in relation to geographical origin. In
addition, when the same probe substrate was used, the lack of
standardisation in the experimental conditions (dosing, time of
sampling, matrix collected) hampered the possibility to perform a
full statistical analysis. Data investigating age groups other than
adults such as the elderly, children and neonates were very limited
and fragmented constituting an additional important data gap.
Moreover, few papers reported both phenotyping and genotyping
results. These considerations highlight the need to use stand-
ardised methodologies in the experimental design and reporting,
whenever data on enzymatic activity in humans are investigated
within a specific population.

The use of MR measured in urine or plasma was considered an
adequate metrics for possible comparison and allowed to derive
variability of CYP enzymatic activities within healthy individuals.

When data were sub-divided according to similar testing
conditions, our analysis indicates that variability was quite limited
for CYP1A2 (assessed with caffeine as a probe substrate) and a
symmetrical distribution of metabolic activities values was
observed. CYP3A4 activity showed also a limited variability, when
assessed by using the urinary DEX/3-MM ratio. Conversely, when
the urinary 6p-hydroxycortisol to cortisol ratio was used as index of
CYP3A4 activity, large interindividual/interethnical differences
were shown. This could be the result of the overall variability due
to both CYP3A4 and to the genetic polymorphism of transporters
responsible for the renal excretion (clearance) of cortisol. Genetic
variants in kidney membrane carriers can cause considerable inter-
individual variation in physiological processes as well as in
pharmacotherapy (Tracy et al, 2016; Yin et al, 2004), and
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specifically 6p-hydroxycortisol/cortisol ratio may be affected when
the renal organic anion transporter 3 (OAT3) function is
altered, since 6B-hydroxycortisol is a substrate of OAT3As
(Imamura et al, 2014). As a consequence, the use of the 6p-
hydroxycortisol/cortisol ratio does not reflect only the CYP3A4
variability. Another possible additional explanation could be
limited comparability of the populations included into the
collected studies. The highest variability was observed for CYP2D6,
after oral dosing of DEX, for which genetic polymorphisms are
presumed to act as a significant additional source of variability.
In conclusion, OpenCYP constitutes a useful collection of
baseline isoform-specific activities in adults and frequencies of
polymophisms for selected P-450 isoforms (CYP1A2, CYP2AS6,
CYP2D6, CYP3A4/3A5 and CYP3A7) across world populations. It is
proposed to extend the database for other CYP isoforms and phase |
enzymes (CYP2C9, CYP2C19, ADH, paraoxonases, esterases) as well
as phase II enzymes (UGTs, GSTs, sulphotransferases, methyl-
transferases, glycine conjugation etc) and transporters (P-glyco-
protein, OATPs, OATs etc), while including absolute expression
levels of the isoforms using proteomic analyses. It is foreseen that
the integration of databases such as OpenCYP with the available
large databases on human in vivo variability in markers of acute
and chronic exposure, as well as absolute expression levels of the
isoforms from recent proteomic experiments, would support the
further development of QIVIVE and PBK models to be applied in
chemical risk assessment (Darney et al., 2019, 2020a,b, 2021;
Kasteel et al., 2020a, b; Buratti et al., 2021; Di Consiglio et al.,
2021). Future work also includes testing these models with case
studies for food and feed relevant compounds integrating in vitro
kinetic data, variability distributions and frequencies of polymor-
phisms in virtual populations for model calibration and validation
and ultimately implement their routine use in food and feed safety.
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