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ALLELIC VARIANTS OF CYP2C9, CYP2C19, CYP2D6 CYTOCHROMES 
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Introduction. Determination of the CYP2C9, CYP2C19, and CYP2D6 genotypes enables therapy personalization for a wide range of medica-
tions. The currently available diagnostic panels and international guidelines governing the scope of testing are based on global data concern-
ing the allelic polymorphism of these genes. 
Objective. To determine the distribution of allelic variants of the CYP2C9, CYP2C19, and CYP2D6 genes in the population of the Russian 
Federation, taking regional characteristics into account.
Materials and methods. The study was conducted on a sample from the Genetic Database (GDB) of the Centre for Strategic Planning and 
Management of Biomedical Health Risks (n = 121,442, covering 85 Russian federal subjects). Whole-genome DNA sequencing was per-
formed for all participants, with CYP2C9, CYP2C19, and CYP2D6 genotyping determined using the PAnno software. In regions with a suffi-
cient number of observations, variant frequencies and the proportions of different metabolic phenotypes were compared, identifying high-risk 
regions and those with an allelic structure differing from the overall population.
Results. The prevalence of impaired metabolism for CYP2C9 substrates in the population is estimated at 33.66%, for CYP2C19 at 25.37%, 
and for CYP2D6 at 8.29%. The prevalence of accelerated metabolism for CYP2C19 substrates is 37.37%. The following regions are identified 
as high-risk for the presence of impaired metabolism of substrates for at least one of the studied isoenzymes: the Republics of Chechnya, 
Dagestan, Ingushetia, Kabardino-Balkaria, North Ossetia, Chuvashia, Mari El, Udmurtia, Tatarstan, Tyva, Sakha (Yakutia), Kalmykia, Buryatia, 
Karelia, as well as Rostov Oblast, Sakhalin Oblast, Irkutsk Oblast, and Novosibirsk Oblast. This risk manifests due to both quantitative dif-
ferences in the frequency of common allelic variants and the presence of rare alleles in specific regions, such as CYP2C9*29, CYP2C9*12, 
CYP2C19*8, CYP2D6*32, and CYP2D6*7.
Conclusions. The obtained results provide the basis for the development of domestic diagnostic panels and for implementing a differenti-
ated approach to pharmacogenetic testing across various biogeographic groups within the country. The introduction of such panels must be 
accompanied by health economic evaluation for each drug whose effectiveness and safety depends substantially on the CYP2C9, CYP2C19, 
and CYP2D6 genotype.
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АЛЛЕЛЬНЫЕ ВАРИАНТЫ ЦИТОХРОМОВ CYP2C9, CYP2C19, CYP2D6 У ЖИТЕЛЕЙ РОССИИ: 
РАСПРОСТРАНЕННОСТЬ И РЕГИОНАЛЬНОЕ РАСПРЕДЕЛЕНИЕ
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Введение. Определение генотипа CYP2C9, CYP2C19, CYP2D6 позволяет персонализировать терапию для широкого круга лекар-
ственных средств. Доступные в настоящий момент диагностические панели и международные рекомендации, регламентирующие 
объем тестирования, базируются на общемировых данных об аллельном полиморфизме этих генов.
Цель. Определение распределения аллельных вариантов генов CYP2C9, CYP2C19 и CYP2D6 в популяции жителей РФ с учетом 
региональных особенностей.
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Материалы и методы. Исследование выполнено на выборке из базы данных популяционных частот (GBD) ЦСП ФМБА России 
(n = 121 442, охват 85 субъектов РФ). Всем участникам выполнено полногеномное секвенирование ДНК, установление генотипа 
CYP2C9, CYP2C19 и CYP2D6 при помощи программного обеспечения PAnno. В регионах с достаточным количеством наблюдений 
сопоставляли частоты вариантов и доли различных фенотипов метаболизма с выделением регионов риска и регионов с аллельной 
структурой, отличающейся от популяционной.
Результаты. Распространенность замедленного метаболизма субстратов CYP2C9 в популяции оценивается в 33,66%, CYP2C19 — 
в 25,37%, CYP2D6 — в 8,29%, ускоренного метаболизма субстратов CYP2C19 — в 37,37%. К регионам риска наличия замедленного 
метаболизма субстратов хотя бы одного из исследуемых изоферментов относятся Чеченская Республика, Дагестан, Ингушетия, 
Кабардино-Балкария, Северная Осетия, Ростовская область, Чувашия, Марий Эл, Удмуртская Республика, Татарстан, Тыва, Яку-
тия, Калмыкия, Бурятия, Карелия, Сахалинская, Иркутская и Новосибирская области. Данный риск реализуется как за счет коли-
чественных различий во встречаемости частых аллельных вариантов, так и за счет представленности в отдельных регионах редких 
аллелей, таких как CYP2C9*29, CYP2C9*12, CYP2C19*8, CYP2D6*32, CYP2D6*7.
Выводы. Полученные результаты создают предпосылки для разработки отечественных диагностических панелей, а также 
для дифференцированного подхода к фармакогенетическому тестированию в разных биогеографических группах внутри страны, 
внедрение которых должно сопровождаться клинико-экономическим обоснованием для каждого препарата, чья эффективность 
или безопасность существенно зависят от генотипа CYP2C9, CYP2C19 и CYP2D6.
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INTRODUCTION

Genotyping of drug-metabolizing enzymes, a significant 
proportion of which are cytochrome P450 isoenzymes, 
plays an essential role in the personalization of pharma-
cotherapy. According to the studies conducted among 
individuals of European descent, 96.8% carry at least 
one genetic variant in cytochrome P450 isoenzymes ca-
pable of influencing drug metabolism [1]. The CYP2C9, 
CYP2C19, and CYP2D6 isoenzymes are responsible 
for the metabolism of up to 45% of drugs undergoing 
biotransformation [2] and are classified among the so-
called “very important pharmacogenes” (VIP) [3]. 

The CYP2C9 cytochrome isoenzyme, which con-
stitutes approximately 20% of all P450 isoenzymes [4], 
mediates the metabolism of drugs such as warfarin and 
other coumarin anticoagulants, phenytoin, fluvastatin, 
torasemide, certain sartans, oral hypoglycemic agents 
(primarily sulfonylurea derivatives), and non-steroidal an-
ti-inflammatory drugs (NSAIDs), as well as a significant 
number of endogenous substances and non-pharma-
cological xenobiotics [5]. The allelic variants CYP2C9*2 
and CYP2C9*3 are prevalent in populations of European 
descent, thus having been extensively studied [6]; data 
on allelic distribution in other populations are being ac-
cumulating on a constant basis, revealing distinct char-
acteristics of specific biogeographic groups. 

Another pharmacogenetically significant isoen-
zyme — CYP2C19 — is a key enzyme in the biotransfor-
mation of clopidogrel, proton pump inhibitors, voricon-
azole, certain benzodiazepines, and antidepressants 
from the groups of selective serotonin reuptake inhibitors 
and tricyclic antidepressants [7]. The CYP2C19*2 and 
CYP2C19*3 variants correspond to a lack of enzyme ac-
tivity, leading to a reduced rate of substrate biotransfor-
mation. For comparison, carriage of the CYP2C19*17 al-
lele is associated with an increased enzyme activity and 
a higher rate of drug metabolism [7]. In the European 
population, along with the wild-type CYP2C19*1 variant, 
only the  *2 and *17  variants are found with a relatively 
high frequency  (>1%). The CYP2C19*3 allele is found 
primarily in East Asian populations, while individuals of 
African descent are characterized by significant allelic 
diversity of this enzyme, with the presence of variants 
such as *9, *13, *15, and *27 [6]. 

Another isoenzyme — CYP2D6 — has the broadest 
drug coverage and is the most polymorphic. PharmGKB 
lists over 180 allelic variants, a significant portion of which 
are either not annotated or have an annotation of un-
known/uncertain function.1 The list of drugs metabolized 
with its participation includes antidepressants from vari-
ous pharmacological groups, antipsychotics, opioid anal-
gesics, tamoxifen, some beta-blockers, and antiarrhyth-
mic agents [8]. Common alleles corresponding to normal 

1	 PharmGKB. URL: https://www.pharmgkb.org  
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enzyme activity, along with the wild-type *1, are *2 and 
*35. Alleles associated with decreased activity include *9, 
*17, *29, and *41, while those with absent activity include 
*3, *4, *5, *6, and *40. The CYP2D6*10 haplotype occupies 
an intermediate position between decreased and absent 
activity variants [8]. Furthermore, enzyme activity can be 
increased due to the multiplication of alleles with normal 
enzyme activity (*1xN, *2xN), which leads to an acceler-
ated rate of substrate metabolism [8, 9].

The scope of genetic variant testing is regu-
lated by international guidelines developed by the 
Pharmacogenomics Working Group of the Association 
for Molecular Pathology (PGxWG AMP) [10–13]. These 
guidelines distinguish alleles recommended for testing 
into minimum (Tier 1) and extended (Tier 2) sets. Tier 1 
includes variants with proven clinical impact and high 
population frequency, while Tier 2 comprises less com-
mon alleles. 

Other international pharmacogenetic initiatives, 
such as the Clinical Pharmacogenetics Implementation 
Consortium (CPIC), the Dutch Pharmacogenetics 
Working Group (DPWG), and the European Medicines 
Agency (EMA), do not prescribe specific allele sets rec-
ommended for genotyping relevant cytochrome  P450 
isoenzymes. Instead, they focus on establishing gen-
otype-dosing correlations and developing clinical de-
cision-making algorithms based on genotype (CPIC, 
DPWG), or on regulatory aspects, standardizing termi-
nology, and systematizing biomarkers in pharmacoge-
netic studies (EMA).

The current guidelines are predominantly based on 
data for Western populations and fail to account for the 
specific characteristics of Russia, where allele distribu-
tion may differ significantly due to the unique population 
structure of the country. Domestic equivalents of such 
guidelines are currently lacking, creating a risk of under-
estimating clinically significant variants in patients within 
the Russian Federation.

This study is aimed at determining the allelic poly-
morphism of cytochromes CYP2C9, CYP2C19, and 
CYP2D6 in the population of the Russian Federation, 
taking regional specificities into account.

MATERIALS AND METHODS

Study sample

The study was conducted using a population-based 
sample from the Genetic Database (GDB) of the Center 

for Strategic Planning of the FMBA of Russia.2 The 
sample size comprised 121,442  individuals (57,752 
(48.4%) men, mean age 50.3 ± 13.9 years; data present-
ed as M ± SD) from 85 Russian federal subjects. For the 
analysis of regional allele frequency distribution, partici-
pants from Moscow and Moscow Oblast, St. Petersburg 
and Leningrad Oblast, Sevastopol and the Crimea were 
pooled. The recruitment criteria for the GDB partici-
pants are described in a previously published work [14]. 
For comparative analysis and the formation of region-
specific diagnostic panels, regions with a sample size 
of 250 individuals or greater were selected (72 Russian 
regions).

DNA extraction, sequencing, and bioinformatic 
analysis

Genomic DNA was extracted from whole blood samples 
using the MagAttract HMW DNA Kit (Qiagen, Germany) 
for high-molecular-weight DNA isolation with magnetic 
particles on automated robotic workstations. Whole-
genome sequencing libraries were prepared using the 
Illumina DNA Prep reagent kit according to the manufac-
turer’s instructions (Document  #  1000000025416  v10, 
Illumina, USA) with IDT-ILMN Nextera DNA UD Indexes 
Set  A and Set  B, followed by quality control. Whole-
genome sequencing was performed on the Illumina 
NovaSeq  6000 platform using the S4  Reagent  Kit 
(300 cycles) (Illumina, USA) for 2 × 150 bp paired-end 
reads.

During the demultiplexing stage, sequencing data 
in BCL  format were converted to FASTQ format us-
ing Illumina bcl2fastq2 v2.20.0.422.3 Quality control 
of the sequencing run was performed using Illumina 
Sequencing Analysis Viewer  v2.4.7,4 while read quality 
(FASTQ.GZ format) was assessed using the bioinfor-
matic tool FastQC v0.11.9.5 Reads were aligned to the 
GRCh38.d1.vd1 reference genome6 using the Illumina 
DRAGEN  Bio-IT Platform  v07.021.510.3.5.7.7 Quality 
control of alignments (BAM format) was performed us-
ing DRAGEN, FastQC v0.11.9,8 samtools v1.13 [15], and 
mosdepth v0.3.1 [16]. All samples passed quality control 
based on key metrics. The final mean genome cover-
age per sample was at least 30x. Detection of small ge-
netic variants (up to 50 bp) was performed using Illumina 
Strelka2 v2.9.10 [17]. The sample set was checked for 
duplicates using Picard CrosscheckFingerprints [18] 
with the built-in map file. The bioinformatic processing 
pipeline used was validated (F-score = 99.83%) against 

2	 Genetic Database (GDB). FMBA of Russia. Application v1.1.3 of 17.03.2025. Database v59.1 of 03.10.2024. URL: https://gdbpop.nir.cspfmba.ru (access date 
02.08.2025) (In Russ.).

3	 bcl2fastq and bcl2fastq2 Conversion Software Downloads [Electronic resource]. URL: https://emea.support.illumina.com/sequencing/sequencing_software/
bcl2fastq-conversion-software/downloads.html

4	 Sequencing Analysis Viewer Support [Electronic resource]. URL: https://support.illumina.com/sequencing/sequencing_software/sequencing_analysis_viewer_sav.html
5	 Babraham Bioinformatics  — FastQC A Quality Control tool for High Throughput Sequence Data [Electronic resource]. URL: https://www.bioinformatics.

babraham.ac.uk/projects/fastqc/
6	 GDC Reference Files | NCI Genomic Data Commons [Electronic resource]. URL: https://gdc.cancer.gov/about-data/gdc-data-processing/gdc-reference-files 
7	 DRAGEN secondary analysis | Software for NGS data analysis [Electronic resource]. URL: https://www.illumina.com/products/by-type/informatics-products/

dragen-secondary-analysis.html 
8	 Babraham Bioinformatics  — FastQC A Quality Control tool for High Throughput Sequence Data [Electronic resource]. URL: https://www.bioinformatics.

babraham.ac.uk/projects/fastqc/

https://emea.support.illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-software/downloads.html
https://emea.support.illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-software/downloads.html
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.illumina.com/products/by-type/informatics-products/dragen-secondary-analysis.html
https://www.illumina.com/products/by-type/informatics-products/dragen-secondary-analysis.html
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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the HG001 reference genome provided by the Genome 
In A Bottle (GIAB) consortium (v.3.3.2) [19].

The presence of single nucleotide variants was 
determined from the VCF files generated during the 
small variant calling stage. Genotyping of CYP2C9, 
CYP2C19, and CYP2D6 was performed using the 
PAnno software [20].

Data analysis

Data processing and visualization were performed us-
ing the Python programming language v3.9, utilizing the 
pandas, numpy, matplotlib, seaborn, and scipy libraries, 
as well as the R programming language v4.4.1, with the 
dplyr and ggplot2 libraries.

Allele frequency was calculated as the number of tar-
get alleles divided by twice the number of observations. 
The frequency of heterozygous and homozygous car-
riage was determined as the ratio of the corresponding 
genotypes to the total number of observations. Variants 
with an allele frequency of 1% or more were considered 
significant for potential inclusion in the minimum diag-
nostic panel (Tier  1), while those with a frequency of 
0.5% or more were considered for the extended panel 
(Tier 2). 

To compare the allele frequencies identified in the 
study population with global data, the standardized sys-
tem of biogeographical groups developed by PharmGKB 
and the Bustamante Lab [21] was used. This system com-
prises nine groups defined by global autosomal genetic 
structure: African/Afro-Caribbean, American, Central/
South Asian, East Asian, European, Latino, Middle 
Eastern, Oceanian, and Sub-Saharan African. The data 
sources for this system are the “1000  Genomes” and 
“Human Genome Diversity Project” initiatives. 

Based on the allele annotations provided in 
PharmGKB [3], an activity score (AS) for each of the 
CYP2C9, CYP2C19, and CYP2D6 isoenzymes was 
calculated for every sample in the cohort. The meta-
bolic phenotype (e.g., normal, intermediate, poor; for 
CYP2C19 also rapid and ultrarapid) was assigned based 
on the AS according to established algorithms [22–25]. 
For analytical convenience, intermediate and poor me-
tabolizers were combined into a group of “impaired me-
tabolism”, while rapid and ultrarapid metabolizers (for 
CYP2C19) were combined into a group of “accelerated 
metabolism”.

For each region with a sample size of 250 individu-
als or greater, the proportion of impaired metabolizers 
for CYP2C9, CYP2C19, and CYP2D6 substrates was 
calculated, along with the proportion of accelerated 
metabolizers (for CYP2C19 only). Proportion estimates 
were accompanied by a 95% confidence interval (CI) 
calculated using the Wilson method.

Regions at risk were identified via interval estimation, 
specifically those where the carrier frequency of geno-
types associated with altered metabolism of the studied 
enzymes exceeded the population level. Subsequently, 

using a z-test with correction for multiple comparisons 
(Benjamini-Hochberg procedure, FDR controlled at 5%), 
the frequencies of functionally significant alleles in these 
at-risk regions were compared against the overall popu-
lation data.

RESULTS

General population characteristics and allele 
frequencies

The distribution of allele frequencies and carrier frequen-
cies in the studied population sample for variants with 
a prevalence exceeding 0.5% are presented in Table 1.

For the CYP2C9 gene, the *2 and *3 variants, which 
occur with a frequency greater than 1%, appear to be 
prospective for inclusion in the minimum testing panel. 
The CYP2C9*29 allele could potentially be included 
in the extended testing panel recommended for the 
Russian population, as its occurrence exceeds  0.5% 
and its carrier frequency is over 1%.

Among CYP2C19* allelic variants that exceed the 
1% prevalence threshold, along with the wild-type *1, 
are the *17, *2, and *38  alleles. However, CYP2C19*38 
corresponds to normal enzyme activity, similar to the 
wild-type, therefore testing for its carriage is not justi-
fied. Thus, it is reasonable to include CYP2C19*2 and 
CYP2C19*17 in the minimum testing panel for CYP2C19* 
in the Russian Federation, while placing CYP2C19*3, 
which has a prevalence of less than 1%, into the ex-
tended diagnostic panel.

The CYP2D6* gene is characterized by significant 
allelic diversity. Among the variants frequent in the 
Russian population (*2, *3, *4, *9, *10, *33, *35, *41), 
those with a confirmed impact on enzyme activity are 
*3  (AS = 0), *4  (AS = 0), *9  (AS = 0.5), *10  (AS = 0.5), 
and *41 (AS = 0.5). These alleles are candidates for in-
clusion in the minimum diagnostic panel. Among the 
less common variants, but with a frequency exceeding 
0.5%, those affecting the final enzyme activity include 
CYP2D6*6 (AS = 0) and CYP2D6*59 (AS = 0.5).

On the basis of frequency and functional criteria, 
minimum and extended diagnostic panels for genotyp-
ing the CYP2C9, CYP2C19, and CYP2D6 isoenzymes, 
relevant for the residents of the Russian Federation, are 
formulated (Fig. 1, Table 2).

Regional features of allele frequency distribution

Given that the genetic structures of individual Russian 
regions can vary significantly, this nationwide panel 
should be modified where necessary. Regions where 
the CYP2C9 allele distribution implied a different opti-
mal diagnostic panel are highlighted in Figure 1A. The 
corresponding information for CYP2C19 and CYP2D6 is 
presented in Figure 1B and Table 2, respectively.

Most differences were characterized by the inclu-
sion of the *29 allele in the minimum panel due to its 
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Table 1. Prevalence rates of CYP2C9, CYP2C19, and CYP2D6 allelic variants in the general population with 
allele frequency > 0.5% 

Allelic variant
Allele 

frequency, 
%

Carrier 
frequency, %

Heterozygous 
carrier frequency in 

the sample, %

Homozygous carrier 
frequency in the 

sample, %

PGxWG AMP 
diagnostic 
guidelines

CYP2C9

*1 81.31 96.38 30.13 66.24 Tier 1: *2, *3, *5, *6, 
*8, *11

Tier 2: *12, *13, *15*2 9.59 18.2 17.23 0.97

*3 7.76 14.82 14.11 0.7

*29 0.98 1.91 1.88 0.04

CYP2C19

*1 52.99 77.63 49.11 28.52 Tier 1: *2, *3, *17
Tier 2: *4, *5, *6, *7, 

*8, *9, *10, *35*17 25.55 44.19 37.2 6.99

*2 12.81 23.73 21.96 1.77

*38 7.5 14.36 13.69 0.67

*3 0.58 1.14 1.11 0.03

CYP2D6

*1 37.86 60.06 44.35 15.7 Tier 1: *2, *3, *4, *5, 
*6, *9, *10, *17, *29, 

*41
Tier 2: *7, *8, *12, 
*14, *15, *21, *31, 
*40, *42, *49, *56, 

*59

*2 18.13 32.06 27.84 4.22

*4 15.29 27.48 24.42 3.06

*35 8.98 16.64 15.32 1.32

*41 7.37 13.87 12.99 0.88

*10 3.68 6.5 5.64 0.86

*33 1.91 3.71 3.6 0.11

*9 1.51 2.94 2.86 0.08

*3 1.12 2.19 2.14 0.06

*6 0.9 1.76 1.73 0.04

*39 0.85 1.58 1.45 0.13

*59 0.68 1.32 1.28 0.04

Table compiled by the authors based on original data

Note: rows are sorted in descending order of allele frequency; alleles with a frequency of less than 1% are highlighted in green color.

frequency exceeding the 1% threshold. Furthermore, 
in the Republics of Chuvashia (6.32%) and Mari  El 
(5.61%), its frequency surpassed the 5% threshold. 
However, some qualitative differences were also 
noted: the presence of the CYP2C9*11 variant in the 
residents of the Republic of Komi, and the CYP2C9*12 
variant in the residents of the Republics of Dagestan 
and Chechnya. 

For residents of a significant number of Russian 
regions, encompassing almost the entire Central and 
Northwestern Federal Districts, many regions of the 
North Caucasian District, and to a lesser extent other 
macro-regions, testing for the CYP2C19*3 allele is not 

relevant, even within the extended panel, as its frequen-
cy does not exceed the 0.5% threshold. Conversely, 
in the Republics of Sakha (Yakutia), Buryatia, Mari  El, 
Bashkortostan, Kalmykia, and Tyva, this variant is suf-
ficiently prevalent to recommend testing for its carriage 
as part of the minimum diagnostic panel. In terms of 
qualitative distinctions, the Yamalo-Nenets Autonomous 
Okrug and Zabaykalsky Krai stand out, where the 
CYP2C19*8 allele (AS = 0) is present with frequencies of 
0.51% and 0.58%, respectively.

Due to the high allelic diversity of CYP2D6 and the 
presence of several alleles in the population structure 
with a prevalence of around 1%, the observed variety 
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of diagnostic panel configurations is expected for com-
binatorial reasons. The *4, *10, and *41 alleles were 
consistently present in the minimum diagnostic panel 
across all studied groups, making them the most signifi-
cant for CYP2D6 genotyping in the Russian population. 
The *3, *6, *9, and *59 alleles were typically included 
in one of the panels. Conversely, some regions (North 
Ossetia, Adygea, Sakha (Yakutia), Tyva, Kalmykia, and 
to a lesser extent Buryatia) were characterized by lower 
genetic diversity for this enzyme. Therefore, the use of 
less extensive diagnostic panels in these regions ap-
pears justified.

Qualitative differences include the presence of the 
*32 (AS = 0.25) and *7 (AS = 0) alleles in certain subpopu-
lations. The CYP2D6*32 allele was found in the Republics 
of Mari El (0.85%), Dagestan (0.75%), Kabardino-Balkaria 

(0.79%), Chuvashia (0.67%), and Chechnya (1.43%), as 
well as in Kostroma Oblast (0.52%). A significant pres-
ence of the CYP2D6*7 allele was identified in Ingushetia 
(1.39%) and Chechnya (1.64%). 

Several of the studied samples also contained rare 
alleles *74 and *117 with unknown function; on this 
basis, they were not included in the diagnostic pan-
els. CYP2D6*74 was found in Khabarovsk (0.53%), 
Penza (0.6%) and Kaluga (0.52%) Oblasts, as well as 
in Zabaykalsky Krai (0.8%) and Kamchatka (0.69%). 
In turn, carriage of CYP2D6*117 with a frequency ex-
ceeding 0.5% was recorded in some northern regions 
(Arkhangelsk Oblast  — 0.58%, Vologda Oblast  — 
0.56%, Karelia — 0.87%, Murmansk Oblast — 0.53%), 
as well as in Tyumen Oblast (0.58%) and Perm Oblast 
(0.68%).

Figure prepared by the authors based on original data

Fig. 1. Diagnostic panels for CYP2C9 and CYP2C19 genotyping in residents of the Russian Federation across 
specific regions: A — CYP2C9 allelic variants; regional groups and their corresponding optimal diagnostic panels are 
highlighted in blocks; B — CYP2C19 allelic variants; regional groups and their corresponding optimal diagnostic panels 
are highlighted in blocks; Ural Federal District (UFD) includes the Kurgan, Sverdlovsk, Tyumen, and Chelyabinsk Oblasts, 
as well as the Khanty‑Mansi Autonomous Okrug and Yamalo‑Nenets Autonomous Okrug; LR — Leningrad Oblast; the 
Central Federal District (CFD), excluding the Oryol, Tambov, Lipetsk, and Bryansk Oblasts, which were not included in the 
analysis due to a low number of observations

B

А
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Table 2. Diagnostic panels for CYP2D6 genotyping in residents of specific regions of the Russian Federation

Region
Minimum diagnostic panel of allelic 

variants
Extended diagnostic panel

General population *3, *4, *9, *10, *41 *6, *59

Kurgan Oblast *3, *4, *10, *41 *6, *9, *59

Tula Oblast
Vladimir Oblast
Saratov Oblast

*3, *4, *6, *9, *10, *41, *59 –

Karelia
Bashkortostan

*3, *4, *9, *10, *41, *59 *6

Smolensk Oblast *3, *4, *9, *10, *41 *59

Mordovia *3, *4, *6, *9, *10, *41 –

Stavropol Oblast
Nizhny Novgorod Oblast
Belgorod Oblast
Kaluga Oblast
Penza Oblast
Chelyabinsk Oblast
Kemerovo Oblast
Arkhangelsk Oblast
Ivanovo Oblast
Tver Oblast
Perm Oblast
Altai Oblast
Irkutsk Oblast
Zabaykalsky Krai
Khabarovsk Oblast
Khanty-Mansi Autonomous Okrug

*3, *4, *6, *9, *10, *41 *59

Yaroslavl Oblast
Amur Oblast

*4, *6, *9, *10, *41 *3

Mari El *4, *10, *41 *3, *6, *9, *32

Kostroma Oblast *3, *4, *9, *10, *41, *59 *6, *32

Murmansk Oblast *3, *4, *10, *41 *6, *9

Dagestan
Kabardino-Balkaria

*4, *10, *41 *6, *9, *32

North Ossetia — Alania
Adygea

*4, *10, *41 *6, *9

Ingushetia *4, *7, *10, *41 –

Chuvashia *4, *10, *41 *6, *9, *32, *59

Chechnya *4, *7, *10, *32, *41 –

Tyva *4, *10, *41 –

Sakha (Yakutia)
Kalmykia

*4, *10, *41 *3, *9

Buryatia *4, *10, *41 *3, *6, *9

Komi *3, *4, *6, *9, *10, *41 –

Krasnodar Oblast *4, *6, *10, *41 *3, *59

Crimea
Samara Oblast
Orenburg Oblast
Udmurtia
Sakhalin Oblast

*4, *9, *10, *41 *3, *6, *59
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Comparison with global data

A comparison of the allele frequencies of cytochromes 
CYP2C9, CYP2C19, and CYP2D6 identified in the study 
population with global data (Fig. 2) demonstrates that 
the frequency distribution of alleles for these enzymes 
in the Russian population sample is similar to that in 
the general European population. The CYP2C19*38 
allele was not considered due to being classified as 
a sub-allele of the wild-type CYP2C19*1.001 in ear-
lier nomenclatures [26] and, therefore, equated to 

CYP2C19*1 in the global resources used for allele fre-
quency comparison.

The presence of the CYP2C9*29 allele (approxi-
mately 1%) in the Russian population sample is the most 
notable distinction. Indeed, it is poorly represented in 
the European population (0.03%) and absent in oth-
er biogeographical groups except for the East Asian 
group, where its prevalence is also low (0.22%). The 
CYP2D6*10 allele occurred significantly more frequently 
in the Russian population compared to the European 
population (3.7% vs. 1.57%, p = 0.000), which is likely 

Region
Minimum diagnostic panel of allelic 

variants
Extended diagnostic panel

Tatarstan
Kursk Oblast
Kamchatka Oblast

*4, *9, *10, *41 *3, *6

Novosibirsk Oblast
Tyumen Oblast

*4, *6, *9, *10, *41 *3, *59

Table compiled by the authors based on original data

Note: “–” no data available

Table 2 (continued) 

Figure prepared by the authors based on original data

Fig. 2. Distribution of CYP2C9 (A), CYP2C19 (B), and CYP2D6 (C) isoenzyme alleles with a frequency > 1% in 
the Russian population across major biogeographical groups: allele frequencies (Y-axis) are presented as absolute 
values; the X-axis represents populations: RUS — Russian (sample from the present study); EUR — European and US 
residents of European ancestry; EAS — East Asian (China, Japan, Korea, partially Southeast Asia); NEA — Middle Eastern 
(Middle East, Caucasus, North Africa); SAS — South and Central Asian (Pakistan, India, Bangladesh); LAT — Latino, 
groups with mixed Indigenous American, European, and African ancestry; AAC — Afro-Caribbean; SSA — Sub-Saharan 
African; AME — Indigenous peoples of North and South America; OCE — Indigenous populations of Australia, Oceania, 
and New Guinea
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attributable to influences from Middle Eastern (6.77%) 
and East Asian (42.84%) populations.

Metabolic phenotypes of CYP2C9, CYP2C19, and 
CYP2D6 substrates: population-wide assessment 
and identification of high-risk regions

In the general population, the CYP2C9 genotype cor-
responding to normal metabolism of its substrates 
(AS = 2) was found with a frequency of 66.34%, interme-
diate metabolism (1 ≤ AS < 2) — 31.35%, and poor me-
tabolism (AS < 1) — 2.31%. Thus, the total proportion of 
individuals with reduced CYP2C9 enzyme activity was 
33.66%, or approximately one third of the population. 
The regional distribution of the proportion of individuals 
with reduced CYP2C9 enzyme activity is presented in 
Figure 4.

According to the obtained interval estimates, six 
federal subjects can be identified where the frequency 
of genotypes associated with reduced metabolism of 
CYP2C9 substrates is statistically significantly higher than 
the general population average. These high-risk regions 
are the Republics of Chechnya, Dagestan, Ingushetia, 
Kabardino-Balkaria, North Ossetia, Chuvashia, Mari El, 

Udmurtia, and Tatarstan. Conversely, Buryatia, Kalmykia, 
Tyva, and Sakha (Yakutia) seem favorable from this per-
spective. To clarify the pattern of allele distribution in the 
risk regions, a comparison of CYP2C9 variant frequen-
cies with general population estimates was conducted 
(Fig. 3B, 3C).

The obtained results demonstrated sufficient hetero-
geneity among the identified high-risk regions regard-
ing the contribution of specific allelic variants to the in-
creased likelihood of carrying genotypes for impaired 
CYP2C9 substrate metabolism. This risk was driven by 
an increased carrier frequency of the CYP2C9*3 allele in 
the Republics of Chechnya (18.89%, p-adj = 9.4 × 10–27), 
Kabardino-Balkaria (12.68%, p-adj  =  3.8  ×  10–13), 
Dagestan (17.69%, p-adj  =  1.7  ×  10–89), Ingushetia 
(18.28%, p-adj  =  3.1  ×  10–40), and North Ossetia 
(11.04%, p-adj = 9.3 × 10–5). Additionally, Chechnya and 
Dagestan showed a somewhat higher representation 
of the CYP2C9*12 allele (0.71%, p-adj = 2.1 × 10–19 and 
0.04%, p-adj  =  8.3  ×  10–22, respectively). Conversely, 
the CYP2C9*29 allele was relatively highly prevalent in 
the Republics of Mari El (5.61%, p-adj  =  1.1  ×  10–43), 
Chuvashia (6.32%, p-adj = 3.3 × 10–104), Tatarstan (2.15%, 
p-adj = 2.5 × 10–5), and Udmurtia (2.17%, p-adj = 0.009), 

Figure prepared by the authors based on original data

Fig. 3. Population characteristics of CYP2C9 allelic polymorphism: A — Regional distribution of the proportion of 
carriers of CYP2C9 genotypes corresponding to slow metabolism of enzyme substrates (regions with a proportion differing 
from the population are presented); B — population allelic distribution of CYP2C9; C — allelic distribution of CYP2C9 in 
regions with increased frequency of slow/intermediate metabolism genotypes compared to the population 

Note: the red dashed line represents the population estimate; KB  — Kabardino-Balkaria; Da  — Dagestan; In  — Ingushetia; ME  — Mari 
El; NOA — North Ossetia — Alania; Tat — Tatarstan; Ud — Udmurtia; Che — Chechnya; Chu — Chuvash; “*” — frequencies statistically 
significantly different from the population values (p-adj < 0.05).
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while the prevalence of the *2 and *3 alleles in these re-
gions was comparable to the general population.

In the sample under study, the majority of individuals 
had a normal (37.26%) or rapid (30.38%) metabolic phe-
notype for CYP2C19 substrates. The proportion of carri-
ers of intermediate metabolism genotypes was 23.26%, 
ultrarapid (*17/*17)  — 6.99%, and poor  — 2.11%. The 
combined proportions of carriers of impaired (intermedi-
ate + poor) and accelerated (rapid + ultrarapid) metabo-
lism genotypes were 25.37% and 37.37%, respectively. 
Regional variations in the proportions of accelerated and 
impaired metabolizers are presented in Figure 4A. 

Tyva, Yakutia (Sakha), Kalmykia, and Buryatia were 
characterized by a substantial decrease in the proportion 

of individuals with the accelerated metabolism pheno-
type and a simultaneous significant increase in the per-
centage of impaired metabolizers. The latter also holds 
true, although to a lesser extent, for Sakhalin Oblast, 
Irkutsk Oblast, Novosibirsk Oblast, and Karelia. Regions 
such as Ingushetia, Chechnya, Kabardino-Balkaria, 
and Dagestan had lower proportions of both acceler-
ated and impaired metabolizers of CYP2C19 substrates 
compared to the population averages. An increased 
representation of the rapid/ultrarapid metabolic pheno-
type was observed among residents of Chuvashia and 
Altai, Smolensk, Moscow, Rostov, Tver, Leningrad, Tula, 
Kemerovo, Voronezh, Ivanovo, Arkhangelsk, and Pskov 
Oblasts.

Figure prepared by the authors based on original data

Fig. 4. Population characteristics of CYP2C19 allelic polymorphism: A — regional distribution of CYP2C19 metabolic 
phenotypes (regions with a proportion differing from the population are presented).; B — population allele distribution 
of CYP2C19; C — allelic distribution of CYP2C19 in regions with increased frequency of slow/intermediate metabolism 
genotypes compared to the population

Note: Ty — Tyva; SYa — Sakha (Yakutia); Kal — Kalmykia; B — Buryatia; Kar — Karelia; SR — Sakhalin Oblast; NR — Novosibirsk Oblast; 
IR — Irkutsk Oblast; “*” — frequencies statistically significantly different from the population values (p-adj < 0.05).
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Variations in the proportion of carriers of the rapid or 
ultrarapid metabolism phenotype can only be attributed 
to changes in the prevalence of the *17 allele, as be-
ing the sole allele associated with increased CYP2C19 
enzyme activity. For regions with an increased preva-
lence of the impaired metabolism phenotype (Tyva, 
Yakutia (Sakha), Kalmykia, Buryatia, Karelia, Sakhalin, 
Novosibirsk, and Irkutsk Oblasts), the nature of the allelic 
distribution was detailed in comparison with the popula-
tion average (Fig. 4B, 4C). 

The obtained results of allelic variant distribution in 
regions at risk for impaired metabolism of CYP2C19 
substrates indicate that this risk is realized not through 
the presence of rare alleles in these geographic groups, 
but due to a higher representation of slow alleles that 
are also prevalent in the general population, namely 
CYP2C19*3 and, to a lesser extent, CYP2C19*2.

The population sample under study was character-
ized by a normal metabolism of CYP2D6 substrates in 
91.72% of cases. The intermediate metabolism pheno-
type was observed in 4.32% of instances, and the poor 
metabolism phenotype in 3.97%. The overall proportion 
of impaired metabolism in the population was 8.29%; 
the corresponding data are presented in Figure 5A.

Residents of Tyva, Yakutia (Sakha), Kalmykia, 
Chuvashia, Udmurtia, Buryatia, Mari El, Bashkortostan, 
and Arkhangelsk Oblast had a low risk of carrying a 
genotype corresponding to impaired metabolism of the 
enzyme substrates. A somewhat higher proportion of 
intermediate/poor metabolizers was recorded in Rostov 
Oblast (9.84%), Dagestan (10.17%), and Kabardino-
Balkaria (10.05%). The allele distribution for CYP2D6 in 
these regions is presented in Figures 5B and 5C.

When comparing the frequency of individual alleles 
in the high-risk regions with the general population esti-
mates, it was found that Kabardino-Balkaria has a higher 
frequency of CYP2D6*41 (10.46%, p-adj = 1.3 × 10–5) and 
CYP2D6*10 (4.92%, p-adj = 0.022). In Dagestan, a higher 
frequency of the CYP2D6*2 (20.96%, p-adj = 1.5 × 10–4) 
and CYP2D6*4 (17.98%, p-adj = 1.5 × 10–4) alleles is ob-
served. In Rostov Oblast, after correction for multiple 
comparisons, no significant differences in the frequency 
of major alleles were detected.

DISCUSSION 

The results of our study, obtained from a large and 
representative population sample, contribute to the 

Figure prepared by the authors based on original data

Fig. 5. Allele distribution for CYP2D6 in Rostov Region, Dagestan, and Kabardino-Balkaria: A — regional distribution 
of the proportion of CYP2D6 genotype carriers corresponding to slow metabolism of enzyme substrates (regions with a 
proportion differing from the population are presented); B — population‑level allelic distribution of CYP2D6; C — allelic 
distribution of CYP2D6 in regions with elevated carrier frequency of slow/intermediate metabolism genotypes compared 
to the population baseline

Note: RR — Rostov Oblast; KB — Kabardino-Balkaria; D — Dagestan; “*” — frequencies statistically significantly different from the population 
values (p-adj < 0.05).
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understanding of CYP2C9, CYP2C19, and CYP2D6 
allelic polymorphism in the Russian population and 
provide a basis for specifying the scope of pharmaco-
genetic testing at the regional level. The widespread im-
plementation of such testing, which is an integral part of 
personalized medicine, is impossible without the crea-
tion of accessible diagnostic tools. These tools, in turn, 
are limited by a predefined set of variants they can de-
tect. Our results demonstrate that the panels formulated 
in the AMP guidelines are not optimal for use in Russian 
clinical practice.

The minimum allele testing panel for CYP2C9 pro-
posed by AMP covers haplotypes *2, *3, *5, *6, *8, and 
*11, while the extended panel includes *12, *13, and *15 
[11]. However, in the Russian population, all these variants, 
except for *2 and *3, have a frequency of less than 0.5%, 
making testing for their carriage impractical. The AMP 
guidelines are primarily oriented toward residents of the 
United States and Europe. The inclusion of most of these 
alleles in these recommendations is likely due to their rela-
tively high prevalence in individuals of African ancestry [6]. 
In contrast, CYP2C9*29, which is found in approximately 
2% of the Russian population and is associated with re-
duced CYP2C9 enzyme activity (AS = 0.5), is not included 
even in the extended AMP recommendation panel. 

The minimum CYP2C19 genotyping panel proposed 
by AMP includes haplotypes *2, *3, and *17 [12]. However, 
according to our data, CYP2C19*3 warrants inclusion in 
the minimum diagnostic panel only in specific regions, 
not for the general population, as its prevalence is less 
than 1%. Due to the lack of a functional role, this variant 
was not included in our proposed diagnostic panels for 
CYP2C19. The alleles suggested by AMP for extended 
diagnostics (*4, *5, *6, *7, *8, *9, *10, *35) do not exceed 
the 0.5% prevalence threshold in the Russian popula-
tion. Therefore, the rationale for their inclusion in extend-
ed domestic diagnostic panels appears questionable.

As far as CYP2D6 genotyping recommendations are 
concerned, the common ground is the set of alleles *2, 
*3, *4, *9, *10, and *41. Haplotypes *5, *6, *17, and *29 
are not relevant for the Russian population, yet they are 
included in the AMP minimum panel [10], likely due to 
their high frequency in African and Latino populations. 
Potential candidates for inclusion in the extended di-
agnostic panel for the Russian population are the *6 
(AS = 0) and *59 (AS = 0.5) alleles, as they are not excep-
tionally rare and are characterized by an impact on en-
zyme activity. Among these, only the CYP2D6*59 allele 
is present in the extended list proposed by AMP, while 
over ten other alleles irrelevant for residents of Russia 
are listed.

Regional differences in the allele structure reflect the 
genetic heterogeneity of the Russian population. In the 
population of Komi, the CYP2C9*11 variant (AS = 0.5) 
met the criteria for inclusion in the extended diagnostic 
panel (prevalence 0.71%). According to global data, this 

variant is found only in individuals of Sub-Saharan African 
ancestry [21] and is included in the AMP minimum panel. 
A similar situation is observed for the CYP2C9*12 variant 
(AS = 0.5), registered in residents of Dagestan (0.75%) 
and Chechnya (0.72%). This variant is not found in global 
populations except for the admixed Middle Eastern pop-
ulation, where it has an extremely low prevalence (less 
than 0.1%) [21]. 

Among the CYP2C19 haplotypes that are extremely 
rare in global populations, we identified the *8  variant 
(AS = 0) in residents of the Yamalo-Nenets Autonomous 
Okrug (0.51%) and Zabaykalsky Krai (0.58%). Notably, 
this allele is not detected at all in individuals of East Asian 
ancestry, which might be expected given the geography 
of these regions, and its inclusion is not recommended 
by AMP even in the extended panel. The CYP2D6*32, 
CYP2D6*74, and CYP2D6*117 haplotypes, present in spe-
cific regions of the Russian Federation, are not included 
in the AMP diagnostic panels. CYP2D6*32 is character-
ized by reduced enzyme activity (AS = 0.25) and is excep-
tionally rare, found only in the general European (0.3%), 
Central/South Asian (0.2%), and Southern African (0.04%) 
populations.9 However, its prevalence in Chechnya ex-
ceeds 1%, and in the Republics of Mari El, Chuvashia, 
Dagestan, and Kabardino-Balkaria, it ranges 0.5–1%. 

The functional role of CYP2D6*74 and CYP2D6*117 
remains undefined. However, according to CPIC guide-
lines, carriers of these variants are classified as inter-
mediate metabolizers [22, 27]. We did not include these 
variants in the recommended diagnostic panels due to 
insufficiently robust evidence supporting their functional 
significance; however, this position regarding the neces-
sity of their inclusion may be revised as more data ac-
cumulates. CYP2D6*74, which occurs with a frequency 
of 0.5–0.6% in Khabarovsk Oblast, Zabaykalsky Krai, 
Kamchatka, Penza Oblast, and Kaluga Oblast, is not 
documented in any biogeographical group except for 
individuals of African ancestry. Conversely, CYP2D6*117 
is observed exclusively in Europeans with a frequency of 
less than 1%.10 

The largest Russian biotech companies manufactur-
ing reagent components for polymerase chain reaction 
include primers for detecting CYP2C9*2 and CYP2C9*3 
carriage in their product lines. Consequently, account-
ing for the CYP2C9*29 allele, which is relevant for the 
Russian population, and to a lesser extent CYP2C9*12, is 
currently only feasible through whole-genome sequenc-
ing and not by routine diagnostic methods. For CYP2C19, 
the commonly available testing panel (CYP2C19*2, 
CYP2C19*3, CYP2C19*17) covers the necessary variants 
for most regions, with the exception of the Yamalo-Nenets 
Autonomous Okrug and Zabaykalsky Krai, where testing 
for CYP2C19*8 carriage holds relative relevance as part 
of extended diagnostics. Given the high variability of the 
CYP2D6 gene, the required diagnostic scope is also quite 
extensive, encompassing the detection of alleles *3, *4, 

9	 PharmGKB. URL: https://www.pharmgkb.org 
10	 Ibid. 
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*10, *41, *6, and *9. Furthermore, private laboratories also 
perform testing for gene deletion (*5) and duplication. The 
optimal testing panel for the Russian population should 
also include the *59 allele, and in specific regions, the *32 
and *7 alleles.

An important limitation of our study is the analysis 
of only single nucleotide polymorphisms and haplotypes 
predicted based on their basis. Structural variants, such 
as large deletions (e.g., CYP2D6*5) or gene copy num-
ber variations (e.g., CYP2D6*xN), were not considered 
due to the inability to accurately determine gene copy 
number or other major structural variations from short-
read whole-genome sequencing data with an average 
coverage of 30–40x. This may have led to an underes-
timation of the frequencies of some clinically significant 
alleles where structural variants contribute substantially 
to the metabolic phenotype. According to the literature, 
CYP2D6*xN is prevalent in East Asian populations [6]; 
therefore, a similar pattern might be expected in the 
eastern regions of Russia.

Furthermore, it should be noted that the proposed 
regional panels serve as an important basis for person-
alizing pharmacotherapy. However, their implementa-
tion into clinical practice requires prior health-economic 
evaluation. It is crucial to assess the balance between 
the costs of genetic testing and the potential harm from 
failing to account for functionally significant variants. 
For drugs with a narrow therapeutic index, pre-emptive 
genotyping may be economically justified provided it 
has a favorable tolerability profile and entails no serious 

threats; conversely, it might be considered excessive 
when the drug proves ineffective. Therefore, when de-
veloping clinical guidelines, not only population genetic 
data must be considered, but also the severity and risks 
of the preventable adverse drug reactions, cost param-
eters, and clinical outcomes for specific medications.

CONCLUSIONS

In general, the Russian population shares similarities with 
the European population regarding the allelic polymor-
phism of CYP2C9, CYP2C19, and CYP2D6. However, 
there are distinctive features both at the general popula-
tion level and within specific regions, demonstrating sig-
nificant population heterogeneity. This underscores the 
importance of not only developing domestic diagnostic 
panels but also adopting a differentiated approach to 
pharmacogenetic testing across various biogeographic 
groups within the country.

The presence of alleles considered exception-
ally rare by global standards  — such as CYP2C9*29, 
CYP2C9*11, CYP2C9*12, CYP2C19*8, CYP2D6*32, 
CYP2D6*7, CYP2D6*74, and CYP2D6*117 — has been 
established within the population structure or in specific 
biogeographic groups of the Russian Federation.

The implementation of the proposed diagnostic pan-
els into clinical practice must be accompanied by health-
economic evaluation for each drug whose effective-
ness and safety depends significantly on the CYP2C9, 
CYP2C19, and CYP2D6 genotype.
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