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Abstract. Introduction: Amlodipine is a long-acting dihydropyridine calcium channel blocker used in hypertension management.
Despite its widespread use, therapeutic response varies significantly among individuals, influenced by genetic,
environmental, and physiological factors. Pharmacogenomics, which studies genetic variation affecting drug responses,
has identified specific genetic variants associated with amlodipine metabolism and efficacy. Genes such as CYP3A4,
RYR3, CACNA1C, and CACNA1D are known to play a role in amlodipine’s pharmacokinetics and pharmacodynamics.
This review examines these genetic variants and their impact on amlodipine efficacy, with a focus on population-
specific responses. Material and methods: This study utilized publicly available pharmacogenomic data from the
PharmGKB and GTEx Portal to identify genetic variants associated with amlodipine efficacy. Genetic variants from
CYP3A4, RYR3, CACNA1C, and CACNA1D were selected based on their association with amlodipine response.
Population-specific variations were also analyzed to assess differences in therapeutic outcomes across diverse
biogeographical groups. Results: Seven single nucleotide polymorphisms (SNPs) from four genes were identified:
CYP3A4 (rs2246709, rs2740574), RYR3 (rs877087), CACNA1C (rs2239050, rs2239128), and CACNA1D (rs312481).
SNPs such as rs2246709 in CYP3A4 and rs877087 in RYR3 were linked to enhanced amlodipine efficacy in certain
populations, while rs2740574 showed greater response in women. Variants like rs2239050 and rs312481 influenced
amlodipine response in Central/South Asian and European populations. Conclusion: Genetic variants, including
CYP3A4 (rs2246709, rs2740574), RYR3 (rs877087), CACNA1C (rs2239050, rs2239128), and CACNA1D (rs312481),
significantly influence amlodipine efficacy in hypertensive patients. These findings underscore the importance of genetic
factors in personalizing hypertension treatment and optimizing drug efficacy across diverse populations. However,
further clinical validation and mechanistic studies are necessary to confirm the therapeutic implications of these genetic
associations. Understanding the distribution of these variants across populations may aid in tailoring amlodipine therapy
based on ethnic and geographical factors, ensuring a more precise and effective treatment approach.
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Pestome. BbBeneHune: AMnogunuH e SbAroaencTealy AMxuaponupuanHoB 6riokep Ha KanumeBuTe KaHanu, 13nonaBsaH 3a neve-

HWE Ha XVUNepToHWs. Bbnpeku Wwipokata My ynotpeba TepaneBTUYHUST OTTOBOP Bapupa 3HAYNUTENHO NPU OTAENHUTE
VHAVBWAW, T KAaTO CE BMMSIE OT TEHETUYHMW, EKONMOMMYHM 1 cnanonormyHn daktopn. dapmakoreHommkaTa, KosTo
N3yyaBa reHeTUYHUTE BapuaLnm, BNUSIELLM BbPXY NEKAPCTBEHUTE peakuun, € aeHTUduLmMpana cneumduiHmu reHe-
TMYHW BapuaHTW, CBbP3aHU C MeTabonuama u edrkacHOCTTa Ha amnogunuH. M3secTHo e, ye reHn kato CYP3A4,
RYR3, CACNA1C n CACNA1D wnrpast pons BbB hapMakokMHeTMKaTa U (hapMakoayHammnkaTa Ha amnogunuH. B 1osm
MaTepuan ce pasriexnaT Tean reHeTUMHW BapuaHTU U TSXHOTO Bb3LeACTBME BbpXY e(MKAaCHOCTTa Ha aMMOAMUMMH,
KaTo Ce akLeHTMpa BbpXy cneyudnyHnTe 3a nonynauumsTa peakumu. Matepman n metoam: B ToBa npoyyBaHe bsxa
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KntovyoBu gymm:

13nonasaHu Ny6nmMyHO JOCTLNHN hapMakoreHoOMHU AaHHK oT nopTtanute PharmGKB n GTEX, 3a fa ce uaeHtudgm-
LMpaT reHeTUYHW BapuaHTK, CBBbP3aHM C epukacHOCTTa Ha amnoauniH. CneuuduyHuTe 3a nonynauusta Bapuaummn
CblLO Bsixa aHanu3npaHu, 3a 4a ce OLEHAT Pas3nukuTe B TepaneBTUYHUTE pe3ynTaTi B pasnuyHnuTe Buoreorpadcku
rpynu. Peayntatu: bsxa yctaHOBEHM cefeM eanHNYHI HykneoTuaHu nonumopdunama (SNP) ot yeTupm rena: CYP3A4
(rs2246709, rs2740574), RYR3 (rs877087), CACNA1C (rs2239050, rs2239128) u CACNA1D (rs312481). SNP kato
rs2246709 8 CYP3A4 n rs877087 B RYR3 ca cBbp3aHy C NoBuLLEHA €DUKACHOCT Ha aMIOAMMMH B ONPeAeneHu nony-
nauuv, fokato rs2740574 nokaasa no-ronsm OTroBop npu xenute. BapuanTu kato rs2239050 1 rs312481 ca nosnns-
N Ha 0TroBopa Ha amnogunuH npy nonynauun ot Lientpanta/lOxHa Asusa u EBpona. 3akntoyeHue: eHeTuuHUTE
BapuaHTy, BkntountenHo CYP3A4 (rs2246709, rs2740574), RYR3 (rs877087), CACNA1C (rs2239050, rs2239128) un
CACNATD (rs312481), okaspaT 3HaYNTENHO BNUSHUE BbPXY EUKACHOCTTa Ha aMNOAMMMH NPU NALMEHTM C XunepTo-
Hus1. Tean KoHCTaTaLuy NogyepTaBaT 3HAYEHNETO Ha reHeTUYHUTE (DaKTopK 3a NEPCOHANM3MpaHe Ha TepanusTa npu
XMNEPTOHMS W 3a ONTUMU3NPaHE Ha epUKaCHOCTTa Ha NekapcTBaTa npu pasnuyHu nonynaumu. Bunpeku ToBa ca Heob-
XOAUMW AOMBHUTENHU KIMHUYHU BanuaupaHus U MeXaHUCTUYHW NPOyYBaHMS, 3a [a Ce NOTBbPASAT TepaneBTUYHUTe
nocneanLm oT Te3n reHeTUYHN acoumaunn. PasbupaHeTo Ha pasnpeaeneHneTo Ha Te3n BapuaHTy cpeg nonynauumre
MOXe [ja MOMOrHe 3a aganTupaHe Ha TepanusTa ¢ aMmnoAUnMH Bb3 OCHOBA Ha ETHUYECKM 1 reorpadicki dakTopy, kato
Ce rapaHTipa no-npeLmseH 1 edekT1BeH NOAX0A KbM NeYeHeTo.

XWUNEPTOHMS, aMNOAMNMH, (bapmakoreHomuka, reHeTuyHu Bapuantn, CYP3A4, RYR3, CACNA1C, CACNA1D, eau-
HUYHUM HYKNeoTUAHM NonMMopduami, NekapcTeeHa edukacHOCT, cneuudnyeH 3a nonynauusita otrosop, 6rokep Ha

Kanunesute kaHanu, npeunsHa MeamumHa

Aapec

3a KopecnoHaeHuua:

INTRODUCTION

Hypertension is a leading global health concern, af-
fecting over 1.3 billion people worldwide and contribut-
ing significantly to cardiovascular diseases, stroke, and
renal failure [1, 2]. Effective management of hyperten-
sion is critical to reducing morbidity and mortality rates
[3]. Among the various antihypertensive agents, am-
lodipine, a long-acting dihydropyridine calcium channel
blocker (CCB), is widely prescribed due to its proven
efficacy, tolerability, and ability to reduce blood pres-
sure across diverse patient populations [4]. However,
despite its broad clinical use, significant interindividu-
al variability exists in response to amlodipine therapy,
which poses challenges for personalized hypertension
management [5, 6].

This variability in therapeutic response is influenced
by multiple factors, including age, sex, comorbidities,
and environmental conditions. In recent years, genetic
factors have emerged as crucial determinants of drug
efficacy and safety [7]. Pharmacogenomics, the study
of how genes affect an individual’s response to drugs,
has provided insights into the mechanisms underlying
variable responses to antihypertensive therapies. Spe-
cific genetic variants in key genes, such as CYP3A4,
RYR3, CACNA1C, and CACNA1D, have been identi-
fied as playing a role in the metabolism, transport, and
pharmacodynamic action of amlodipine [8, 9]. Popula-
tion-specific differences further complicate the pharma-
cogenomics of amlodipine. Genetic variations can vary
significantly across biogeographical groups, influenc-
ing the drug’s efficacy and risk of adverse effects. For
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example, certain alleles are more prevalent in African,
European, or Asian populations, which may explain the
observed differences in clinical outcomes [10, 11]. Un-
derstanding these associations is essential for devel-
oping targeted therapeutic strategies to optimize blood
pressure control in diverse populations [12].

This review aims to explore the impact of genet-
ic variants on amlodipine efficacy in hypertensive pa-
tients, with a focus on population-specific responses.
By analyzing pharmacogenomic data and biogeo-
graphical variations, we seek to provide a comprehen-
sive understanding of the role of genetics in antihyper-
tensive therapy. Such insights will pave the way for
precision medicine approaches, ensuring that patients
receive the most effective and personalized treatment
for hypertension.

MATERIAL AND METHODS

Study Design

This study adopts a bioinformatics-based approach to
investigate the association between genetic variants and
the efficacy of amlodipine in hypertensive patients. Data
was extracted from publicly available pharmacogenom-
ic databases, including PharmGKB and Gtex Portal, to
identify relevant genetic variants, their functional signifi-
cance, and population-specific distributions [13, 14].

PharmGKB Database

PharmGKB  (Pharmacogenomics  Knowledge
Base) was utilized to extract pharmacogenomic infor-
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mation related to amlodipine. Pharmacogenomic asso-
ciations were identified based on drug efficacy, genet-
ic variant annotations, and related clinical outcomes.
Search terms: “Amlodipine”, “Hypertension”, “Genetic
variants”, “Population responses”. Filters Focused on
efficacy outcomes and clinically relevant pharmacog-
enomic evidence.'®'®

GTEx Portal

The GTEx (Genotype-Tissue Expression) Portal
was used to analyze the expression levels of the genes
associated with amlodipine efficacy across different tis-
sues. Comparative analysis of expression levels was
conducted to assess tissue-specific gene activity and
its potential role in drug response [17, 18].

Data Analysis

Variant Selection: Genetic variants were filtered
based on their association with amlodipine efficacy
(P-value < 0.05). Variants were prioritized based on
their functional annotations (eg, coding regions, reg-
ulatory impact) [19, 20]. Population-Specific Analysis:
Frequency data for the selected variants were extract-
ed from PharmGKB and cross-referenced with bio-
geographical groups (eg, African, Asian, European) to

evaluate differences in genetic variant distributions15.
Data Visualization: Results were presented using ta-
bles, heatmaps, and bar charts to illustrate variant
distributions, functional impacts, and gene expression
patterns across populations and tissues.

REsSuULTS

The search for genes related to amlodipine re-
sponse in the PharmGKB database resulted in 30 rele-
vant genes. After elimination based on p-values greater
than 0.05, and selection based on drug efficacy cate-
gories, only genes that showed significant potential in
therapeutic response were retained.

Identification of genetic variants associated
with response to amlodipine in hypertension

This selection process resulted in 7 SNPs origi-
nating from 4 genes in Table 1 and 2. These genes
were then taken and further analyzed to evaluate their
role in influencing the effectiveness of amlodipine
therapy in hypertensive patients. This further analysis
is expected to reveal deep genetic relationships and
improve understanding of more personalized therapy
for hypertension.
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Fig. 1. Research method flowchart
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Table 1. Genetic variants associated with response to amlodipine in hypertension

Genes Variants P-Value Cases
CYP3A4 rs2246709 0.01 145
RYR3 rs877087 0.04 1940
CYP3A4 rs2740574 0.02 61
CACNA1C rs2239050 0.024 200
CACNA1C rs2239050 0.05 53
CACNA1C rs2239128 0.04 53
CACNA1D rs312481 0.024 200
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Table 2. Association of Gene Variants with Amlodipine Efficacy in Different Ethnic Groups and Phenotype Categories

. o . . Phenotype
Drugs Variants Association Biogeographical Groups Categories
Genotypes AG + GG are associated with increased
Amlodipine rs2246709 response to amlodipine in people with hypertension | African American/Afro-Caribbean Efficacy
as compared to genotype AA.
1 0, H 0,
The TT genotype is associated with increased risk Multiple groups, 6.4'7 o W.hlte’ 32.1%
- ) . L Black, 0.3% American Indian/Alaskan )
Amlodipine rs877087 of Heart Failure when treated with amlodipine in . ) - Efficacy
cople with Hypertension native, 0.9% Asian/Pacific Islander,
peop P : 2.1% other, 11.5% Hispanic
Genotypes CT + TT are associated with increased
Amlodipine rs2740574 response to amlodipine in women with hypertension | African American/Afro-Caribbean Efficacy
as compared to genotype CC.
Genotype GG is associated with increased clinical
Amlodipine rs2239050 benefit to amlodipine in people with Hypertension Central/South Asian Efficacy
as compared to genotypes CC + CG.
Genotype GG is associated with increased
Amlodipine rs2239050 response to amlodipine and felodipine in people European Efficacy
with hypertension as compared to genotype CG.
Allele C is associated with increased response
Amlodipine rs2239128 to amlodipine and felodipine in people with European Efficacy
Hypertension as compared to allele T.
Genotype GG is associated with increased clinical
Amlodipine rs312481 benefit to amlodipine in people with hypertension as | Central/South Asian Efficacy
compared to genotypes AA + AG.

Analysis of CYP3A4, RYR3, CACNA1D,
CACNA1 gene expression in tissues

and its relationship with the effectiveness
of amlodipine in hypertension

Amlodipine is a widely used calcium channel block-
er and is effective in managing hypertension. Howev-
er, interindividual variability in drug response is influ-
enced by genetic factors. This analysis explores the
tissue-specific expression of CYP3A4, RYR3, CAC-
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NA1D, and CACNA1 genes, focusing on their function-
al roles in pharmacokinetics. and pharmacodynamics
of amlodipine (Fig. 2).

The CYP3A4 gene is mainly expressed in the liver
and small intestine, which plays an important role in am-
lodipine metabolism [21]. High hepatic expression facil-
itates the biotransformation of amlodipine to its inactive
metabolites. Variability in CYP3A4 expression can alter
drug plasma levels, affecting therapeutic outcomes. For

Bulk tissue gene expression for CYP3A4 (ENSG00000160868.16)
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Fig. 2. CYP3A4 gene expression in human body tissues
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example, lower CYP3A4 activity may result in a lon-
ger drug half-life and increased efficacy or side effects.
RYR3 Gene Expression and Calcium Signaling [22].
The RYR3 gene encodes a ryanodine receptor that
plays a key role in the release of intracellular calcium
from the sarcoplasmic reticulum [23, 24]. This pathway
is a key component in the regulation of smooth muscle
contraction, including vascular smooth muscle, which is
the primary target of amlodipine [25]. Expression anal-
ysis results showed that the highest expression of the
RYR3 gene was found in the uterus, followed by oth-
er smooth muscle tissues. This high expression in the
uterus reflects the physiological need for regulation of
muscle contraction for reproductive function, which re-
quires coordinated intracellular calcium release [26].

Relevance to Vascular Smooth Muscle: Although the
highest expression is found in the uterus, RYR3 is also
expressed in vascular smooth muscle. In the context
of hypertension, RYR3 expression in vascular smooth
muscle is of particular importance because modulation
of this calcium pathway affects vascular tone and blood
pressure [27]. Effects on Response to Amlodipine. High
Expression: Increased expression of RYR3 in vascular
smooth muscle may increase sensitivity to amlodipine,
because ryanodine receptors promote calcium release
that is the target of L-type calcium channel blockade.
This may enhance the vasodilatory effect. Low Expres-
sion: Conversely, if RYR3 expression is reduced, the re-
sponse to amlodipine may be weakened, reducing the
drug’s effectiveness in lowering blood pressure [28].

] Bulk tissue gene expression for RYR3 (ENSG00000198838.14)
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Fig. 4. CACNA1D gene expression in human body tissues



Personalizing amlodipine therapy in hypertension...

7

The CACNA1D gene encodes the alpha-1 subunit
of the L-type calcium channel, which is the primary tar-
get of amlodipine [29]. This channel plays an important
role in regulating the entry of calcium ions into cells,
which affects smooth muscle contraction and cellular
electrophysiological function [30]. Expression analysis
showed that the highest expression of CACNA1D was
found in the cervix, accompanied by significant expres-
sion levels in cardiovascular tissues, such as the heart
and blood vessels [31, 32]. Expression in the Cervix:
High expression of CACNA1D in the cervix is likely re-
lated to the need for regulation of cervical smooth mus-
cle contractions, especially in the context of reproduc-
tive functions such as labor. The role of L-type calcium
channels in this tissue is to mediate coordinated cal-
cium responses to physiological stimuli. Expression in
Cardiovascular Tissues: In blood vessels and the heart,
CACNA1D expression determines the effectiveness of
L-type calcium channel blockade by amlodipine. These
channels contribute directly to the regulation of vas-
cular resistance and blood pressure. Relationship to
Amlodipine Efficacy CACNA1D expression in cardio-
vascular tissues is an important factor in determining
the clinical response to amlodipine: High Expression
in Blood Vessels Increases sensitivity to calcium chan-
nel blockade, thereby enhancing the vasodilatory effect
and lowering blood pressure. Low Expression in Blood
Vessels May result in a weaker response to amlodip-
ine, reducing the drug’s effectiveness in lowering blood
pressure [33].

The CACNA1 gene encodes an additional sub-
unit of the L-type calcium channel, which supports
the stability and function of the channel, including in
response to amlodipine [34]. Analysis showed the
highest expression of this gene in the colon, reflecting
its important role in the regulation of gastrointestinal
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smooth muscle motility. Although expression in the co-
lon is not directly related to blood pressure regulation,
CACNA1 expression in cardiovascular tissues, such as
blood vessels, supports the efficacy of amlodipine by
enhancing the function of calcium channels in reducing
vascular resistance. Optimal expression levels may in-
crease sensitivity to amlodipine, while low expression
may reduce drug efficacy. In addition, expression in the
colon may provide insight into potential gastrointestinal
side effects of amlodipine use [35].

DiscussION

Amlodipine works by inhibiting L-type calcium
channels, which are regulated by genes such as
CACNA1D and metabolized by the enzyme CYP3A4.
This mechanism decreases peripheral vascular resis-
tance, leading to lower blood pressure. However, the
response to amlodipine varies significantly between
individuals, which is largely due to genetic differenc-
es. Several genetic variants have been identified as
determinants of response to amlodipine, including
rs2246709, rs877087, rs2740574, and rs2239050, with
different effects on efficacy and potential side effects.
Several genetic variants have been identified to influ-
ence individual responses to amlodipine in hyperten-
sive patients. The AG + GG genotype at rs2246709 in
African-American/Afro-Caribbeans showed a better hy-
pertensive response than the AA genotype, indicating
an influence of this variation on calcium channel ex-
pression or function. In [36] contrast, the TT genotype
at rs877087 found in diverse populations was associ-
ated with an increased risk of heart failure in hyper-
tensive patients receiving amlodipine, reflecting a po-
tential specific genetic side effect that requires clinical
attention. In African-American/Afro-Caribbean women,

Bulk tissue gene expression for CACNA1C (ENSG00000151067.23)
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the CT + TT genotype at rs2740574 conferred a more
optimal hypertensive response than the CC genotype,
most likely through modulation of CYP3A4 metaboliz-
ing enzyme activity [37].

Other genetic variations, such as the GG genotype
at rs2239050, are associated with increased clinical
benefit to amlodipine in Central/South Asian and Euro-
pean populations, suggesting that these variations may
enhance drug efficacy through mechanisms affecting
calcium channel transport or interactions. In Europe-
ans, the C allele at rs2239128 increases the response
to amlodipine and felodipine compared to the T allele,
likely due to differences in calcium channel affinity [38].
In addition, the GG genotype at rs312481, which is
common in Central/South Asians, is associated with
greater clinical benefit compared to the AA + AG gen-
otypes, suggesting a link to blood pressure regulation
[39]. These variations highlight the importance of con-
sidering genetic factors in personalizing hypertension
therapy with amlodipine [40, 41].

In terms of pharmacodynamics, CACNA1C and
CACNA1D regulate the L-type calcium channels,
which are the primary targets of amlodipine. SNPs
such as rs2239050 (GG genotype) in Central/South
Asian and European populations have been associ-
ated with increased drug efficacy, possibly due to en-
hanced calcium channel inhibition [31, 32]. Similarly,
the C allele at rs2239128 is linked to greater response
to amlodipine and felodipine in European populations,
suggesting an effect on channel binding affinity. More-
over, variations in RYR3 may contribute to adverse
effects in certain individuals. The TT genotype at
rs877087 has been associated with an increased risk
of heart failure in hypertensive patients receiving am-
lodipine, potentially due to altered calcium signaling,
which affects cardiac contractility. This suggests that
pharmacogenomic screening could help identify pa-
tients at risk of cardiovascular side effects when pre-
scribed amlodipine [39].

The different distribution of genetic variants
across populations suggests that strategies for per-
sonalizing amlodipine therapy should be tailored
based on ethnic and geographic factors. For exam-
ple, SNPs associated with increased response to
amlodipine are more common in Asian populations,
which may provide a basis for considering dose ad-
justments or more appropriate antihypertensive ther-
apy choices for these populations. Although asso-
ciations between genetic variants and response to
amlodipine have been identified, further validation
through clinical studies is needed to confirm their
therapeutic implications. Patient-based pharmacoki-
netic and pharmacodynamic studies would be helpful
in confirming the specific role of the identified SNPs
in drug metabolism and efficacy.

CONCLUSION

Genetic  variants of CYP3A4 (rs2246709,
rs2740574), RYR3 (rs877087), CACNA1C (rs2239050,
rs2239128), and CACNA1D (rs312481) play a role
in determining the effectiveness of amlodipine in hy-
pertensive patients. These findings emphasize the
importance of pharmacogenomics in personalizing
therapy, allowing treatment optimization based on pop-
ulation-specific genetic variations to increase effective-
ness and reduce side effects.
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