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Abstract: Hypertension is one of the strongest modifiable cardiovascular risk factors, affecting an
increasing number of people worldwide. Apart from poor medication adherence, the low efficacy
of some therapies could also be related to inter-individual genetic variability. Genetic studies of
families revealed that heritability accounts for 30% to 50% of inter-individual variation in blood
pressure (BP). Genetic factors not only affect blood pressure (BP) elevation but also contribute to
inter-individual variability in response to antihypertensive treatment. This article reviews the recent
pharmacogenomics literature concerning the key classes of antihypertensive drugs currently in use
(i.e., diuretics, β-blockers, ACE inhibitors, ARB, and CCB). Due to the numerous studies on this topic
and the sometimes-contradictory results within them, the presented data are limited to several selected
SNPs that alter drug response. Genetic polymorphisms can influence drug responses through genes
engaged in the pathogenesis of hypertension that are able to modify the effects of drugs, modifications
in drug–gene mechanistic interactions, polymorphisms within drug-metabolizing enzymes, genes
related to drug transporters, and genes participating in complex cascades and metabolic reactions.
The results of numerous studies confirm that genotype-based antihypertension therapies are the most
effective and may help to avoid the occurrence of major adverse events, as well as decrease the costs
of treatment. However, the genetic heritability of drug response phenotypes seems to remain hidden
in multigenic and multifactorial complex traits. Therefore, further studies are required to analyze all
associations and formulate final genome-based treatment recommendations.

Keywords: pharmacogenetics; polymorphisms; response to drugs; diuretics; ACE inhibitors;
angiotensin II receptor blockers; calcium channel blocking (CCB) agents

1. Introduction

Hypertension is one of the strongest modifiable risk factors for cardiovascular diseases,
and prevalence is constantly increasing worldwide [1]. According to estimates, over 116.4 million
individuals are suffering from this disease, which is associated with 2303 deaths from cardiovascular
disease (CVD) every day [2]. Within the next 20 years, the number of individuals suffering from
hypertension is believed to rise by 60% to a total of more than 1.5 billion individuals [1,3]. Currently,
46 percent of U.S. adults are estimated to have hypertension, among whom only 80 percent are aware
of their condition, and even fewer follow pharmacological treatment [4,5]. Adequate blood pressure
control is reported in approximately 53% of these individuals [4,5]. The high prevalence of undiagnosed
and uncontrolled hypertension is associated with a frequent lack of specific clinical manifestations
of hypertension (it is also called a “silent killer”), poor efficacy of treatments, and low adherence
resulting from possible adverse reactions to active ingredients, despite increasing public awareness
of hypertension and its complications [4–6]. The low efficacy of some therapies could be related to
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inter-individual genetic variability. Indeed, genetic studies of families have suggested that heritability
accounts for 30% to 50% of inter-individual variation in blood pressure (BP) [7–10]. Genome-wide
studies have confirmed that genetic factors are related not only to blood pressure elevation but also to
inter-individual variability in response to antihypertensive treatment [11]. Due to the polygenic nature
of hypertension, a single locus cannot be used as a relevant clinical target for all individuals; therefore,
the analysis of complex traits, such as drug response phenotypes, should involve the assessment of
interactions among multiple loci [12,13]. Genetic variability may modulate the drug response via genes
that are engaged in the pathomechanisms of hypertension development and alter the effects of drugs,
modifications of mechanistic interactions between drugs and genes, and the polymorphisms in genes
related to drug transporters. Moreover, drug responses can be affected by genetic polymorphisms in
genes encoding drug-metabolizing enzymes and pleiotropic genes participating in metabolic reactions
and complex cascades [4,14]. Genome-wide association studies (GWASs) have led to the discovery of
variants associated with drug efficacy and adverse drug reactions. However, due to the multigenic
and multifactorial nature of the drug response phenotypes, further research in this area is required to
establish reliable recommendations [12,15]. Below, we summarize the most common polymorphisms
in genes affecting drug response.

2. Calcium Channel Blocking Agents

2.1. Mechanism of Calcium Channel Blocker Action

Calcium channel blockers (CCBs) are drugs that bind to and block mainly the L-type calcium
channels present on cardiac and vascular smooth muscle cells (SMCs) [16]. They prevent calcium
ions from entering into vascular smooth muscles, which results in muscle relaxation and vasodilation
and leads to a decrease in vascular resistance and, consequently, diminished arterial BP [17].
Each subclass of calcium channel blocking agent binds at a specific location. For example,
dihydropyridines (e.g., amlodipine and nifedipine) exert vascular selectivity, verapamil has cardiac
selectivity, and diltiazem can act in both the heart and blood vessels [1,18]. Figure 1 presents the
mechanism of CCB’s action.

Figure 1. Mechanism of calcium channel blockers’ (CCBs) action.
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2.2. Polymorphisms in Genes Affecting CCB Response

Numerous studies have indicated that the single-nucleotide polymorphisms (SNPs) in genes
encoding different ion channels, including the large-conductance voltage and calcium-sensitive
potassium channel β1 (KCNMB1), the voltage-gated calcium channels α1C (CACNA1C),
α1D (CACNA1D) and β2 (CACNB2), and ERG potassium channel (KCNH2), can modify the
antihypertensive responses to CCB and the risk of adverse cardiovascular outcomes [1,19–23].
Furthermore, variations in the genes coding the family of HECT domain E3 ubiquitin ligases (NEDD4L)
and ATP-binding cassette subfamily B member 1 (ABCB1) have been shown to participate in the
regulation of blood pressure (BP) in response to anti-hypertensive drugs [11,16]. The result of the
INVEST-GENES study demonstrated that the KCNMB1 genotype can influence responses to verapamil
SR in White, Hispanic, and Black hypertensive patients with cardiovascular disease (CAD) [19].
The KCNMB1 gene encodes the β1 subunit of the large-conductance potassium (BKor Maxi-K type)
channel. It has been shown that reduced function of this protein is associated with diminished calcium
sensitivity, higher BP, and cardiac hypertrophy [19,24]. Two nonsynonymous polymorphisms in
the KCNMB1 gene—Glu65Lys (rs11739136) and Val110Leu (rs2301149)—were found to modulate
inter-patient variability in BP response to verapamil. In Lys65 variant carriers, BP targets were
achieved faster (1.47 [interquartile range (IQR 2.77)] months) in comparison to individuals who were
homozygous for Glu65 (2.83 [(IQR) 4.17] months; p = 0.01). In turn, the Leu110 allele decreased the
risk of nonfatal myocardial infarction in patients treated with verapamil but not in those treated with
atenolol [19].

Candidate association studies revealed variants in the calcium channels that could facilitate the
selection of a CCB or β-blocker—for example, in CACNA1C, which encodes the alpha1c-subunit of the
L-type calcium channel [24]. Beitelshees et al. [25] screened eight single-nucleotide polymorphisms
within CACNA1C to search for the relationship between verapamil and atenolol treatment efficacy
and the occurrence of primary outcomes of stroke, myocardial infarction, and death. According to the
authors, in the presence of the AA genotype, the rate of primary outcomes in individuals treated with
verapamil decreased (OR 0.54, 95% CI 0.32–0.92), while the carriers of the GG genotype had a higher
risk of a composite primary outcome (OR 4.59, 95% CI 1.67–12.67) [25]. In turn, Bremer et al. [22]
studied the efficacy of various CCBs (including amlodipine) in a group of Caucasian individuals
with hypertension. They found three variations in CACNA1C that significantly affected response to
amlodipine and felodipine; two of them, rs22368032 and rs2239050, showed a significant association
with uncontrolled hypertension (HTN). However, due to the small sample size and homogeneous
population, the author’s results require further confirmation in a larger study of a heterogeneous
population. SNPs within the second calcium channel, CACNB2, which encodes the regulatory β2
subunit of the voltage-gated calcium channel, were related to cardiovascular outcomes in subjects
randomized to the verapamil arm [26]. White, Black, and Hispanic carriers of the GG genotype
of an SNP (rs2357928) within a promoter region had increased risk of the primary outcomes when
treated with verapamil compared to those on atenolol. In turn, a Japanese retrospective study of
patients with controlled and uncontrolled HTN found three SNPs: rs527974 within CACNA1C and
rs312481 and rs3774426 within CACNA1D, which affected sensitivity to amlodipine and other calcium
channel blockers in those with uncontrolled HTN [21,27]. The combined presence of rs312481G/A and
rs3774426C/T in CACNA1D was associated with a considerable decrease in BP. Subjects with the CC
genotype responded better to treatment, presenting lower systolic blood pressure (SBP) [21,27].

Moreover, the SNPs in the enzymes responsible for drug metabolism were found to influence
response to drugs. A splicing defect resulting from the presence of polymorphism (14690G>A)
within exon 7 of the CYP3A5 gene (CYP3A5*6, rs10264272), which leads to the deletion of exon 7
and is associated with reduced enzyme activity, has been associated with an altered response to
antihypertensive drugs [28]. Langaee et al. [29] used a haplotype approach to investigate the effect of
CYP3A5 mutations on BP responses to verapamil in Black, Hispanic, and White individuals. In their
study, blood pressure responses to verapamil, to a small extent, depended on the number of CYP3A5
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functional alleles in the first two populations, but not in the third one; carriers of two functional
alleles showed the worst response to the treatment [16,29]. The activity of the cytochrome P450
3A4/5 (CYP3A4/5) enzymes is also important for amlodipine, which is a first-line long-acting CCB
that inhibits vasoconstriction and improves blood flow by hampering calcium influx via the L-type
calcium channels into vascular SMCs [16,30]. According to past studies, polymorphisms within genes
that encode the enzymes participating in amlodipine metabolic break-down into inactive pyridine
metabolites (M9) affect this drug’s activity and thus modify patients’ anti-hypertension responses
to treatment [16,31]. In one of these studies, a polymorphism in the promoter region of CYP3A4*1B
(-392A/G, rs2740574) had prognostic potential to predict blood pressure responses in a population
of African American women with early hypertensive nephrosclerosis [32]. Female carriers of the A
allele were over three times more likely to reach a target mean arterial pressure (MAP) of 107 mm Hg
(p = 0.02). It has been suggested that levels of P-glycoprotein (PgP), which is a multidrug transporter
mediating the cellular transport of several drugs, may be responsible for the gender-specific response to
amlodipine. PgP levels were found to be two-to-three times higher in men than in women. Therefore,
the P-glycoprotein-mediated efflux of amlodipine might result in higher intracellular concentrations
in women [32]. The enhanced hepatic clearance of CYP3A and P-glycoprotein in women compared
to men has been confirmed in multiple studies and might be related to the lower weight and organ
size, greater amount of body fat, and lower glomerular filtration rate of women [33]. The presence of
intronic polymorphisms within CYP3A4 (T16090C, rs2246709) was considerably associated with a BP
response to amlodipine in individuals randomized to a lower MAP group (≤92 mm Hg). Irrespective
of gender, the likelihood of reaching the target MAP of 107 mm Hg was two-times higher in carriers
of the 16090C allele than in T allele carriers (p = 0.01). Due to the fact that a similar effect was not
observed in individuals randomized to ramipril, it seems that the relation between the aforementioned
CYP3A4 genotype and BP response may be limited to amlodipine [32].

In turn, Kim et al. [34] studied the impact of the CYP3A5*3 (A6986G, rs776746) genotype on
both the pharmacodynamics and pharmacokinetics of amlodipine in a group of healthy Korean
males. CYP3A5*1 is a functional allele, while the mutation in intron 3 of the CYP3A5*3 variant
results in a splicing defect and the formation of non-functional proteins [28]. Kim et al. [34] found a
statistically significant difference (20%) in the oral clearance of amlodipine between CYP3A5*1 carriers
(27.0 ± 8.2 L/h) and CYP3A5*3/*3 carriers (32.4 ± 10.2 L/h) (p = 0.063). Moreover, CYP3A5*1 carriers
(3.8 ± 1.1 ng/mL) had a considerably higher peak plasma concentration than CYP3A5*3/*3 carriers
(3.1 ± 0.8 ng/mL) (p = 0.037); however, there were no significant differences in BP and pulse rate
between the studied groups. The authors stated that polymorphisms within the CYP3A5 gene could
modulate the inter-individual disposition of amlodipine [34]. However, according to Zhu et al. [31],
CYP3A4 is mainly responsible for amlodipine dehydrogenation, and, therefore, the polymorphisms in
the CYP3A5 gene likely do not exert any effect on the pharmacokinetic variability of amlodipine.

Amlodipine’s bioavailability and concentration can also be influenced by polymorphisms in
the transporter, ATP-binding cassette subfamily B member 1 (ABCB1) (or multi drug resistance 1;
MDR1) [16]. The ABCB1 gene encodes the aforementioned glycoprotein P (P-gp)—the drug efflux
pump involved in the cellular accumulation of amlodipine [35]. Polymorphisms in exon 26 (C3435T,
rs1045642) of the ABCB1 gene were found to decrease glycoprotein p expression and limit its function,
thereby altering the absorption and tissue concentrations of a given substrate (e.g., amlodipine) [36].
Zuo et al. [35] demonstrated that the polymorphism C3435T in the ABCB1 gene might modify the
plasma concentrations of amlodipine in hypertensive Han Chinese patients. However, it had no impact
on the efficacy of amlodipine treatment. In ABCB1 3435CC and 3435CT individuals, the expression
of P-gp was greater than that in 3435TT subjects. Moreover, amlodipine’s oral clearance (CL/F) was
1.5-fold higher in carriers of the TT genotype compared to other groups of carriers [35]. Table 1 presents
a summary of the effects of polymorphisms on the efficacy/concentration of CCBs.
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Table 1. A summary of the results of the most interesting studies on CCBs presented in this review.

Drug Population Gene Polymorphism Result Ref.

Verapamil
White, Hispanic, and Black
hypertensive patients with

cardiovascular disease (CAD)

KCNMB1
Glu65Lys (rs11739136)

Lys65 variant carriers achieved BP targets faster in comparison to Glu65Glu individuals
(1.47 [interquartile range (IQR 2.77)] months in Lys65 carriers vs. 2.83 [(IQR) 4.17] months

in Glu65Glu patients; p = 0.01).
[19]

Val110Leu (rs2301149) Leu110 allele decreased the risk of nonfatal myocardial infarction in patients treated with
verapamil (HR 0.587, 95% confidence interval 0.33–1.04). [19]

Verapamil White, Hispanic, and Black
hypertensive patients CACNA1C rs1051375A/A

46% reduction in the primary outcome in AA carriers treated with verapamil (OR 0.54,
95% CI 0.32–0.92), while the carriers of the GG genotype had higher risk of the composite

primary outcome (OR 4.59 95% CI 1.67–12.67).
[25]

Verapamil White, Black, and Hispanic CACNB2 rs2357928 Carriers of the GG genotype had an increased risk of the primary outcomes if they were
treated with verapamil compared to those on atenolol, [25]

L-type
dCCBs

Japanese
Patients with essential hypertension

CACNA1C
CACNA1D

rs527974G/A
rs312481G/A
rs3774426C/T

The combined presence of SNPs was associated with a considerable decrease in BP. GA +
AA in CACNA1D rs312481G/A or with GG in CACNA1C 527974G/A—treatment

non-responders.
[21]

Verapamil White, Black, and Hispanic CYP3A5 CYP3A5*6, rs10264272

CYP3A5 functional allele status was marginally associated with the SBP response to
verapamil in Black (p = 0.075) and Hispanic (p = 0.056) but not in White (p = 0.40)

populations; carriers of the two functional alleles had higher SBP. No association found
with DBP response and CYP3A5 allele status.

[29]

Amlodipine African American men and women
with early hypertensive renal disease

CYP3A4
CYP3A4

CYP3A4*1B, −392A/G, rs2740574 Female carriers of an A allele were over 3 times more likely to reach a target mean arterial
pressure (MAP) of 107 mm Hg (the adjusted hazard ratio was 3.41 (1.20–9.64; p = 0.020)). [32]

T16090C (rs2246709) Participants randomized to a lower MAP goal carrying the C allele were more likely to
reach the target MAP (the adjusted hazard ratio was 2.04 (1.17–3.56; p = 0.010)). [32]

Amlodipine Healthy Korean males CYP3A5 CYP3A5*3 (A6986G, rs776746)

Significant difference (20%) in the oral clearance of amlodipine between CYP3A5*1
carriers (27.0 ± 8.2 L/h) and CYP3A5*3/*3 carriers (32.4 ± 10.2 L/h) (p = 0.063). CYP3A5*1
carriers (3.8 ± 1.1 ng/mL) had considerably higher peak plasma concentrations compared

to CYP3A5*3/*3 carriers (3.1 ± 0.8 ng/mL) (p = 0.037).
No significant differences in BP and pulse rate were found between the studied groups.

[34]

Amlodipine Chinese patients with mild to
moderate essential hypertension ABCB1 C3435T (rs1045642) Amlodipine oral clearance (CL/F) was 1.5-fold higher in carriers of the TT genotype

compared to other groups of carriers. [35]

BP—blood pressure; IQR interquartile range; HR—hazard ratio; OR—odds ratio; Cl—confidence interval; SBP—systolic blood pressure; DBP—diastolic blood pressure.
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3. Angiotensin-II Receptor Blockers (ARB) and Angiotensin-Converting Enzyme Inhibitors (ACEi)

Renin-angiotensin-aldosterone (RAA) system and angiotensin II receptor blockers (ARB) and
angiotensin converting enzyme inhibitors (ACEi) action. The renin–angiotensin system modulates
blood pressure and sodium homeostasis through effects that are coordinated via combined mechanisms
in the kidney, cardiovascular system, and central nervous system [1,37]. The effects of the
renin–angiotensin system are mediated by the renin-related conversion of angiotensinogen into
angiotensin I, which is further cleaved by the angiotensin-converting enzyme (ACE) to produce
angiotensin II (Ang II). Ang II, which is the final effector of the system, stimulates the angiotensin II
type 1 receptors (AT1R) present in the vasculature, kidney, and central nervous system, resulting in
vasoconstriction, sodium reabsorption, and increased sympathetic tone [37]. The most widely
prescribed drugs targeting the renin–angiotensin system involve ACE inhibitors, which impede the
formation of angiotensin II, and angiotensin II receptor blockers (ARB), which antagonize the effect of
angiotensin II by binding to AT1R [1]. Figure 2 presents the mechanisms of action for angiotensin-II
receptor blockers and angiotensin-converting enzyme inhibitors.

Figure 2. Mechanisms of action of angiotensin-II receptor blockers and angiotensin-converting
enzyme inhibitors.

Polymorphisms in Genes Affecting the ARB and ACEi Response

Numerous studies have suggested that polymorphisms in genes encoding components of the
renin–angiotensin-aldosterone system may influence the pharmacogenomics of angiotensin-II receptor
blockers and angiotensin-converting enzyme inhibitors. The beneficial effects of ARB are associated
with several pleiotropic effects, including effects resulting from vasodilation related to the nitric
oxide (NO) produced by endothelial NO synthase (NOS3) [38,39]. Various studies have indicated the
pharmacogenomics relevance of NOS3 for ACEi and ARB responses [1]. Mason et al. [40] demonstrated
that endothelial cells homozygous for the C allele (the −786T/C polymorphism in NOS3, rs2070744)
can respond to ARB olmesartan treatment with more enhanced NO formation than heterozygous cells.
The authors concluded that hypertensive subjects carrying the C allele might have better responses
to enalapril and olmesartan. Moreover, Oliveira-Paula et al. [41] observed that the T allele for the
NOS3 −665C/T SNP (rs3918226) is associated with greater responses to enalapril. An opposite effect
was demonstrated for the A allele of the NOS3 tagSNP (rs3918188) and the CAG haplotype involving
NOS3 tagSNPs [41]. A meta-analysis using data on the losartan response from GENRES and SOPHIA
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studies and data concerning candesartan from a GERA II study revealed that rs4953035, which is
located near the LRPPRC region that codes for the mitochondrial leucine-rich PPR (pentatricopeptide
repeat) motif-containing protein (expressed in many tissues, including the heart and kidneys), has an
association with systolic BP responses [7]. In turn, a GWAS analysis found that hypertensive carriers of
the GG genotype for a polymorphism (rs10752271) located within a gene encoding calcium/calmodulin
dependent protein kinase 1D (CAMK1D) (which participates in aldosterone synthesis) have better
BP responses to losartan [42]. Other GWAS analyses comprising individuals from the GERA study
identified three loci influencing the antihypertensive response to candesartan: The SNP rs11020821
near the FUT4 gene (encoding fucosyltransferase 4), rs11649420 in the SCNN1G gene (encoding
sodium channel, non-voltage-gated 1, gamma subunit), and rs3758785 in the GPR83 gene (encoding
G protein-coupled receptor 83) [43]. This study revealed that the GG genotype for the rs11649420
polymorphism in the gene encoding the γ-subunit (SCNN1G) of the amiloride-sensitive sodium
channel is associated with a three-fold greater BP response to candesartan compared to a combined
group of AA+AG. SNPs within SCNN1G were found to be the most strongly related to BP. However,
their relationship with the BP response to hydrochlorothiazide showed an opposite effect; such an effect
could be explained by the counter-regulatory mechanism involving sodium reabsorption as a way to
maintain intra-arterial volume and prevent decreases in BP after inhibition of the renin–angiotensin
system with candesartan [43]. Moreover, the authors showed that in rs3758785 GG carriers, the odds
of having a good BP response to candesartan are over 16-fold greater compared to AA carriers.
However, the aforementioned significant association was markedly diminished following adjustment
for rs11020821 near FUT4. Further, the SNPs in the gene responsible for aldosterone synthesis could
affect the drug response. The SNP −344C/T (rs179998) in the CYP11B2 gene encoding aldosterone
synthase, which catalyzes the final step of aldosterone production in juxtaglomerular cells, was shown
to modulate aldosterone level, hypertension susceptibility, and blood pressure responses to ARB [44–47].
However, the results for this polymorphism are conflicting, since in some studies, the C allele of this
SNP was related to blood pressure response, while in others, the BP lowering effect was attributed to
the T allele [47–49]. In turn, a randomized, double-blind, crossover, placebo-controlled GENRES study
identified a missense variant (349G/A, rs3814995) within the coding region of the NPHS1 gene that is
significantly associated with responses to losartan. This SNP produces an amino acid substitution of
glutamic acid to lysine (p.Glu117Lys) in the nephrin, which is a transmembrane protein and structural
component of the slit diaphragm in the kidney, as well as an important contributor to blood pressure
regulation [1,7]. The presence of rs3814995 was associated with systolic (p = 0.03) and diastolic (p = 0.02)
BP responses in GERA II and diastolic BP responses (p = 0.03) in SOPHIA [7].

The mechanism of angiotensin-converting enzyme inhibitors (ACEis) involves the reduction of
angiotensin II formation and indirect vasodilation produced by nitric oxide (NO). Due to the fact
that PKCα signaling seems to be involved in both mechanisms, its relationship with drug response
was previously studied [12]. Polymorphism rs16960228 in the protein kinase C alpha (PRKCA) gene
is associated with BP responses in hypertensive patients classified as poor or good responders to
enalapril. Oliveira-Paula et al. [50] found that GACAA genotypes and the A allele are associated
with a lower reduction in mean BP and DBP after treatment and, therefore, with worse responses to
enalapril compared to the GG genotype (p < 0.05). In turn, Turner et al. [51] observed that hypertensive
carriers of the GG genotype have significantly lower PRKCA expression compared to individuals
with GACAA genotypes. It could be hypothesized that the presence of the GG genotype for the
rs16960228 polymorphism can stimulate responses to drugs enhancing PKCα, including ACEi [50].
However, it is also possible that PKCα signaling is less influenced by ACEi in carriers of the GA+AA
genotypes and, therefore, that their response to such drugs is worse or that responses to enalapril
might be influenced by interactions among genes within the ACEi pathway [12,50]. In another study,
Silva et al. [52] demonstrated that TC/CC genotypes and the C allele for the endothelial nitric oxide
synthase (eNOS, NOS-3) -786T/C (rs2070744) polymorphism are more frequent in good responders to
enalapril treatment than in those who responded worse. Also, the TT genotype for the bradykinin
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receptor B2 (BDKRB2) -58C/T (rs1799722) polymorphism occurred more frequently in individuals
who responded better to enalapril compared to poor responders. Studies on the combined presence
of polymorphisms in BDKRB2 and NOS3 have demonstrated their involvement in antihypertensive
responses to enalapril [41,52]. A gene–gene interaction analysis revealed that the combined presence
of the CC genotype for the rs1799722 SNP in the BDKRB2 and TC genotype for the rs2070744 SNP in
the promoter region of the NOS3 gene is associated with a better response to enalapril treatment [52].
In a combined analysis of PRKCA, BDKRB2, and NOS3 performed by Oliveira-Paula et al. [50],
the above-mentioned relationship was statistically significant in the presence of the GG genotype
for the rs16960228 SNP in the PRKCA gene. This finding may be associated with the fact that PKCα

enhances the transcription of the NOS3 gene, upregulates eNOS activity, and thus promotes increased
NO production and vasodilation. ACEi also stimulates the bradykinin receptors on endothelial cells,
thereby increasing tissue bradykinin levels, which may lead to PKCα-mediated NOS3 upregulation [50].
Therefore, apart from the presence of polymorphisms in eNOS or in genes that contribute to NOS3
activation gene–gene interactions could also modulate the responses to ACE inhibitors and ARB.
The summary of the results of the most interesting studies on angiotensin-II receptor blockers and
angiotensin-converting enzyme inhibitors are presented in Table 2.
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Table 2. A summary of the results of the most interesting studies on angiotensin-II receptor blockers and angiotensin-converting enzyme inhibitors presented in
this review.

Drug Population Gene Polymorphism Result Ref.

Losartan Population of GENRES, GERA II,
and SOPHIA studies NPHS1 349G/A (rs3814995)

SNP was associated with systolic (p = 2.0×10−5) and diastolic (p = 5.1×10−4) BP responses to losartan in
GENRES, with systolic (p = 0.03) and diastolic (p = 0.02) BP responses in GERA II and diastolic BP responses

(p = 0.03) in SOPHIA.
[7]

Enalapril Patients with essential
hypertension NOS3 −665C/T (rs3918226) Carries of the T allele for the functional tagSNP had more intense decreases in their blood pressure in

response to enalapril at 20 mg/day. [41]

Enalapril Patients with essential
hypertension NOS3 tagSNP (rs3918188)

Patients carrying the AA genotype for tagSNP had lower decreases in blood pressure in response to enalapril.
The TCA haplotype was associated with improved decreases in blood pressure in response to enalapril

compared to the CAG haplotype.
[41]

Losartan Subjects with mild-to-moderate
essential hypertension CAMK1D rs10752271 Hypertensive carriers of the GG genotype for polymorphisms had a better BP response to losartan.

Effect size of −5.5 ± 0.94 and a p-value of 1.2 × 10-8. [42]

Candesartan White and African Americans
with primary hypertension SCNN1G rs11649420

GG genotype carriers had 3-fold greater BP response to candesartan compared to the combined group of
AA+AG.

The mean adjusted systolic BP/diastolic BP responses to candesartan were 7.0/5.5 mmHg greater for the GG
group than for the AA+AG group.

[43]

Candesartan White and African Americans
with primary hypertension GPR83 rs3758785

For the GG genotype, the odds of a good BP response to candesartan were more than 16-fold greater than
those for the AA genotype.

The mean adjusted systolic BP/diastolic BP responses to candesartan were 13.7/10.5 mmHg greater for the
GG than for the AA genotype.

[43]

Enalapril Brazilian hypertensive patients PRKCA rs16960228 The GA or AA genotypes and the A allele were associated with a lower reduction in mean BP and DBP after
treatment and therefore with worse responses to enalapril compared to the GG genotype (p < 0.05). [50]

Enalapril Hypertensive patients NOS3 −786T/C (rs2070744) The TC/CC genotypes and the C allele for endothelial nitric oxide synthase were more frequent in good
responders to enalapril treatment than in those who responded worse. [52]

Enalapril Hypertensive patients BDKRB2 −58C/T (rs1799722) The TT genotype occurred more frequently in individuals who responded better to enalapril compared to
poor responders. [52]

GERA—Genetic Epidemiology Research on Aging.
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4. β-Adrenergic Antagonists (β-Blockers)

4.1. Effects of β-Adrenergic Blocker Actions

Despite not being a first-line antihypertensive pharmacotherapy, according to the Joint National
Committee (JNC8) hypertension guidelines [53], β-blockers are still widely prescribed and used in
certain subgroups of patients [1]. Apart from the antihypertensive effects of β-blockers resulting
from the blockage of their targets on the juxtaglomerular cells of the kidney, the reduction in renin
secretion, and subsequent hampering of circulating angiotensin II production, these drugs also diminish
myocardial contractility, heart rate, and cardiac output [18,54]. Studies have demonstrated the beneficial
effects of β-blockers on endothelial dysfunction and indicated their involvement in the endothelial and
vasculature-related mechanisms of BP-lowering [55,56]. The summary of effects of action of β-blockers
are presented in Figure 3.

Figure 3. Effects of action of β-blockers.

4.2. Polymorphisms in Genes Affecting the Adrenergic Receptor Blocker Response

The major protein target of all β-blockers is the β1-adrenergic receptor encoded by the
ADRB1 gene [1,57]. Numerous studies have searched for polymorphisms within the ADRB1
gene that could affect the function of its protein product or modulate its response to drugs.
Two polymorphisms (rs1801252: Ser49Gly and rs1801253: Arg389Gly) have been demonstrated
to influence intracellular signaling mediated by the β1-adrenergic receptor [58]. Both the Ser49 and
Arg389 alleles boosted intracellular responses to β1-adrenergic receptor agonists compared to the
other variant alleles [58]. The observation of the differential responses to β-blockers among Black
and Caucasian populations laid the basis for GWAS analyses targeted at finding ethnicity-associated
polymorphisms. The INVEST-GENES study, which comprised an ethnically diverse, elderly population
of patients with hypertension and documented coronary artery disease (CAD), demonstrated that
the ADRB1 Ser49-Arg389 haplotype, which affects agonist-mediated downregulation and signaling
activity, is associated with a considerable risk of all-cause death (odds ratio 3.66, 95% CI 1.68–7.99),
irrespective of the number of alleles present (1 or 2) [59]. Mortality risk was more evident in individuals
treated with verapamil. However, this association lost its significance in subjects receiving atenolol.
According to the authors, individuals with the Ser49-Arg389 haplotype should preferentially receive
β-blocker therapy because it decreased the risk of mortality. In contrast, the results of the Secondary
Prevention of Small Subcortical Strokes (SPS3) trial indicated that in atenolol treated carriers of the
Gly49 allele (ADRB1), the risk of major adverse cardiovascular events was higher (hazard ratio, HR 2.03;
95% CI 1.20–3.45); therefore, the authors suggested that these patients should preferentially receive
CCB therapy [60]. In turn, Johnson et al. [61] showed that BP responses to metoprolol among White,
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African American, and Hispanic carriers of the Arg/Arg genotype (Arg389Gly) were better compared
to those of the Gly allele carriers. Further, in Chinese hypertensive 389Arg/Arg patients, treatment
with a β-blocker (carvedilol) reduced blood pressure to a greater extent than in individuals carrying
the Gly allele [62]. However, Chen et al. [63] observed that subjects carrying the Gly/Gly genotype for
the Arg389Gly polymorphism showed greater antihypertensive responses to metoprolol, while two
European prospective studies failed to find any association between the Arg389Gly polymorphism
and blood pressure responses to β-blockers [64,65]. Adrenergic signal transduction mediated through
adrenergic receptors and further via the G protein pathway is of key importance for rapid adjustment to
increased cardiovascular demands. Therefore, the effects of polymorphisms within G protein–coupled
receptors (GPCRs) on responses to drugs have been widely studied. The PEAR and INVEST cohorts
identified polymorphisms within the GRK4 gene, which modulated atenolol mediated BP reduction
and cardiovascular outcomes [66]. GRK4 plays a role in BP homeostasis via the phosphorylation of
GPCRs, which are vital for BP regulation, and potentially via β1-adrenergic receptors—the key protein
targets of β-blockers [67]. The role of the following nonsynonymous SNPs in GRK4, A142V (rs1024323)
and R65L (rs2960306), within the GPCR interacting region of GRK4, as well as the A486V (rs1801058)
SNP resulting in G to T substitution within the membrane targeting region, have also been studied [67].
All aforementioned SNPs likely represent a gain in functional polymorphisms that improve the ability
of GRK4 to bind to, phosphorylate, and desensitize GPCRs. Vandell et al. [66] demonstrated that
GRK4 65L and 142V variants, as well as the presence of the 65L-142V haplotype significantly reduce
responses to β-blocker monotherapy and also enhance the risk of adverse long-term CV outcomes.
GRK4 65L and 142V are associated with reduced BP responses to atenolol in both Caucasians and
African Americans [66]. In a genome-wide association study of metoprolol treated individuals from
the Pharmacogenomic Evaluation of Antihypertensive Responses-2 (PEAR-2) study and atenolol
treated subjects from the PEAR study, rs294610 (an intronic SNP resulting in C/A transversion) in
the FGD5 gene (encoding FYVE, RhoGEF, and the PH domain containing protein 5) was found to
significantly improve BP response following metoprolol and atenolol treatment (the latter analysis
was carried out in an independent cohort of European Americans) [68]. Carriers of the A allele had
considerably better BP responses than non-carriers. Other GWAS studies have identified the BP-related
phenotypes of FGD5. A large study enrolling European American hypertensive patients found that
the loci within FGD5 are associated with DBP and SBP. The Welcome Trust Case Control Consortium,
using an intermediate approach between the genome-wide and candidate gene methods to analyze
the link between hypertension and genes expressed in the endothelium, identified FGD5 as one of
the possible loci [69]. According to the authors, this gene may be involved in the development and
progression of hypertension through its role in vascular remodeling. Animal studies confirmed the
regulatory role of FGD5 in endothelial cell-specific apoptosis and its effect on vascular pruning [70].
Moreover, in vitro studies using human cell lines have provided evidence for the involvement of
FGD5 in the proangiogenic action of the endothelial growth factor, demonstrating the potential role of
FGD5 in the development/progression of vasculature-related diseases, including hypertension [71].
However, further studies are necessary to understand the functional role of SNPs within the FGD5
gene in improved BP responses to β-blockers. In turn, in an analysis of the results obtained from two
studies (PEAR-2 and PEAR) with an independent atenolol add-on therapy, Singh et al. [68] identified
rs45545233 polymorphism in the SLC4A1 gene, which was significantly associated with a reduced
BP response to β-blockers. The PEAR-2 metoprolol-treated cohort analysis also found the SLC4A1
gene encoding for glycoprotein in the plasma membrane (the band 3 anion transporter belonging
to the anion exchanger family) to be related to drug response. SLC4A1 is mainly expressed in the
erythrocyte membrane and the collecting ducts of the kidney, where it is involved in the electro–neutral
exchange of HCO3

− for Cl− and the transport of glucose and water [68]. According to Kokubo et al. [72],
polymorphisms in SLC4A1 are significantly associated with hypertension and BP variation in the
Japanese population. However, the exact mechanism of this relationship needs to be better understood.
Gong et al. [73] observed that a deletion in the intronic region of the SLC25A31 gene (rs201279313) in
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hypertensive African Americans treated with β-blockers is associated with better antihypertensive
responses to β-blockers when compared to subjects carrying two wild-type alleles. The SLC25A31
(Solute Carrier Family 25 Member 31) gene encodes ADP/ATP translocase 4, which catalyzes ADP/ATP
exchange across the mitochondrial membranes and regulates membrane potential. Gong et al. [73] also
demonstrated a better BP response to β-blockers in subjects carrying the deletion allele of rs11313667
within the intronic region of the LRRC15 gene (encoding leucine rich repeat containing 15) compared to
carriers of two wild-type alleles [74]. The prospective, randomized Nordic Diltiazem (NORDIL) study,
which enrolled over 10,000 subjects aged 50–74 from Norway and Sweden, found that the intronic
SNP (rs12946454) of PLCD3 is involved in modulating the response to diltiazem [75]. The T allele
of the PLCD3 gene, which encodes the phospholipase C enzyme that is vital for calcium release in
smooth muscle and maintaining vascular tone, was shown to be associated with increased systolic and
diastolic BP responses to diltiazem [76]. Another analysis on the association between four SNPs and
atenolol responses in 467 Finnish LIFE (Losartan Intervention For Endpoint reduction in hypertension
study) patients revealed that only rs2514036, a variation at the transcription start site of the ACY3
gene (coding for aminoacylase III), altered BP’s response to atenolol in men [74]. In turn, three SNPs,
rs2514036, rs948445, and rs2514037, in the ACY3 gene were found to exert an impact on BP responses
to bisoprolol in Caucasians [7].

Polymorphisms in genes not only modulate the pharmacodynamics of β-blockers but can also
regulate their pharmacokinetics [1]. CYP2D6, a key cytochrome enzyme involved in the metabolism
of β-blockers, seems to be a candidate gene [77]. Based on sound evidence indicating that CYP2D6
genotypes alter BP responses to β-blockers, the Pharmacogenetics Working Group of the Royal Dutch
Pharmacists Association has established recommendations on the therapeutic dose of metoprolol
depending on the CYP2D6 genotype [78]. However, the usefulness of CYP2D6 genotyping as a guide
for metoprolol therapy in hypertensive individuals has been challenged by the results of some other
studies [79–81]. A summary of the results of most interesting studies on the β-adrenergic antagonists
is presented in Table 3.
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Table 3. A summary of the results of most interesting studies on the β-adrenergic antagonists presented in this review.

Drug Population/Study Design Gene Polymorphism Result Ref.

Atenolol White, Hispanic, and Black patients with
hypertension and documented CAD ADRB1 Ser49-Arg389

The presence of this haplotype was associated with a considerable risk of all-cause death
among patients randomly assigned to verapamil SR (HR 8.58, 95% CI 2.06–35.8) but not

atenolol (HR 2.31, 95% CI 0.82–6.55), suggesting a protective role for the β-blocker.
[59]

Atenolol
Participants of the SPS3 (Secondary

Prevention of Small Subcortical Strokes) trial
with hypertension

ADRB1 Ser49Gly
(rs1801252)

Gly49 carriers treated with β-blockers had increased risk of adverse outcomes.
Gly49 carriers treated with β-blockers had a 3-fold increased risk, while Gly49 carriers
without β-blocker treatment had a 2-fold risk; thus, it seems that β-blocker treatment

could amplify the effects on the Gly49 allele.

[60]

Metoprolol White, African American, and Hispanic
patients with hypertension ADRB1 Arg389Gly

(rs1801253)

Daytime diastolic BP responses to metoprolol among carriers of the Arg/Arg genotype
were 3-fold greater compared to the Gly allele carriers (-13.3% +/- 8.4% versus -4.5% +/-

8.2%, p =.0018).
[61]

Carvedilol Subjects with uncomplicated essential
hypertension from the Jilin province of China ADRB1 Arg389Gly

(rs1801253)

In Chinese hypertensive 389Arg/Arg patients, treatment with carvedilol reduced BP to a
greater extent (4-fold) than in individuals carrying the Gly allele

(10.61 vs. 2.62 mm Hg, p = 0.013).
[62]

Metoprolol Healthy individuals and patients with
essential hypertension ADRB1 Arg389Gly

(rs1801253)
Subjects carrying the Gly/Gly genotype showed greater antihypertensive responses to

metoprolol than the heterozygotes (p = 0.027). [63]

Atenolol Hypertensive Caucasians and African
American participants from the PEAR trial GRK4 A142V (rs1024323)

R65L (rs2960306)

GRK4 65L and 142V variants, as well as the presence of the 65L-142V haplotype,
significantly reduced the response to β-blocker monotherapy and also enhanced the risk

of adverse long-term CV outcomes.
[66]

Atenolol European American participants of the
PEAR and PEAR-2 study FGD5 rs294610 Carriers of the A allele had a considerably better BP response than non-carriers [68]

Metoprolol
Atenolol African American hypertensive participants SLC25A31 rs201279313

Heterozygotes versus the wild-type genotype had better diastolic BP responses to
atenolol monotherapy, metoprolol monotherapy, and atenolol add-on therapy:
−9.3 versus −4.6, −9.6 versus −4.8, and −9.7 versus −6.4 mm Hg, respectively

(3-group meta-analysis p = 2.5×10(-8), β = −4.42 mm Hg per variant allele)

[73]

Atenolol Finnish patients of the LIFE study ACY3 rs2514036 Variation at the transcription start site of ACY3 was associated with a blood pressure
response to atenolol in men [74]

PEAR—Pharmacogenomic Evaluation of Antihypertensive Responses; CV—cardiovascular; LIFE—Losartan Intervention For Endpoint reduction in hypertension study.
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5. Diuretics

The mechanism of diuretic action. Diuretics, especially thiazide and thiazide-like diuretics, are the
first-line drugs of choice for the majority of patients with hypertension [1,53]. The thiazide diuretic
hydrochlorothiazide inhibits the sodium chloride cotransporter expressed in the distal convoluted
tubule of the nephron [82]. The initial antihypertensive effects of these drugs involve the enhancement
of sodium excretion (natriuresis) and the diminishing of extracellular volume, which results in a
reduction in cardiac output. Moreover, these drugs exert long-term effects via a decrease in vascular
resistance, possibly resulting from an inhibition of the sympathetic nervous and/or renin–angiotensin
systems [83]. Effects of action of thiazide diuretics are summarized in Figure 4.

Figure 4. Effects of action of thiazide diuretics.

Polymorphisms in Genes Affecting Diuretic Response

As diuretics’ effects are realized via different mechanisms, several candidate genes have
been suggested to influence individual responses to these drugs [1]. The effectiveness of the
hydrochlorothiazides (HCTZs) used in monotherapy can be reduced by factors associated with
inter-individual variation, which can lead to increased mortality among patients with uncontrolled
hypertension [16,84,85]. Moreover, thiazides may cause hypokalemia, impair glucose tolerance,
or increase serum cholesterol and uric acid levels; susceptibility to the abovementioned adverse
reactions might also be related to inter-individual variation, age, gender, and ethnicity [86]. It has
been demonstrated that SNPs within 3-hydroxy-3-methylglutaryl-CoA synthase (HMGCS) in African
Americans and Caucasians are associated with elevated blood glucose levels after treatment with
both chlorthalidone and HCTZ [87,88]. A meta-analysis of four studies and over 1000 patients
revealed that the polymorphisms within the ACE and ADD1 genes affected blood pressure responses to
HCTZ [89]. The ADD1 gene encodes α-adducin, which is a cytoskeleton-related protein modulating ion
transport, while the ACE gene encodes the angiotensin-converting enzyme, a central component of the
renin–angiotensin system that regulates the volume of body fluids and controls blood pressure [1,90,91].
In a meta-analysis performed by Choi et al. [85], a significant association was observed between the
ACE II and DD genotypes and blood pressure changes (standard differences in means = 0.256; 95% CI,
0.109–0.403). Moreover, Sciarrone et al. [92] demonstrated that carriers of the II genotype showed better
antihypertensive responses to hydrochlorothiazide than those carrying the DD genotype. A study
on the Han Chinese population revealed that this polymorphism modulated hydrochlorothiazide
responses in a gender-specific manner. In men carrying DD genotype, the effects of antihypertensive
therapy were better than those in women carrying the II genotype [56]. However, other studies failed to
show such an association [93,94]. In a GenHAT (Genetics of Hypertension Associated Treatments) study,
which was an ancillary to Antihypertensive and Lipid-Lowering Treatments to Prevent Heart Attack
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Trial (ALLHAT), several candidate hypertension-related genes were analyzed in 39,114 individuals in
order to determine the possible variants of six genes affecting antihypertensive drug response [94].
The results of GenHAT indicated that the DD genotype (ACE; rs1799752) does not influence BP
reduction or cardiovascular outcomes in patients on ACE-inhibitor therapy compared to ID and II
alleles. For the ADD1 Gly460Trp polymorphism (rs4961), a considerable relationship was revealed
for the genotypes of GlyGly vs. GlyTrp (standard differences in means = 2.78; 95% CI, 0.563–4.99)
and GlyGly vs. TrpTrp (standard differences in means = 1.80; 95% CI, 1.38–2.22) [89]. Another study
indicated that carriers of the Trp allele for the Gly460Trp polymorphism in the ADD1 gene have
diminished baseline plasma renin activity and better antihypertensive responses to hydrochlorothiazide
treatment compared to Gly/Gly homozygotes [26]. Glorioso et al. [95] suggested that this polymorphism
(rs4961) might modulate renal sodium handling by changing ion transport across the cell membrane.
Some other studies indicated that GNB3, which encodes the β3-subunit of the G-protein, is another
gene possibly involved in responses to hydrochlorothiazide treatment [96]. This family of proteins
participates in signal transduction from the membrane receptors to a wide range of intracellular
effectors [1,96]. The presence of the T allele for the C825T (rs5443) polymorphism in the GNB3 gene is
associated with the formation of an RNA splice variant lacking nucleotides 498–620 within exon 9,
which results in structural modifications of the β3-subunit of the G-protein and modulation of signal
transduction [97]. Turner et al. [98] found that the T allele is associated with better antihypertensive
responses to hydrochlorothiazide and that this effect is gene–dose related. Since a larger study provided
conflicting results [55], the association between the rs5443 polymorphism and hydrochlorothiazide
responses requires confirmation.

In a study analyzing the effects of SNPs on the responsiveness of 228 male patients from European
decent to four classes of anti-HTN drugs, including HCTZ, over 80 different polymorphisms were
identified [7]. However, a significant association was found only for aldehyde dehydrogenase 1 family
member 13 (ALDH1A3) and chloride intracellular channel 5 (CLIC5). The authors suggested that
two other family members of the ADH gene (ALDH1A2 and ALDH7) are related to the presence
of hypertension in African Americans, while ALDH2 was associated with BP control in an East
Asian population [7,99,100]. A GWAS analysis found a relationship between the SNP rs261316 in the
ALDH1A2 gene and uncontrolled blood pressure following treatment with a thiazide diuretic/β-blocker
combination in white participants of the PEAR study [101]. The results of the INVEST study confirmed
the aforementioned findings [101]. Other GWAS studies identified various additional loci associated
with BP responses to HCTZ in different ethnic groups [16,102,103]. In African American populations,
SNPs within the lysozyme (LYZ), Yeast Domain Containing 4 (YEATS4), and fibroblast growth receptor
substrate 2 (FRS2) genes located on chromosome 12q15 were shown to exert an effect on the HCTZ
response [103]. African Americans carrying the ATC haplotype (a combination of alleles for SNPs
rs317689 (A), rs315135 (T), and rs7297610(C)) were demonstrated to respond to HCTZ much better than
in persons with ACT or ATT haplotypes [103]. However, in the PEAR study [104] the ATT haplotype
in the African American population was also associated with a good HCTZ response. Moreover,
a reduction in YEATS expression was observed in African Americans who were CC homozygotes for
the SNP rs7297610, but not in T carriers, which implies an association between the YEATS variant
and the HCTZ response [16,102,104]. The results of a large meta-analysis (six clinical trials within
the International Consortium for Antihypertensive Pharmacogenomics Studies) concerning the BP
response to hydrochlorothiazide in White hypertensive individuals reported a strong correlation
between hydroxy-delta-5-steroid dehydrogenase, 3 β- and steroid δ-isomerase 1 gene (HSD3B1), and BP
response (p < 2.28×10-4). HSD3B1 encodes the 3β-hydroxysteroid dehydrogenase enzyme, which is of
key importance in the biosynthesis of aldosterone and endogenous ouabain [105]. Other studies also
demonstrated the relationship between genetic variants in HSD3B1 and HTN or BP variation [106–108].
In these studies, the CC genotype at rs6203 was related either to the presence of hypertension [109]
or to higher blood pressure values [106–108]. In turn, Svensson-Farbon et al. [110] demonstrated
that a genetic polymorphism (rs4149601G/A) in neural precursor cell expressed, developmentally
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down-regulated 4-like, E3 ubiquitin protein ligase (NEDD4L), which led to the formation of a
cryptic splice site in NEDD4L. Numerous other studies have shown that polymorphisms in the
NEDD4L gene influence salt sensitivity, plasma renin concentrations, and susceptibility to develop
hypertension [111–113]. The results of the NORDIL (Nordic Diltiazem) Study, which enrolled Caucasian
hypertensive patients, found that the presence of the G allele downregulated the epithelial sodium
channel (ENaC) and further increased sodium retention/reabsorption in the distal nephron, along
with the development of hypertension [110]. Moreover, the authors found a relationship between
the G allele and a greater BP lowering response to HCTZ in comparison to AA homozygotes [110].
The association between the rs4149601G/A polymorphism and a greater response to thiazides was
confirmed in the Pharmacogenomic Evaluation of Antihypertensive Responses (PEAR) study [104].
McDonough et al. [114] also found that white hypertensive carriers of cumulative copies of the G-C
haplotype of the NEDD4L gene (for SNPs rs4149601 and rs292449, respectively) responded better to
hydrochlorothiazide. These observations were not replicated in African Americans [114]. Therefore,
further research is needed to determine whether treatment decisions in patients with HTN could be
based on analysis of this polymorphism. In turn, the meta-analysis of data from the PEAR-1, GERA-1,
NORDIL, and GENRES studies also revealed a genome-wide significance for rs16960228 (A/G) in the
protein kinase C alpha gene (PRKCA). Turner et al. [51] also demonstrated that in cohorts of European
Americans, systolic and diastolic BP responses to HCTZ treatment were consistently greater in carriers
of the GACAA genotypes than in homozygote GG carriers, likely due to the fact that the A-allele
(rs16960228) is related to higher baseline PRKCA expression.

In the Caucasian population, the BP response to HCTZ monotherapy has also been found to be
related to SNPs within the SH2B Adaptor Protein 3 gene (SH2B3—rs3184504), fibroblast growth factor 5
(FGF5—rs1458038), and Early B Cell Factor (EBF1—rs45551053) [16,115]. The first aforementioned SNP
was shown to be related to higher BP values and increased risk for HTN in Caucasian individuals [115].
Moreover, carriers of the CC genotype responded better to anti-hypertension drugs (especially atenolol)
than other genotypes (TT and TC). The GWAS of variants affecting antihypertensive responses to
hydrochlorothiazide further revealed that rs2273359 within the EDN3 region significantly modulates
the SBP response to HCTZ. In this study, greater improvements in BP in response to HCTZ treatment
were seen in carriers of the CG genotype compared to carriers of the CC genotype [51]. The PEAR
and PEAR-2 studies [116] suggested that the antihypertensive response to thiazide diuretics can
be associated with genetic variants of protein phosphatase 1 regulatory subunit 15A (PPP1R15A),
dual specificity phosphatase 1 (DUSP1), and FBJ murine osteosarcoma viral oncogene homolog
(FOS) (p < 2.0× 10-6). In those who better responded to HCTZ or chlorthalidone, an up-regulation
in the transcription of the aforementioned genes was observed. In turn, a GWAS analysis of two
Italian cohorts (Milan Hypertension Pharmacogenomics of hydrochlorothiazide; MIHYPHCTZ and
Pharmacogenomics of Hydrochlorothiazide Sardinian Study; PHSS), which assessed the response to
HCTZ treatment in Caucasian individuals with an office SBP > 140 mmHg and a DBP > 90 mmHg
without prior treatment [116], revealed six variants that are predictive of the SBP response and five
variants predictive of DBP [24]. The strongest effect on the SBP response was observed for the intronic
polymorphisms within TET2 (Tet methylcytosine dioxygenase 2) (rs12505746) and two SNPs in CSMD1
(CUB and Sushi multiple domains protein 1) (rs7387065 and rs11993031) [116]. CSMD1 belongs to the
family of the vacuolar protein sorting-associated protein 13C, while TET2 is involved in αENaC gene
transcription in the renal collecting duct. Genome-wide prioritization and transcriptomics analyses
revealed that SNP rs10995 in the VASP gene (encoding the vasodilator-stimulated phosphoprotein)
is a functional SNP associated with hydrochlorothiazide responses [77]. It was demonstrated that
the G allele for this SNP is related to greater blood pressure responses to hydrochlorothiazide and
enhanced mRNA expression of VASP. In turn, the re-sequencing of chromosome 12q in participants
from the GERA and PEAR studies lead to the identification of a novel missense SNP (rs61747221) in
the BEST3 gene, which was related to blood pressure responses to hydrochlorothiazide treatment [117].
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Better antihypertensive responses to hydrochlorothiazide were reported in individuals carrying the
AA+AG genotypes for this polymorphism in comparison to GG carriers [117].

The ethnic differences in response to ACE inhibitors and beta blockers suggest that the development
of hypertension may be related to different pathways in various ethnic groups. Clinical observations
indicate that, in general, Black populations respond more favorably to diuretics and calcium channel
blockers, while White populations respond in a similar manner to all drug classes [118,119]. A summary
of the results of the most interesting studies on diuretics is presented in Table 4.
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Table 4. A summary of the results of the most interesting studies on diuretics presented in this review.

Drug Population/Study Design Gene Polymorphism Result Ref.

Hydrochlorothiazide South Korean patients ACE I/D rs1799752 A significant association was observed between the II and DD genotype and blood
pressure changes (standard differences in means = 0.256; 95% CI, 0.109–0.403). [94]

Hydrochlorothiazide Never-treated individuals (Italy)
with mild essential hypertension

ACE
ADD1

I/D rs1799752
Gly460Trp (rs4961)

Carriers of the I/I genotype showed better antihypertensive responses to
hydrochlorothiazide compared to those carrying the D/D genotype.

A significantly greater blood pressure decrease was observed in carriers of the
genotype ID or II+Gly460Trp or Trp460Trp compared to carriers of the genotype

DD+Gly460Gly (−12.7 ± 1.9 mm Hg versus −3.43 ± 1.7 mm Hg)
after chronic diuretic treatment.

[92]

Hydrochlorothiazide South Korean patients ADD1 Gly460Trp (rs4961)
A considerable relationship was revealed among the genotypes of Gly/Gly vs.

Gly/Trp (standard differences in means= 2.78; 95% CI, 0.563–4.99) and Gly/Gly vs.
Trp/Trp (standard differences in means = 1.80; 95% CI, 1.38–2.22).

[89]

Hydrochlorothiazide
Black and non-Hispanic

white patients with
essential hypertension

GNB3 C825T (rs5443) The mean decreases in systolic and diastolic blood pressure were 6+/-2 (p < 0.001)
and 5+/-1 (p < 0.001) mm Hg greater, respectively, in TT than in CC homozygotes. [98]

Thiazide diuretic/β-blocker
combination

White participants of the
PEAR trial ALDH1A2 rs261316

ALDH1A2 associated with an increased odds of having uncontrolled BP in
combination therapy (odds ratio: 2.56, 95% confidence interval,

1.69–3.88, p = 8.64×10-6).
[101]

Hydrochlorothiazide
Non-Hispanic black subjects and
non-Hispanic white subjects with

essential hypertension

LYZ, YEATS4,
FRS2

Combination of alleles for SNPs
rs317689 (A), rs315135 (T),

and rs7297610(C))

Carrying the ATC haplotype was associated with a much better diastolic BP
response than persons with the ACT or ATT haplotype (nominal p = 2.39 × 10-7;

Bonferroni corrected p = 0.024; simulated experiment-wise p = 0.040).
[103]

β-blocker or diuretic
monotherapy

Hypertensive patients (DBP ≥
100 mmHg) from the Nordic
Diltiazem Study (NORDIL)

NEDD4L rs4149601G/A

Carriers of the G-allele presented greater SBP reduction (19.5 ± 16.8 vs.
15.0 ± 19.3 mmHg, p < 0.001) and DBP reduction (15.4 ± 8.3vs. 14.1 ± 8.4 mmHg,

p = 0.02). Carriers of the G-allele had greater protection from cardiovascular
events [relative risk (RR) = 0.52, 95% confidence interval (CI) = 0.36–0.74,

p < 0.001] compared to the AA homozygotes.

[110]

Hydrochlorothiazide Patients from the PEAR
clinical trial NEDD4L rs4149601 and rs292449

A significant relationship was found between increasing copies of the GC
rs4149601-rs292449 haplotype and greater blood pressure responses to

hydrochlorothiazide in white patients
(p = 0.0006 and 0.006, SBP and DBP, respectively).

[114]
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6. Conclusions

This article reviewed the recent literature on the chief types of antihypertensive drugs, including
β-blockers, ACE inhibitors, ARB, diuretics, and CCB. Due to the numerous studies on this topic and
their sometimes contradictory results, the presented data are limited to just several SNPs that alter
drug response. The inconsistencies in the studies’ results may be related to interethnic differences in
the distributions of the analyzed polymorphisms, the presence of heterogeneous phenotypes, or the
type of strategy applied [1].

In the pharmacogenomic studies, two main approaches were used: candidate gene and GWAS
analyses. The polygenic nature of hypertension makes the search for the most appropriate SNPs
associated with this disorder, as well as the relationships between individual genes and the drug
responses in different ethnic groups, very difficult [16]. The above-mentioned approaches may overlook
some associations that can only be identified by using combinations of multiple genomic regions [1].
Drug response seems to be related to multifactorial and multigenic complex traits [15]. Therefore,
the pharmacogenomics of antihypertensive drugs require future efforts to unravel additional genes
and variants and to determine the epigenetic and regulatory pathways involved in the responsiveness
to antihypertensive drugs [12]. The screening of individuals with undesired side effects could
result in the optimization of treatment regimens and, therefore, in the improvement of patients’
outcomes and adherence to treatment. A pharmacogenomic strategy based on the choice of the most
effective and well-tolerated drug regimen would be exceptionally valuable by requiring fewer drugs
per patient, leading to greater cost-effectiveness and better blood pressure control, which would
prevent cardiovascular and renal events and also improve the quality of life and longevity of
hypertensive patients [1]. According to estimations, the approach based on genetically guided therapy
for hypertension with the use of a multi-gene panel reduces total 3-year costs by 47%, and 89% of these
savings are related to averting specific adverse events [19]. The results of studies and clinical practice
confirm that antihypertension therapies based on the genotype are more effective, as they help to avoid
major adverse events and decrease the costs of the treatment [19].

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Oliveira-Paula, G.H.; Pereira, S.C.; Tanus-Santos, J.E.; Lacchini, R. Pharmacogenomics and Hypertension:
Current Insights. Pharmgenomics Pers. Med. 2019, 12, 341–359. [CrossRef] [PubMed]

2. Heart Disease and Stroke Statistics—2019 Update. Available online: https://professional.heart.
org/professional/ScienceNews/UCM_503383_Heart-Disease-and-Stroke-Statistics---2019-Update.jsp
(accessed on 15 February 2020).

3. Kearney, P.M.; Whelton, M.; Reynolds, K.; Muntner, P.; Whelton, P.K.; He, J. Global burden of hypertension:
Analysis of worldwide data. Lancet 2005, 365, 217–223. [CrossRef]

4. Torrellas, C.; Carril, J.C.; Cacabelos, R. Benefits of Pharmacogenetics in the Management of Hypertension.
J. Pharmacogenomics Pharmacoproteomics 2014, 5, 126. [CrossRef]

5. Yoon, S.S.; Burt, V.; Louis, T.; Carroll, M.D. Hypertension among adults in the United States; 2009–2010.
NCHS Data Brief 2012, 107, 1–7.

6. Diao, D.; Wright, J.M.; Cundiff, D.K.; Gueyffier, F. Pharmacotherapy for mild hypertension. Cochrane Database
Syst. Rev. 2012, 8, CD006742.

7. Hiltunen, T.P.; Donner, K.M.; Sarin, A.P.; Saarela, J.; Ripatti, S.; Chapman, A.B.; Gums, J.G.; Gong, Y.;
Cooper-DeHoff, R.M.; Frau, F.; et al. Pharmacogenomics of hypertension: A genome-wide; placebo-controlled
cross-over study; using four classes of antihypertensive drugs. J. Am. Heart Assoc. 2015, 4, e001521. [CrossRef]

8. Padmanabhan, S.; Newton-Cheh, C.; Dominiczak, A. Genetic basis of blood pressure and hypertension.
Trends Genet. 2012, 28, 397–408. [CrossRef]

http://dx.doi.org/10.2147/PGPM.S230201
http://www.ncbi.nlm.nih.gov/pubmed/31819590
https://professional.heart.org/professional/ScienceNews/UCM_503383_Heart-Disease-and-Stroke-Statistics---2019-Update.jsp
https://professional.heart.org/professional/ScienceNews/UCM_503383_Heart-Disease-and-Stroke-Statistics---2019-Update.jsp
http://dx.doi.org/10.1016/S0140-6736(05)17741-1
http://dx.doi.org/10.4172/2153-0645.1000126
http://dx.doi.org/10.1161/JAHA.114.001521
http://dx.doi.org/10.1016/j.tig.2012.04.001


Int. J. Mol. Sci. 2020, 21, 4709 20 of 26

9. Ehret, G.B.; Caulfield, M.J. Genes for blood pressure: An opportunity to understand hypertension. Eur. Heart J.
2013, 34, 951–961. [CrossRef]

10. Munroe, P.B.; Barnes, M.R.; Caulfield, M.J. Advances in blood pressure genomics. Circ. Res. 2013, 112,
1365–1379. [CrossRef]

11. Johnson, J.A. Advancing management of hypertension through pharmacogenomics. Ann. Med. 2012, 44,
S17–S22. [CrossRef]

12. Luizon, M.R.; Pereira, D.A.; Sandrim, V.C. Pharmacogenomics of Hypertension and Preeclampsia: Focus on
Gene–Gene Interactions. Front. Pharmacol. 2018, 9, 168. [CrossRef]

13. Padmanabhan, S.; Joe, B. Towards precision medicine for hypertension: A review of genomic; epigenomic;
and microbiomic effects on blood pressure in experimental rat models and humans. Physiol. Rev. 2017, 97,
1469–1528. [CrossRef] [PubMed]

14. Cacabelos, R. The Metabolomic Paradigm of Pharmacogenomics in Complex Disorders. Metabolomics 2012,
2, e119. [CrossRef]

15. Zanger, U.M. Pharmacogenetics—Challenges and opportunities ahead. Front. Pharmacol. 2010, 1, 112.
[CrossRef]

16. Johnson, R.; Dludla, P.; Mabhida, S.; Benjeddou, M.; Louw, J.; February, F. Pharmacogenomics of amlodipine
and hydrochlorothiazide therapy and the quest for improved control of hypertension: A mini review.
Heart Fail. Rev. 2019, 24, 343–357. [CrossRef] [PubMed]

17. Eisenberg, M.J.; Brox, A.; Bestawros, A.N. Calcium channel blockers: An update. Am. J. Med. 2004, 116,
35–43. [CrossRef] [PubMed]

18. Laurent, S. Antihypertensive drugs. Pharmacol. Res. 2017, 124, 116–125. [CrossRef]
19. Beitelshees, A.L.; Gong, Y.; Wang, D.; Schork, N.J.; Cooper-Dehoff, R.M.; Langaee, T.Y.; Shriver, M.D.;

Sadee, W.; Knot, H.J.; Pepine, C.J.; et al. KCNMB1 genotype influences response to verapamil SR and
adverse outcomes in the INternational VErapamil SR/Trandolapril STudy (INVEST). Pharmacogenet. Genomics
2007, 17, 719–729. [CrossRef]

20. Niu, Y.; Gong, Y.; Langaee, T.Y.; Davis, H.M.; Elewa, H.; Beitelshees, A.L.; Moss, J.I.; Cooper-Dehoff, R.M.;
Pepine, C.J.; Johnson, J.A. Genetic variation in the beta2 subunit of the voltage-gated calcium channel
and pharmacogenetics association with adverse cardiovascular outcomes in the INternational VErapamil
SR-Trandolapril STudy GENEtic Substudy (INVEST-GENES). Circ. Cardiovasc. Genet. 2010, 3, 548–555.
[CrossRef]

21. Kamide, K.; Yang, J.; Matayoshi, T.; Takiuchi, S.; Horio, T.; Yoshii, M.; Miwa, Y.; Yasuda, H.; Yoshihara, F.;
Nakamura, S.; et al. Genetic polymorphisms of L-type calcium channel alpha1C and alpha1D subunit genes
are associated with sensitivity to the antihypertensive effects of L-type dihydropyridine calcium-channel
blockers. Circ. J. 2009, 73, 732–740. [CrossRef]

22. Bremer, T.; Man, A.; Kask, K.; Diamond, C. CACNA1C polymorphisms are associated with the efficacy of
calcium channel blockers in the treatment of hypertension. Pharmacogenomics 2006, 7, 271–279. [CrossRef]
[PubMed]

23. He, F.; Luo, J.; Luo, Z.; Fan, L.; He, Y.; Zhu, D.; Gao, J.; Deng, S.; Wang, Y.; Qian, Y.; et al. The KCNH2 genetic
polymorphism (1956; C>T) is a novel biomarker that is associated with CCB and alpha;beta-ADR blocker
response in EH patients in China. PLoS One 2013, 8, e61317. [CrossRef]

24. Eadon, M.T.; Kanuri, S.H.; Chapman, A.B. Pharmacogenomic studies of hypertension: Paving the way for
personalized antihypertensive treatment. Expert Rev. Precis. Med. Drug Dev. 2018, 3, 33–47. [CrossRef]
[PubMed]

25. Beitelshees, A.L.; Navare, H.; Wang, D.; Gong, Y.; Wessel, J.; Moss, J.I.; Langaee, T.Y.; Cooper-DeHoff, R.M.;
Sadee, W.; Pepine, C.J.; et al. CACNA1C gene polymorphisms; cardiovascular disease outcomes;
and treatment response. Circ. Cardiovasc. Genet. 2009, 2, 362–370. [CrossRef] [PubMed]

26. Cusi, D.; Barlassina, C.; Azzani, T.; Casari, G.; Citterio, L.; Devoto, M.; Glorioso, N.; Lanzani, C.; Manunta, P.;
Righetti, M.; et al. Polymorphisms of alpha-adducin and salt sensitivity in patients with essential hypertension.
Lancet 1997, 349, 1353–1357. [CrossRef]

27. Kamide, K.; Asayama, K.; Katsuya, T.; Ohkubo, T.; Hirose, T.; Inoue, R.; Metoki, H.; Kikuya, M.; Obara, T.;
Hanada, H.; et al. Genome-wide response to antihypertensive medication using home blood pressure
measurements: A pilot study nested within the homed-BP study. Pharmacogenomics 2013, 14, 1709–1721.
[CrossRef]

http://dx.doi.org/10.1093/eurheartj/ehs455
http://dx.doi.org/10.1161/CIRCRESAHA.112.300387
http://dx.doi.org/10.3109/07853890.2011.653399
http://dx.doi.org/10.3389/fphar.2018.00168
http://dx.doi.org/10.1152/physrev.00035.2016
http://www.ncbi.nlm.nih.gov/pubmed/28931564
http://dx.doi.org/10.4172/2153-0769.1000e119
http://dx.doi.org/10.3389/fphar.2010.00112
http://dx.doi.org/10.1007/s10741-018-09765-y
http://www.ncbi.nlm.nih.gov/pubmed/30645721
http://dx.doi.org/10.1016/j.amjmed.2003.08.027
http://www.ncbi.nlm.nih.gov/pubmed/14706664
http://dx.doi.org/10.1016/j.phrs.2017.07.026
http://dx.doi.org/10.1097/FPC.0b013e32810f2e3c
http://dx.doi.org/10.1161/CIRCGENETICS.110.957654
http://dx.doi.org/10.1253/circj.CJ-08-0761
http://dx.doi.org/10.2217/14622416.7.3.271
http://www.ncbi.nlm.nih.gov/pubmed/16610939
http://dx.doi.org/10.1371/journal.pone.0061317
http://dx.doi.org/10.1080/23808993.2018.1420419
http://www.ncbi.nlm.nih.gov/pubmed/29888336
http://dx.doi.org/10.1161/CIRCGENETICS.109.857839
http://www.ncbi.nlm.nih.gov/pubmed/20031608
http://dx.doi.org/10.1016/S0140-6736(97)01029-5
http://dx.doi.org/10.2217/pgs.13.161


Int. J. Mol. Sci. 2020, 21, 4709 21 of 26

28. Kuehl, P.; Zhang, J.; Lin, Y.; Lamba, J.; Assem, M.; Schuetz, J.; Watkins, P.B.; Daly, A.; Wrighton, S.A.; Hall, S.D.;
et al. Sequence diversity in CYP3A promoters and characterization of the genetic basis of polymorphic
CYP3A5 expression. Nat. Genet. 2001, 27, 383–391. [CrossRef]

29. Langaee, T.Y.; Gong, Y.; Yarandi, H.N.; Katz, D.A.; Cooper-DeHoff, R.M.; Pepine, C.J.; Johnson, J.A.
Association of CYP3A5 polymorphisms with hypertension and antihypertensive response to verapamil.
Clin. Pharmacol. Ther. 2007, 81, 386–391. [CrossRef]

30. Fares, H.; DiNicolantonio, J.J.; O’Keefe, J.H.; Lavie, C.J. Amlodipine in hypertension: A first-line agent with
efficacy for improving blood pressure and patient outcomes. Open Heart 2016, 3, e000473. [CrossRef]

31. Zhu, Y.; Wang, F.; Li, Q.; Zhu, M.; Du, A.; Tang, W.; Chen, W. Amlodipine metabolism in human liver
microsomes and roles of cyp3a4/5 in the dihydropyridine dehydrogenation. Drug Metab. Dispos. 2014, 42,
245–249. [CrossRef]

32. Bhatnagar, V.; Garcia, E.P.; O’Connor, D.T.; Brophy, V.H.; Alcaraz, J.; Richard, E.; Bakris, G.L.; Middleton, J.P.;
Norris, K.C.; Wright, J. Cyp3a4 and cyp3a5 polymorphisms and blood pressure response to amlodipine
among African American men and women with early hypertensive renal disease. Am. J. Nephrol. 2010, 31,
95–103. [CrossRef] [PubMed]

33. Meibohm, B.; Beierle, I.; Derendorf, H. How important are gender differences in pharmacokinetics?
Clin. Pharmacokinet. 2002, 41, 329–342. [CrossRef] [PubMed]

34. Kim, K.A.; Park, P.W.; Lee, O.J.; Choi, S.H.; Min, B.H.; Shin, K.H.; Chun, B.G.; Shin, J.G.; Park, J.Y. Effect
of Cyp3A5*3 genotype on the pharmacokinetics and pharmacodynamics of amlodipine in healthy Korean
subjects. Clin. Pharmacol. Ther. 2006, 80, 646–656. [CrossRef]

35. Zuo, X.C.; Zhang, W.L.; Yuan, H.; Barrett, J.S.; Hua, Y.; Huang, Z.J.; Zhou, H.H.; Pei, Q.; Guo, C.X.; Wang, J.L.;
et al. ABCB1 polymorphism and gender affect the pharmacokinetics of amlodipine in Chinese patients with
essential hypertension: A population analysis. Drug Metab. Pharmacokinet. 2014, 29, 305–311. [CrossRef]

36. Hoffmeyer, S.; Burk, O.; von Richter, O.; Arnold, H.P.; Brockmöller, J.; Johne, A.; Cascorbi, I.; Gerloff, T.;
Roots, I.; Eichelbaum, M.; et al. Functional polymorphisms of the human multidrug-resistance gene:
multiple sequence variations and correlation of one allele with P-glycoprotein expression and activity in vivo.
Proc. Natl. Acad. Sci. USA 2000, 97, 3473–3478. [CrossRef]

37. Sparks, M.A.; Crowley, S.D.; Gurley, S.B.; Mirotsou, M.; Coffman, T.M. Classical renin–angiotensin system in
kidney physiology. Compr. Physiol. 2014, 4, 1201–1228.

38. Ismail, H.; Mitchell, R.; McFarlane, S.I.; Makaryus, A.N. Pleiotropic effects of inhibitors of the RAAS in
the diabetic population: Above and beyond blood pressure lowering. Curr. Diab. Rep. 2010, 10, 32–36.
[CrossRef]

39. Fontana, V.; de Faria, A.P.; Oliveira-Paula, G.H.; Silva, P.S.; Biagi, C.; Tanus-Santos, J.E.; Moreno, H. Effects
of angiotensin-converting enzyme inhibition on leptin and adiponectin levels in essential hypertension.
Basic Clin. Pharmacol. Toxicol. 2014, 114, 472–475. [CrossRef]

40. Mason, R.P.; Jacob, R.F.; Kubant, R.; Jacoby, A.; Louka, F.; Corbalan, J.J.; Malinski, T. Effects of angiotensin
receptor blockers on endothelial nitric oxide release: The role of eNOS variants. Br. J. Clin. Pharmacol.
2012, 74, 141–146. [CrossRef]

41. Oliveira-Paula, G.H.; Lacchini, R.; Luizon, M.R.; Fontana, V.; Silva, P.S.; Biagi, C.; Tanus-Santos, J.E.
Endothelial nitric oxide synthase tagSNPs influence the effects of enalapril in essential hypertension.
Nitric Oxide 2016, 55–56, 62–69. [CrossRef]

42. Frau, F.; Zaninello, R.; Salvi, E.; Ortu, M.F.; Braga, D.; Velayutham, D.; Argiolas, G.; Fresu, G.; Troffa, C.;
Bulla, E. Genome-wide association study identifies CAMKID variants involved in blood pressure response
to losartan: The SOPHIA study. Pharmacogenomics 2014, 15, 1643–1652. [CrossRef] [PubMed]

43. Turner, S.T.; Bailey, K.R.; Schwartz, G.L.; Chapman, A.B.; Chai, H.S.; Boerwinkle, E. Genomic association
analysis identifies multiple loci influencing antihypertensive response to an angiotensin II receptor blocker.
Hypertension 2012, 59, 1204–1211. [CrossRef]

44. Freel, E.M.; Ingram, M.; Friel, E.C.; Fraser, R.; Brown, M.; Samani, N.J.; Caulfield, M.; Munroe, P.; Farrall, M.;
Webster, J.; et al. Phenotypic consequences of variation across the aldosterone synthase and 11-beta
hydroxylase locus in a hypertensive cohort: Data from the MRC BRIGHT study. Clin. Endocrinol. 2007, 67,
832–838. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/86882
http://dx.doi.org/10.1038/sj.clpt.6100090
http://dx.doi.org/10.1136/openhrt-2016-000473
http://dx.doi.org/10.1124/dmd.113.055400
http://dx.doi.org/10.1159/000258688
http://www.ncbi.nlm.nih.gov/pubmed/19907160
http://dx.doi.org/10.2165/00003088-200241050-00002
http://www.ncbi.nlm.nih.gov/pubmed/12036391
http://dx.doi.org/10.1016/j.clpt.2006.09.009
http://dx.doi.org/10.2133/dmpk.DMPK-13-RG-127
http://dx.doi.org/10.1073/pnas.97.7.3473
http://dx.doi.org/10.1007/s11892-009-0081-y
http://dx.doi.org/10.1111/bcpt.12195
http://dx.doi.org/10.1111/j.1365-2125.2012.04189.x
http://dx.doi.org/10.1016/j.niox.2016.03.006
http://dx.doi.org/10.2217/pgs.14.119
http://www.ncbi.nlm.nih.gov/pubmed/25410890
http://dx.doi.org/10.1161/HYP.0b013e31825b30f8
http://dx.doi.org/10.1111/j.1365-2265.2007.02971.x
http://www.ncbi.nlm.nih.gov/pubmed/17651452


Int. J. Mol. Sci. 2020, 21, 4709 22 of 26

45. Davies, E.; Holloway, C.D.; Ingram, M.C.; Inglis, G.C.; Friel, E.C.; Morrison, C.; Anderson, N.H.; Fraser, R.;
Connell, J.M. Aldosterone excretion rate and blood pressure in essential hypertension are related to
polymorphic differences in the aldosterone synthase gene CYP11B2. Hypertension 1999, 33, 703–707.
[CrossRef] [PubMed]

46. Lacchini, R.; Sabha, M.; Coeli, F.B.; Favero, F.F.; Yugar-Toledo, J.; Izidoro-Toledo, T.C.; Sandrim, V.C.;
Tanus-Santos, J.E.; de Mello, M.P.; Moreno, H., Jr. T allele of −344 C/T polymorphism in aldosterone synthase
gene is not associated with resistant hypertension. Hypertens Res. 2009, 32, 159–162. [CrossRef] [PubMed]

47. Kurland, L.; Melhus, H.; Karlsson, J.; Kahan, T.; Malmqvist, K.; Ohman, P.; Nyström, F.; Hägg, A.; Lind, L.
Aldosterone synthase (CYP11B2) −344 C/T polymorphism is related to antihypertensive response: Result
from the Swedish Irbesartan Left Ventricular Hypertrophy Investigation versus Atenolol (SILVHIA) trial.
Am. J. Hypertens. 2002, 15, 389–393. [CrossRef]

48. Ji, X.; Qi, H.; Li, D.B.; Liu, R.K.; Zheng, Y.; Chen, H.L.; Guo, J.C. Associations between human aldosterone
synthase CYP11B2 (−344T/C) gene polymorphism and antihypertensive response to valsartan in Chinese
patients with essential hypertension. Int. J. Clin. Exp. Med. 2015, 8, 1173–1177.

49. Ortlepp, J.R.; Hanrath, P.; Mevissen, V.; Kiel, G.; Borggrefe, M.; Hoffmann, R. Variants of the CYP11B2 gene
predict response to therapy with candesartan. Eur. J. Pharmacol. 2002, 445, 151–152. [CrossRef]

50. Oliveira-Paula, G.H.; Luizon, M.R.; Lacchini, R.; Fontana, V.; Silva, P.S.; Biagi, C.; Tanus-Santos, J.E. Gene-gene
interactions among PRKCA.; NOS3 and BDKRB2 polymorphisms affect the antihypertensive effects of
enalapril. Basic Clin. Pharmacol. Toxicol. 2017, 120, 284–291. [CrossRef]

51. Turner, S.T.; Boerwinkle, E.; O’Connell, J.R.; Bailey, K.R.; Gong, Y.; Chapman, A.B.; McDonough, C.W.;
Beitelshees, A.L.; Schwartz, G.L.; Gums, J.G.; et al. Genomic association analysis of common variants
influencing antihypertensive response to hydrochlorothiazide. Hypertension 2013, 1979, 391–397. [CrossRef]

52. Silva, P.S.; Fontana, V.; Luizon, M.R.; Lacchini, R.; Silva, W.A., Jr.; Biagi, C.; Tanus-Santos, J.E. eNOS and
BDKRB2 genotypes affect the antihypertensive responses to enalapril. Eur J. Clin Pharmacol 2013, 69, 167–177.
[CrossRef] [PubMed]

53. James, P.A.; Oparil, S.; Carter, B.L.; Cushman, W.C.; Dennison-Himmelfarb, C.; Handler, J.; Lackland, D.T.;
LeFevre, M.L.; MacKenzie, T.D.; Ogedegbe, O.; et al. Evidence-based guideline for the management of high
blood pressure in adults: Report from the panel members appointed to the eighth Joint National Committee
(JNC 8). JAMA 2014, 311, 507–520. [CrossRef] [PubMed]

54. Blumenfeld, J.D.; Sealey, J.E.; Mann, S.J.; Bragat, A.; Marion, R.; Pecker, M.S.; Sotelo, J.; August, P.;
Pickering, T.G.; Laragh, J.H. Beta-adrenergic receptor blockade as a therapeutic approach for suppressing the
renin–angiotensin-aldosterone system in normotensive and hypertensive subjects. Am. J. Hypertens. 1999, 12,
451–459. [CrossRef]

55. Turner, S.T.; Chapman, A.B.; Schwartz, G.L.; Boerwinkle, E. Effects of endothelial nitric oxide synthase;
alpha-adducin; and other candidate gene polymorphisms on blood pressure response to hydrochlorothiazide.
Am. J. Hypertens. 2003, 16, 834–839. [CrossRef]

56. Li, Y.; Yang, P.; Wu, S.; Yuan, J.; Shen, C.; Wu, Y.; Zhao, D.; Ren, Q.; Feng, F.; Guan, W. Gender-specific
association between ACE gene I/D polymorphism and blood pressure response to hydrochlorothiazide in
Han Chinese hypertensive patients. Biochem. Genet. 2011, 49, 704–714. [CrossRef]

57. Johnson, J.A.; Liggett, S.B. Cardiovascular pharmacogenomics of adrenergic receptor signaling: Clinical
implications and future directions. Clin. Pharmacol. Ther. 2011, 89, 366–378. [CrossRef]

58. Zhang, F.; Steinberg, S.F. S49G and R389G polymorphisms of the beta(1)-adrenergic receptor influence
signaling via the cAMPPKA and ERK pathways. Physiol. Genomics 2013, 45, 1186–1192. [CrossRef]

59. Pacanowski, M.A.; Gong, Y.; Cooper-Dehoff, R.M.; Schork, N.J.; Shriver, M.D.; Langaee, T.Y.; Pepine, C.J.;
Johnson, J.A. Beta-adrenergic receptor gene polymorphisms and beta-blocker treatment outcomes in
hypertension. Clin. Pharmacol. Ther. 2008, 84, 715–721. [CrossRef]

60. Magvanjav, O.; McDonough, C.W.; Gong, Y.; McClure, L.A.; Talbert, R.L.; Horenstein, R.B.; Shuldiner, A.R.;
Benavente, O.R.; Mitchell, B.D.; Johnson, J.A.; et al. Pharmacogenetic associations of beta1-adrenergic
receptor polymorphisms with cardiovascular outcomes in the SPS3 trial (Secondary Prevention of Small
Subcortical Strokes). Stroke 2017, 48, 1337–1343. [CrossRef]

61. Johnson, J.A.; Zineh, I.; Puckett, B.J.; McGorray, S.P.; Yarandi, H.N.; Pauly, D.F. Beta 1-adrenergic receptor
polymorphisms and antihypertensive response to metoprolol. Clin. Pharmacol. Ther. 2003, 74, 44–52.
[CrossRef]

http://dx.doi.org/10.1161/01.HYP.33.2.703
http://www.ncbi.nlm.nih.gov/pubmed/10024332
http://dx.doi.org/10.1038/hr.2008.36
http://www.ncbi.nlm.nih.gov/pubmed/19262476
http://dx.doi.org/10.1016/S0895-7061(02)02256-2
http://dx.doi.org/10.1016/S0014-2999(02)01766-1
http://dx.doi.org/10.1111/bcpt.12682
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.00436
http://dx.doi.org/10.1007/s00228-012-1326-2
http://www.ncbi.nlm.nih.gov/pubmed/22706620
http://dx.doi.org/10.1001/jama.2013.284427
http://www.ncbi.nlm.nih.gov/pubmed/24352797
http://dx.doi.org/10.1016/S0895-7061(99)00005-9
http://dx.doi.org/10.1016/S0895-7061(03)01011-2
http://dx.doi.org/10.1007/s10528-011-9444-6
http://dx.doi.org/10.1038/clpt.2010.315
http://dx.doi.org/10.1152/physiolgenomics.00087.2013
http://dx.doi.org/10.1038/clpt.2008.139
http://dx.doi.org/10.1161/STROKEAHA.116.015936
http://dx.doi.org/10.1016/S0009-9236(03)00068-7


Int. J. Mol. Sci. 2020, 21, 4709 23 of 26

62. Si, D.; Wang, J.; Xu, Y.; Chen, X.; Zhang, M.; Zhou, H. Association of common polymorphisms in
beta1-adrenergic receptor with antihypertensive response to carvedilol. J. Cardiovasc. Pharmacol. 2014, 64,
306–309. [CrossRef] [PubMed]

63. Chen, L.; Xiao, T.; Chen, L.; Xie, S.; Deng, M.; Wu, D. The association of ADRB1 and CYP2D6 polymorphisms
with antihypertensive effects and analysis of their contribution to hypertension risk. Am. J. Med. Sci.
2018, 355, 235–239. [CrossRef] [PubMed]

64. Suonsyrja, T.; Donner, K.; Hannila-Handelberg, T.; Fodstad, H.; Kontula, K.; Hiltunen, T.P. Common genetic
variation of beta1-and beta2-adrenergic receptor and response to four classes of antihypertensive treatment.
Pharmacogenet. Genomics 2010, 20, 342–345. [CrossRef] [PubMed]

65. Filigheddu, F.; Argiolas, G.; Degortes, S.; Zaninello, R.; Frau, F.; Pitzoi, S.; Bulla, E.; Bulla, P.; Troffa, C.;
Glorioso, N. Haplotypes of the adrenergic system predict the blood pressure response to beta-blockers in
women with essential hypertension. Pharmacogenomics 2010, 11, 319–325. [CrossRef] [PubMed]

66. Vandell, A.G.; Lobmeyer, M.T.; Gawronski, B.E.; Langaee, T.Y.; Gong, Y.; Gums, J.G.; Beitelshees, A.L.;
Turner, S.T.; Chapman, A.B.; Cooper-DeHoff, R.M.; et al. G protein receptor kinase 4 polymorphisms:
Beta-blocker pharmacogenetics and treatment-related outcomes in hypertension. Hypertension 2012, 60,
957–964. [CrossRef]

67. Felder, R.A.; Jose, P.A. Mechanisms of disease: The role of grk4 in the etiology of essential hypertension and
salt sensitivity. Nat. Clin. Pract. Nephrol. 2006, 2, 637–650. [CrossRef]

68. Singh, S.; El Rouby, N.; McDonough, C.W.; Gong, Y.; Bailey, K.R.; Boerwinkle, E.; Chapman, A.B.; Gums, J.G.;
Turner, S.T.; Cooper-DeHoff, R.M.; et al. Genomic association analysis reveals variants associated with blood
pressure response to beta-blockers in European Americans. Clin. Transl. Sci. 2019, 2, 497–504. [CrossRef]

69. Larsson, E.; Wahlstrand, B.; Hedblad, B.; Hedner, T.; Kjeldsen, S.E.; Melander, O.; Lindahl, P. Hypertension
and genetic variation in endothelial-specific genes. PLoS ONE 2013, 8, e62035. [CrossRef]

70. Cheng, C.; Haasdijk, R.; Tempel, D.; van de Kamp, E.H.; Herpers, R.; Bos, F.; Den Dekker, W.K.; Blonden, L.A.;
de Jong, R.; Bürgisser, P.E. Endothelial cell-specific FGD5 involvement in vascular pruning defines neovessel
fate in mice. Circulation 2012, 125, 3142–3158. [CrossRef]

71. Kurogane, Y.; Miyata, M.; Kubo, Y.; Nagamatsu, Y.; Kundu, R.K.; Uemura, A.; Ishida, T.; Quertermous, T.;
Hirata, K.; Rikitake, Y. FGD5 mediates proangiogenic action of vascular endothelial growth factor in human
vascular endothelial cells. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 988–996. [CrossRef]

72. Kokubo, Y.; Tomoike, H.; Tanaka, C.; Banno, M.; Okuda, T.; Inamoto, N.; Kamide, K.; Kawano, Y.; Miyata, T.
Association of sixty-one non-synonymous polymorphisms in forty-one hypertension candidate genes with
blood pressure variation and hypertension. Hypertens. Res. 2006, 29, 611–619. [CrossRef] [PubMed]

73. Gong, Y.; Wang, Z.; Beitelshees, A.L.; McDonough, C.W.; Langaee, T.Y.; Hall, K.; Schmidt, S.O.; Curry, R.W., Jr.;
Gums, J.G.; Bailey, K.R.; et al. Pharmacogenomic genome-wide meta-analysis of blood pressure response to
beta-blockers in hypertensive African Americans. Hypertension 2016, 67, 556–563. [CrossRef] [PubMed]

74. Rimpela, J.M.; Kontula, K.K.; Fyhrquist, F.; Donner, K.M.; Tuiskula, A.M.; Sarin, A.P.; Mohney, R.P.;
Stirdivant, S.M.; Hiltunen, T.P. Replicated evidence for aminoacylase 3 and nephrin gene variations to predict
antihypertensive drug responses. Pharmacogenomics 2017, 18, 445–458. [CrossRef] [PubMed]

75. Hansson, L.; Hedner, T.; Lund-Johansen, P.; Kjeldsen, S.E.; Lindholm, L.H.; Syvertsen, J.O.; Lanke, J.;
de Faire, U.; Dahlöf, B.; Karlberg, B.E. Randomised trial of effects of calcium antagonists compared with
diuretics and beta-blockers on cardiovascular morbidity and mortality in hypertension: The Nordic Diltiazem
(NORDIL) study. Lancet 2000, 356, 359–365. [CrossRef]

76. Hamrefors, V.; Sjogren, M.; Almgren, P.; Wahlstrand, B.; Kjeldsen, S.; Hedner, T.; Melander, O.
Pharmacogenetic implications for eight common blood pressure-associated single-nucleotide polymorphisms.
J. Hypertens 2012, 30, 1151–1160. [CrossRef] [PubMed]

77. Shahin, M.H.; Sa, A.C.; Webb, A.; Gong, Y.; Langaee, T.; McDonough, C.W.; Riva, A.; Beitleshees, A.L.;
Chapman, A.B.; Gums, J.G.; et al. Genome-wide prioritization and transcriptomics reveal novel signatures
associated with thiazide diuretics blood pressure response. Circ. Cardiovasc. Genet. 2017, 10, e001404.
[CrossRef] [PubMed]

78. Swen, J.J.; Nijenhuis, M.; de Boer, A.; Grandia, L.; Maitland-van der Zee, A.H.; Mulder, H.; Rongen, G.A.;
van Schaik, R.H.; Schalekamp, T.; Touw, D.J.; et al. Pharmacogenetics: From bench to byte–an update of
guidelines. Clin. Pharmacol. Ther. 2011, 89, 662–673. [CrossRef]

http://dx.doi.org/10.1097/FJC.0000000000000119
http://www.ncbi.nlm.nih.gov/pubmed/25291495
http://dx.doi.org/10.1016/j.amjms.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29549925
http://dx.doi.org/10.1097/FPC.0b013e328338e1b8
http://www.ncbi.nlm.nih.gov/pubmed/20300048
http://dx.doi.org/10.2217/pgs.09.158
http://www.ncbi.nlm.nih.gov/pubmed/20235788
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.198721
http://dx.doi.org/10.1038/ncpneph0301
http://dx.doi.org/10.1111/cts.12643
http://dx.doi.org/10.1371/journal.pone.0062035
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.064030
http://dx.doi.org/10.1161/ATVBAHA.111.244004
http://dx.doi.org/10.1291/hypres.29.611
http://www.ncbi.nlm.nih.gov/pubmed/17137217
http://dx.doi.org/10.1161/HYPERTENSIONAHA.115.06345
http://www.ncbi.nlm.nih.gov/pubmed/26729753
http://dx.doi.org/10.2217/pgs-2016-0204
http://www.ncbi.nlm.nih.gov/pubmed/28353407
http://dx.doi.org/10.1016/S0140-6736(00)02526-5
http://dx.doi.org/10.1097/HJH.0b013e3283536338
http://www.ncbi.nlm.nih.gov/pubmed/22525200
http://dx.doi.org/10.1161/CIRCGENETICS.116.001404
http://www.ncbi.nlm.nih.gov/pubmed/28115488
http://dx.doi.org/10.1038/clpt.2011.34


Int. J. Mol. Sci. 2020, 21, 4709 24 of 26

79. Hamadeh, I.S.; Langaee, T.Y.; Dwivedi, R.; Garcia, S.; Burkley, B.M.; Skaar, T.C.; Chapman, A.B.; Gums, J.G.;
Turner, S.T.; Gong, Y.; et al. Impact of CYP2D6 polymorphisms on clinical efficacy and tolerability of
metoprolol tartrate. Clin. Pharmacol. Ther. 2014, 96, 175–181. [CrossRef]

80. Wu, D.; Li, G.; Deng, M.; Song, W.; Huang, X.; Guo, X.; Wu, Z.; Wu, S.; Xu, J. Associations between ADRB1
and CYP2D6 gene polymorphisms and the response to beta-blocker therapy in hypertension. J. Int. Med. Res.
2015, 43, 424–434. [CrossRef]

81. Zineh, I.; Beitelshees, A.L.; Gaedigk, A.; Walker, J.R.; Pauly, D.F.; Eberst, K.; Leeder, J.S.; Phillips, M.S.;
Gelfand, C.A.; Johnson, J.A. Pharmacokinetics and CYP2D6 genotypes do not predict metoprolol adverse
events or efficacy in hypertension. Clin. Pharmacol. Ther. 2004, 76, 536–544. [CrossRef]

82. Duarte, J.D.; Cooper-Dehoff, R.M. Mechanisms for blood pressure lowering and metabolic effects of thiazide
and thiazide-like diuretics. Expert Rev. Cardiovasc. Ther. 2010, 8, 793–802. [CrossRef] [PubMed]

83. Arnett, D.K.; Claas, S.A.; Glasser, S.P. Pharmacogenetics of antihypertensive treatment. Vascul. Pharmacol.
2006, 44, 107–118. [CrossRef] [PubMed]

84. Lund, B.C.; Ernst, M.E. The comparative effectiveness of hydrochlorothiazide and chlorthalidone in
an observational cohort of veterans. J. Clin. Hypertes 2012, 14, 623–629. [CrossRef] [PubMed]

85. Maitland-van der Zee, A.H.; Turner, S.T.; Schwartz, G.L.; Chapman, A.B.; Klungel, O.H.; Boerwinkle, E.
Demographic; environmental; and genetic predictors of metabolic side effects of hydrochlorothiazide
treatment in hypertensive subjects. Am. J. Hypertens. 2005, 18, 1077–1083. [CrossRef] [PubMed]

86. Ellison, D.H.; Loffing, J. Thiazide effects and adverse effects: Insights from molecular genetics. Hypertension
2009, 1979, 196–202. [CrossRef] [PubMed]

87. Singh, S.; McDonough, C.W.; Gong, Y.; Alghamdi, W.A.; Arwood, M.J.; Bargal, S.A.; Dumeny, L.; Li, W.Y.;
Mehanna, M.; Stockard, B.; et al. Genome wide association study identifies the HMGCS2 Locus to be
Associated With Chlorthalidone Induced Glucose Increase in Hypertensive Patients. J. Am. Heart Assoc.
2018, 7, e007339. [CrossRef]

88. Neff, K.M.; Nawarskas, J.J. Hydrochlorothiazide versus chlorthalidone in the management of hypertension.
Cardiol Rev. 2010, 18, 51–56. [CrossRef]

89. Choi, H.D.; Suh, J.H.; Lee, J.Y.; Bae, S.K.; Kang, H.E.; Lee, M.G.; Shin, W.G. Effects of ACE and ADD1
gene polymorphisms on blood pressure response to hydrochlorothiazide: A meta-analysis. Int. J. Clin.
Pharmacol. Ther. 2013, 51, 718–724. [CrossRef]

90. Matsuoka, Y.; Li, X.; Bennett, V. Adducin: Structure; function and regulation. Cell Mol. Life Sci. 2000, 57,
884–895. [CrossRef]

91. Townsend, R.R. Major Side Effects of Angiotensin-Converting Enzyme Inhibitors and angiotensin II Receptor
Blockers. Available online: https://www.uptodate.com/contents/search (accessed on 15 October 2019).

92. Sciarrone, M.T.; Stella, P.; Barlassina, C.; Manunta, P.; Lanzani, C.; Bianchi, G.; Cusi, D. ACE and alpha-adducin
polymorphism as markers of individual response to diuretic therapy. Hypertension 2003, 41, 398–403.
[CrossRef]

93. Suonsyrja, T.; Hannila-Handelberg, T.; Fodstad, H.; Donner, K.; Kontula, K.; Hiltunen, T.P. Renin-angiotensin
system and alpha-adducin gene polymorphisms and their relation to responses to antihypertensive drugs:
Results from the GENRES study. Am. J. Hypertens 2009, 22, 169–175. [CrossRef] [PubMed]

94. Arnett, D.K.; Davis, B.R.; Ford, C.E.; Boerwinkle, E.; Leiendecker-Foster, C.; Miller, M.B.; Black, H.;
Eckfeldt, J.H. Pharmacogenetic association of the angiotensin-converting enzyme insertion/deletion
polymorphism on blood pressure and cardiovascular risk in relation to antihypertensive treatment:
The Genetics of Hypertension-Associated Treatment (GenHAT) study. Circulation 2005, 111, 3374–3383.
[CrossRef] [PubMed]

95. Glorioso, N.; Filigheddu, F.; Cusi, D.; Troffa, C.; Conti, M.; Natalizio, M.; Argiolas, G.; Barlassina, C.;
Bianchi, G. Alpha-adducin 460Trp allele is associated with erythrocyte Na transport rate in North Sardinian
primary hypertensives. Hypertension 2002, 39, 357–362. [CrossRef] [PubMed]

96. Klenke, S.; Siffert, W. SNPs in genes encoding G proteins in pharmacogenetics. Pharmacogenomics 2011, 12,
633–654. [CrossRef] [PubMed]

97. Siffert, W.; Rosskopf, D.; Siffert, G.; Busch, S.; Moritz, A.; Erbel, R.; Sharma, A.M.; Ritz, E.; Wichmann, H.E.;
Jakobs, K.H. Association of a human G-protein beta3 subunit variant with hypertension. Nat. Genet. 1998, 18,
45–48. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/clpt.2014.62
http://dx.doi.org/10.1177/0300060514563151
http://dx.doi.org/10.1016/j.clpt.2004.08.020
http://dx.doi.org/10.1586/erc.10.27
http://www.ncbi.nlm.nih.gov/pubmed/20528637
http://dx.doi.org/10.1016/j.vph.2005.09.010
http://www.ncbi.nlm.nih.gov/pubmed/16356784
http://dx.doi.org/10.1111/j.1751-7176.2012.00679.x
http://www.ncbi.nlm.nih.gov/pubmed/22947361
http://dx.doi.org/10.1016/j.amjhyper.2005.02.012
http://www.ncbi.nlm.nih.gov/pubmed/16109321
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.129171
http://www.ncbi.nlm.nih.gov/pubmed/19564550
http://dx.doi.org/10.1161/JAHA.117.007339
http://dx.doi.org/10.1097/CRD.0b013e3181c61b52
http://dx.doi.org/10.5414/CP201899
http://dx.doi.org/10.1007/PL00000731
https://www.uptodate.com/contents/search
http://dx.doi.org/10.1161/01.HYP.0000057010.27011.2C
http://dx.doi.org/10.1038/ajh.2008.343
http://www.ncbi.nlm.nih.gov/pubmed/19057513
http://dx.doi.org/10.1161/CIRCULATIONAHA.104.504639
http://www.ncbi.nlm.nih.gov/pubmed/15967849
http://dx.doi.org/10.1161/hy0202.103065
http://www.ncbi.nlm.nih.gov/pubmed/11882573
http://dx.doi.org/10.2217/pgs.10.203
http://www.ncbi.nlm.nih.gov/pubmed/21619427
http://dx.doi.org/10.1038/ng0198-45
http://www.ncbi.nlm.nih.gov/pubmed/9425898


Int. J. Mol. Sci. 2020, 21, 4709 25 of 26

98. Turner, S.T.; Schwartz, G.L.; Chapman, A.B.; Boerwinkle, E. C825T polymorphism of the G protein
beta(3)-subunit and antihypertensive response to a thiazide diuretic. Hypertension 2001, 37, 739–743.
[CrossRef]

99. Adeyemo, A.; Gerry, N.; Chen, G.; Herbert, A.; Doumatey, A.; Huang, H.; Zhou, J.; Lashley, K.; Chen, Y.;
Christman, M.; et al. A genome-wide association study of hypertension and blood pressure in African
Americans. PLoS Genet. 2009, 5, e1000564. [CrossRef]

100. Kato, N.; Takeuchi, F.; Tabara, Y.; Kelly, T.N.; Go, M.J.; Sim, X.; Tay, W.T.; Chen, C.H.; Zhang, Y.; Yamamoto, K.;
et al. Meta-analysis of genome-wide association studies identifies common variants associated with blood
pressure variation in East Asians. Nat. Genet. 2011, 43, 531–538. [CrossRef]

101. Magvanjav, O.; Gong, Y.; McDonough, C.W.; Chapman, A.B.; Turner, S.T.; Gums, J.G.; Bailey, K.R.;
Boerwinkle, E.; Beitelshees, A.L.; Tanaka, T.; et al. Genetic variants associated with uncontrolled blood
pressure on thiazide diuretic/beta-blocker combination therapy in the PEAR (Pharmacogenomic Evaluation
of Antihypertensive Responses) and INVEST (International Verapamil-SR Trandolapril Study) trials. J. Am.
Heart Assoc. 2017, 6, e006522. [CrossRef]

102. Duarte, J.D.; Turner, S.T.; Tran, B.; Chapman, A.B.; Bailey, K.R.; Gong, Y.; Gums, J.G.; Langaee, T.Y.;
Beitelshees, A.L.; Cooper-Dehoff, R.M.; et al. Association of chromosome 12 locus with antihypertensive
response to hydrochlorothiazide may involve differential YEATS4 expression. Pharm J. 2013, 13, 257–263.
[CrossRef]

103. Turner, S.T.; Bailey, K.R.; Fridley, B.L.; Chapman, A.B.; Schwartz, G.L.; Chai, H.S.; Sicotte, H.; Kocher, J.P.;
Rodin, A.S.; Boerwinkle, E. Genomic association analysis suggests chromosome 12 locus influencing
antihypertensive response to thiazide diuretic. Hypertension 2008, 52, 359–365. [CrossRef]

104. Johnson, J.A.; Boerwinkle, E.; Zineh, I.; Chapman, A.B.; Bailey, K.; Cooper-DeHoff, R.M.; Gums, J.; Curry, R.W.;
Gong, Y.; Beitelshees, A.L.; et al. Pharmacogenomics of antihypertensive drugs: Rationale and design of the
Pharmacogenomic Evaluation of Antihypertensive Responses (PEAR) study. Am. Heart J. 2009, 157, 442–449.
[CrossRef] [PubMed]

105. Salvi, E.; Wang, Z.; Rizzi, F.; Gong, Y.; McDonough, C.W.; Padmanabhan, S.; Hiltunen, T.P.; Lanzani, C.;
Zaninello, R.; Chittani, M.; et al. Genome-wide and gene-based meta-analyses identify novel loci influencing
blood pressure response to hydrochlorothiazide. Hypertension 2017, 69, 51–59. [CrossRef] [PubMed]

106. Speirs, H.J.; Katyk, K.; Kumar, N.N.; Benjafield, A.V.; Wang, W.Y.; Morris, B.J. Association of G-protein-coupled
receptor kinase 4 haplotypes, but not HSD3B1 or PTP1B polymorphisms, with essential hypertension.
J. Hypertens. 2004, 22, 931–936. [CrossRef] [PubMed]

107. Tripodi, G.; Citterio, L.; Kouznetsova, T.; Lanzani, C.; Florio, M.; Modica, R.; Messaggio, E.; Hamlyn, J.M.;
Zagato, L.; Bianchi, G.; et al. Steroid biosynthesis and renal excretion in human essential hypertension:
Association with blood pressure and endogenous ouabain. Am. J. Hypertens. 2009, 22, 357–363. [CrossRef]
[PubMed]

108. Shimodaira, M.; Nakayama, T.; Sato, N.; Aoi, N.; Sato, M.; Izumi, Y.; Soma, M.; Matsumoto, K. Association
of HSD3B1 and HSD3B2 gene polymorphisms with essential hypertension; aldosterone level; and left
ventricular structure. Eur. J. Endocrinol. 2010, 163, 671–680. [CrossRef]

109. Rosmond, R.; Chagnon, M.; Bouchard, C.; Bjorntorp, P. Polymorphism in exon 4 of the human 3
beta-hydroxysteroid dehydrogenase type I gene (hsd3b1) and blood pressure. Biochem. Biophys. Res. Commun.
2002, 293, 629–632. [CrossRef]

110. Svensson-Farbom, P.; Wahlstrand, B.; Almgren, P.; Dahlberg, J.; Fava, C.; Kjeldsen, S.; Hedner, T.; Melander, O.
A functional variant of the nedd4l gene is associated with beneficial treatment response with beta-blockers
and diuretics in hypertensive patients. J. Hypertens. 2011, 29, 388–395. [CrossRef]

111. Luo, F.; Wang, Y.; Wang, X.; Sun, K.; Zhou, X.; Hui, R. A functional variant of NEDD4L is associated with
hypertension; antihypertensive response; and orthostatic hypotension. Hypertension 2009, 54, 796–801.
[CrossRef]

112. Russo, C.J.; Melista, E.; Cui, J.; DeStefano, A.L.; Bakris, G.L.; Manolis, A.J.; Gavras, H.; Baldwin, C.T.
Association of NEDD4L ubiquitin ligase with essential hypertension. Hypertension 2005, 46, 488–491.
[CrossRef]

113. Dahlberg, J.; Nilsson, L.O.; von Wowern, F.; Melander, O. Polymorphism in NEDD4L is associated with
increased salt sensitivity; reduced levels of P-renin and increased levels of NT-pro-ANP. PLoS ONE 2007,
2, e432. [CrossRef] [PubMed]

http://dx.doi.org/10.1161/01.HYP.37.2.739
http://dx.doi.org/10.1371/journal.pgen.1000564
http://dx.doi.org/10.1038/ng.834
http://dx.doi.org/10.1161/JAHA.117.006522
http://dx.doi.org/10.1038/tpj.2012.4
http://dx.doi.org/10.1161/HYPERTENSIONAHA.107.104273
http://dx.doi.org/10.1016/j.ahj.2008.11.018
http://www.ncbi.nlm.nih.gov/pubmed/19249413
http://dx.doi.org/10.1161/HYPERTENSIONAHA.116.08267
http://www.ncbi.nlm.nih.gov/pubmed/27802415
http://dx.doi.org/10.1097/00004872-200405000-00014
http://www.ncbi.nlm.nih.gov/pubmed/15097232
http://dx.doi.org/10.1038/ajh.2009.3
http://www.ncbi.nlm.nih.gov/pubmed/19197249
http://dx.doi.org/10.1530/EJE-10-0428
http://dx.doi.org/10.1016/S0006-291X(02)00234-6
http://dx.doi.org/10.1097/HJH.0b013e3283410390
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.135103
http://dx.doi.org/10.1161/01.HYP.0000178594.63193.c0
http://dx.doi.org/10.1371/journal.pone.0000432
http://www.ncbi.nlm.nih.gov/pubmed/17487281


Int. J. Mol. Sci. 2020, 21, 4709 26 of 26

114. McDonough, C.W.; Burbage, S.E.; Duarte, J.D.; Gong, Y.; Langaee, T.Y.; Turner, S.T.; Gums, J.G.; Chapman, A.B.;
Bailey, K.R.; Beitelshees, A.L.; et al. Association of variants in NEDD4L with blood pressure response and
adverse cardiovascular outcomes in hypertensive patients treated with thiazide diuretics. J. Hypertens.
2013, 31, 698–704. [CrossRef] [PubMed]

115. Gong, Y.; McDonough, C.W.; Wang, Z.; Hou, W.; Cooper-DeHoff, R.M.; Langaee, T.Y.; Beitelshees, A.L.;
Chapman, A.B.; Gums, J.G.; Bailey, K.R.; et al. Hypertension susceptibility loci and blood pressure response
to antihypertensives: Results from the pharmacogenomics evaluation of antihypertensive responses study.
Circ. Cardiovasc. Genet. 2012, 5, 686–691. [CrossRef] [PubMed]

116. Chittani, M.; Zaninello, R.; Lanzani, C.; Frau, F.; Ortu, M.F.; Salvi, E.; Fresu, G.; Citterio, L.; Braga, D.;
Piras, D.A.; et al. TET2 and CSMD1 genes affect SBP response to hydrochlorothiazide in never-treated
essential hypertensives. J. Hypertens. 2015, 33, 1301–1309. [CrossRef]

117. Singh, S.; Wang, Z.; Shahin, M.H.; Langaee, T.Y.; Gong, Y.; Turner, S.T.; Chapman, A.B.; Gums, J.G.;
McDonough, C.W.; Bailey, K.R.; et al. Targeted sequencing identifies a missense variant in the BEST3 gene
associated with antihypertensive response to hydrochlorothiazide. Pharmacogenet Genomics 2018, 28, 251–255.
[CrossRef]

118. Padmanabhan, S.; Paul, L.; Dominczak, A.F. The Pharmacogenomics of Anti-Hypertensive Therapy.
Pharmaceuticals 2010, 3, 1779–1791. [CrossRef]

119. Johnson, J.A. Ethnic differences in cardiovascular drug response: Potential contribution of pharmacogenetics.
Circulation 2008, 118, 1383–1393. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1097/HJH.0b013e32835e2a71
http://www.ncbi.nlm.nih.gov/pubmed/23353631
http://dx.doi.org/10.1161/CIRCGENETICS.112.964080
http://www.ncbi.nlm.nih.gov/pubmed/23087401
http://dx.doi.org/10.1097/HJH.0000000000000541
http://dx.doi.org/10.1097/FPC.0000000000000353
http://dx.doi.org/10.3390/ph3061779
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.704023
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Calcium Channel Blocking Agents 
	Mechanism of Calcium Channel Blocker Action 
	Polymorphisms in Genes Affecting CCB Response 

	Angiotensin-II Receptor Blockers (ARB) and Angiotensin-Converting Enzyme Inhibitors (ACEi) 
	-Adrenergic Antagonists (-Blockers) 
	Effects of -Adrenergic Blocker Actions 
	Polymorphisms in Genes Affecting the Adrenergic Receptor Blocker Response 

	Diuretics 
	Conclusions 
	References

