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Summary. Cardiovascular diseases are the main cause of death worldwide. The ability to accurately define 
individual susceptibility to these disorders is therefore of strategic importance. Linkage analysis and genome-
wide association studies have been useful for the identification of genes related to cardiovascular diseases. The 
identification of variants predisposing to cardiovascular diseases contributes to the risk profile and the pos-
sibility of tailored preventive or therapeutic strategies. Molecular genetics and pharmacogenetics are playing 
an increasingly important role in the correct clinical management of patients. For instance, genetic testing 
can identify variants that influence how patients metabolize medications, making it possible to prescribe 
personalized, safer and more efficient treatments, reducing medical costs and improving clinical outcomes. 
In the near future we can expect a great increment in information and genetic testing, which should be ac-
knowledged as a true branch of diagnostics in cardiology, like hemodynamics and electrophysiology. In this 
review we summarize the genetics and pharmacogenetics of the main cardiovascular diseases, showing the 
role played by genetic information in the identification of cardiovascular risk factors and in the diagnosis and 
therapy of these conditions.  (www.actabiomedica.it)
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Introduction

Cardiovascular diseases (CVDs) are the princi-
pal cause of death worldwide. They include coronary 
heart disease, cerebrovascular disease, peripheral arte-
rial disease, rheumatic and congenital heart diseases 
and venous thromboembolism (1). CVDs are complex 
genetically heterogeneous conditions resulting from 
many gene-gene and gene-environment interactions 
(2). Molecular genetics and pharmacogenetics play a 
key role in the diagnosis, prevention and treatment of 
CVDs. Genetic testing is normally used to identify 
underlying genetic etiology in patients with suspected 
cardiovascular disease and to determine who in the 

family has inherited the causal variant and is there-
fore at risk of developing CVD. Genetic testing should 
be carried out in well phenotyped individuals, ideally 
coupled with comprehensive family evaluation to aid 
in interpretation and application of the results (3). 
Molecular genetics technologies applied to cardiovas-
cular studies have enabled chromosome mapping and 
identification of many genes involved in primary etiol-
ogy, as well as significant risk factors for the develop-
ment of CVDs, including environmental risk factors. 
Cardiovascular diseases and related risk factors may be 
monogenic or polygenic (4). Since many genetic vari-
ations have an association with CVDs, routine genetic 
testing of patients with these conditions is important.
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Pharmacogenetics is the study of interpatient ge-
netic variations associated with different responses to 
drugs, including toxicity. Pharmacogenetic testing re-
veals variations in drug metabolism genes. These genes 
encode metabolic enzymes that can be defined as either 
“poor metabolizers” or “rapid metabolizers” in relation 
to the efficiency of their activity. Identifying how a 
patient metabolizes a medication enables personal-
ized and safer treatments, leading to improved clinical 
outcomes and reduced medical costs. Pharmacogenetic 
testing can be performed prior to prescription to guide 
drug selection and dosage (5,6) or after unsuccessful 
treatment. For instance, platelet aggregation inhibitors 
(PAI), oral anticoagulants (OA), anti-hypertensive and 
cholesterol-lowering drugs are abundantly prescribed 
for cardiovascular disease, but individual responses 
may vary significantly, since genetic variability is partly 
responsible for such differences in efficacy (7). Phar-
macogenetics and pharmacogenomics can be expected 
to optimize therapy and reduce toxicity through indi-
vidualized genetically guided therapy (8).

This brief review summarizes the principal car-
diovascular diseases and the role molecular genetics 
and pharmacogenetics can have in the identification 
of cardiovascular risk factors, and in the diagnosis and 
therapy of cardiovascular diseases.

Monogenic forms

In monogenic CVDs, a single gene determines 
the onset of symptoms, although genotype-phenotype 
correlation can be complex due to genetic phenomena 
(pleiotropy and variable penetrance and expressivity) 
and environmental factors (4).

Cardiac conduction defects

- �Long QT syndrome (LQTS) is a genetic heart 
disease characterized by prolongation of the QT 
interval that can lead to arrhythmia, palpitations, 
syncope or sudden death. It typically manifests 
in patients under 40 years of age, and sometimes 
in early infancy (9). LQTS follows two distinct 
patterns of inheritance: autosomal dominant 
(Romano-Ward syndrome) with an estimated 

prevalence between 1:2000 and 1:5000 (10,11) 
and autosomal recessive ( Jervell and Lange-
Nielsen syndrome) with an estimated preva-
lence between 1:1,000,000 and 1:4,000,000 in 
the general population (11), although depend-
ing strongly on the study population (12).

- �Short QT syndrome (SQTS) is a channelopathy 
characterized by an abnormally short QT inter-
val and increased risk of atrial and ventricular 
arrhythmias and sudden death. Clinical pres-
entation is heterogeneous, since some patients 
may be asymptomatic and others may have epi-
sodes of syncope or fall victim to sudden cardiac 
death. It may occur at any age from early infancy 
to old age. The prevalence is estimated at 1:1000 
to 5:1000. SQTS is sporadic or has autosomal 
dominant inheritance (13,14).

- �Brugada syndrome (BrS) is a genetic heart dis-
order involving ion channel dysfunction asso-
ciated with progressive age-related conduction 
abnormalities, more prevalent among males. It 
is estimated to be responsible for up to 20% of 
all sudden deaths in individuals with an appar-
ently normal heart. BrS usually manifests with 
syncope or sudden cardiac death at a young age, 
in the absence of structural heart anomalies, and 
typically has autosomal dominant inheritance. 
Prevalence is estimated at 5:10,000 worldwide 
(15). 

- �Familial atrial fibrillation (FAF) is a hetero-
geneous genetic heart disorder characterized 
by erratic activation of the atria and irregular 
ventricular response. The heterogeneous clini-
cal presentations of FAF include palpitations, 
dyspnea, chest pain, dizziness and syncope. FAF 
increases the risk of stroke and sudden death. 
The prevalence of FAF is approximately 1% in 
the general population. FAF is genetically het-
erogeneous with autosomal dominant or reces-
sive inheritance (16).

- �Catecholaminergic polymorphic ventricular 
tachycardia (CPVT) is an inherited heart disor-
der characterized by electrical instability during 
acute activation of the adrenergic nervous sys-
tem, in a structurally normal heart. The ECG is 
normal but arrhythmia may occur during physi-
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cal activity or emotional stress, causing syncope 
or even cardiac arrest unless the disease is rec-
ognized and treated. Prevalence is estimated at 
1:10,000. CPVT has autosomal dominant and 
autosomal recessive inheritance (17).

- �Wolff-Parkinson-White syndrome (WPW) is 
a heart disease characterized by arrhythmia due 
to one or more abnormal electrical pathways in 
the heart, known as accessory pathways, that 
allow electrical signals to bypass the atrioven-
tricular node or may transmit electrical impulses 
abnormally in the reverse direction. WPW may 
present with palpitations, dyspnea, dizziness or 
even syncope. In rare cases it can lead to cardiac 
arrest and sudden death. WPW affects 1 to 3 in 
1000 persons worldwide. It may be sporadic or 
familial. The familial form typically has autoso-
mal dominant inheritance (18).

Table 1 summarizes the different genes associated 
with cardiac conduction defects

Cardiomyopathies

- �Hypertrophic cardiomyopathy (HCM) is a com-
mon myocardial disease characterized by hy-
pertrophy of the left ventricle with histological 

features of cell hypertrophy, myofibril disarray 
and interstitial fibrosis. This condition can re-
main asymptomatic throughout life or manifest 
with variable symptoms. It is the most common 
cause of sudden cardiac death in young people. 
HCM affects an estimated 1 in 500 persons 
worldwide (45). It is most often caused by vari-
ations in genes essentially encoding sarcomeric, 
ion channel and metabolic regulatory proteins. 
Around 70% of all cases are found to be familial 
with dominant inheritance (46-48).

- �Dilated cardiomyopathy (DCM) is character-
ized by dilation leading to systolic and diastolic 
dysfunction of the left and/or right ventricles, 
causing heart failure or arrhythmia. It is essen-
tially an adult-onset disease, but has shown a 
highly variable age of onset. The prevalence of 
DCM has been estimated at 36.5 per 100,000. 
It has autosomal dominant inheritance in 85% 
of cases (49).

- �Arrhythmogenic right ventricular cardiomyopa-
thy (ARVC) is a genetic disease characterized 
by the death of ventricular myocytes and their 
replacement with fibrous and fatty tissue. It pre-
disposes to ventricular tachycardia and sudden 
death in young individuals and athletes. The 

Table 1. Genes associated with cardiac conduction defects

Cardiac conduction defects Mutant genes Reference

Long QT syndrome
KCNQ1, SCN5A, AKAP9, ANK2, CACNA1C, CALM1, CALM2, 

CAV3, KCNE1, KCNE2, KCNJ2, KCNJ5, SCN4B, SNTA1, KCNH2
(19)

Short QT syndrome KCNH2, KCNQ1, KCNJ2, CACNA1, CACNB2, CACNA2D1 (14,20,21)

Brugada syndrome
SCN5A, CACNA1C, CACNB2, GPD1L, KCND3, KCNE3, HCN4, 

SCN1B, SCN3B
(22)

Familial atrial fibrillation

KCNQ1, KCNE2, NPPA, KCNA5, KCNJ2, SCN5A, GJA5, ABCC9, 
SCN1B, SCN2B, SCN3B, SCN4B, MYL4, GATA4, GATA5, GATA6, 
PITX2, TBX5, NKX2-5, KCND3, KCNE1, KCNH2, LMNA, PRK-

AG2, RYR2, ZFHX3, SHOX2, PRRX1, KCNN3, NUP155

(23-40)

Catecholaminergic polymorphic 
ventricular tachycardia

RYR2, CALM1, ANK2, KCNJ2, CASQ2, TRDN (41-43)

Wolff-Parkinson-White syndrome PRKAG2 (44)
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symptoms (palpitations, shortness of breath, 
swelling of the legs and syncope) are not fre-
quent in the early stages, but there is risk of sud-
den death during intense exercise. The estimated 
prevalence of ARVC is estimated at 1:1000. 
Most familial cases of ARVC have autosomal 
dominant inheritance, whereas autosomal reces-
sive inheritance is rare (50).

- �Left ventricular non-compaction (LVNC) is a 
rare condition characterized by prominent left 
ventricular trabeculae, a thin compacted layer 
and deep intertrabecular recesses continuous 
with the left ventricular cavity but separate from 
the epicardial coronary arteries. It is frequently 
diagnosed in children, being due to an arrest in 
cardiac development during embryogenesis (51). 
LVNC is estimated to affect 8 to 12 per million 
individuals per year. This genetically heteroge-
neous disorder has sporadic and familial forms 
(52). LVNC can have autosomal dominant, au-
tosomal recessive, X-linked and mitochondrial 
inheritance (53,54).

- �Restrictive cardiomyopathies (RCM) are the 
least common cardiomyopathies and are char-
acterized by impaired diastolic function with 

restrictive filling and reduced diastolic volume 
of one or both ventricles, preserved systolic 
function, and invariably normal or mildly in-
creased wall thickness. The prevalence of RCM 
is unknown. RCM can be idiopathic, familial 
(autosomal dominant, autosomal recessive or X-
linked), or secondary to systemic disorders (55).

Table 2 summarizes the different genes associated 
with hereditary cardiomyopathies.

Familial hyperlipidemia

Dyslipidemias are a heterogeneous group of dis-
orders characterized by abnormal levels of circulating 
lipids and lipoproteins. A minority of forms of dyslipi-
demia are monogenic. These forms are familial diseases 
with a well-defined hereditary component.

- �Familial hypercholesterolemia (FH) is the 
most frequent condition and is characterized 
by severely elevated LDL-C and by xanthomas 
(patches of yellowish cholesterol buildup) that 
occur around the eyelids and in the tendons 
of the elbows, hands, knees and feet. FH has a 
prevalence of 1:200-250. An estimated 70-95% 
of cases are caused by a pathogenic variant in the 

Table 2. Genes associated with hereditary cardiomyopathies

Cardiomyopathies Mutant genes Reference

Familial hypertrophic cardiomyopathy

MYH7, TNNT2, TPM1, MYBPC3, PRKAG2, TNNI3, 
MYL3, TTN, MYL2, ACTC1, CSRP3, TNNC1, MYH6, VCL, 
MYOZ2, PLN, NEXN, ACTN2, CAV3, JPH2, LDB3, MYPN, 

CALR3, FLNC, MYLK2, TCAP

(46,47)

Dilatived cardiomyopathy 

LMNA, MYH7, MYH6, SCN5A, ACTN2, DSG2, LDB3, 
TNNT2, RBM20, TTN, BAG3, DES, DSP, CRYAB, EYA4, 
LAMA4, MYPN, SGCD, CSRP3, ABCC9, PLN, ACTC1, 

TCAP, MYBPC3, NEXN, PRDM16, PSEN1, PSEN2, TPM1, 
VCL, RAF1, NKX2-5, ANKRD1, TMPO, ILK, TNNC1, 

TNNI3, GATAD1, FKTN, SDHA, DSP, DMD, TAZ

(56-62)

Arrhythmogenic right ventricular 
cardiomyopathy

TGFB3, RYR2, TMEM43, DSP, PKP2, DSG2, JUP, CTNNA3, 
TTN, DES, LMNA, PLN, DSC2

(63-68)

Left ventricular non-compaction
MYBPC3, TPM1, PRDM16, MIB1, TNNT2, MYH7, 

ACTC1, LDB3, SOX6, LMNA, SCN5A, HCN4, DTNA, TAZ, 
PLEKHM2, PKP2

(53,54, 69-77)

Restrictive cardiomyopathy
TNNT2, TNNI3 ACTC1, MYH7, MYBPC3, MYPN, TPM1, 

MYL1, MYL2, FLNC
(78-81)
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genes APOB, LDLR and PCSK9 inherited in an 
autosomal dominant manner (82).

- �Primary hypertriglyceridemia arises from ge-
netic defects in the metabolism or synthesis of 
triglycerides. It usually presents in adulthood, 
except for lipoprotein lipase deficiency that pre-
sents in childhood. Disorders in this category 
include familial chylomicronemia, severe hyper-
triglyceridemia, infantile hypertriglyceridemia 
and hyperlipoproteinemia type 3. The incidence 
of primary hypertriglyceridemia is approximate-
ly 2 per 10,000 persons. Common genetic vari-
ants found in LPL, APOC2 and LMF1 are as-
sociated with triglyceride levels in patients with 
primary hypertriglyceridemia. Except for rare 
severe mutations in APOE, monogenic hyper-
triglyceridemia is autosomal recessive (83).

- �Familial HDL deficiency is a rare genetic condi-
tion that causes low levels of “good” cholesterol 
(HDL) in the blood, associated with cardiovas-
cular risk. The prevalence of familial HDL defi-
ciency is unknown. Familial HDL deficiency is 
inherited by autosomal dominant transmission 
of variations in the ABCA1 and APOA1 genes 
(84).

Arterial hypertension

Hypertension is a long-term condition in which 
arterial blood pressure is persistently elevated. High 
blood pressure usually does not cause symptoms. 
About 30% of cases of arterial hypertension are caused 
by a variation in a single gene. Three mechanisms are 
recognized to explain the physiopathology of mono-
genic hypertension:

- �increased sodium reabsorption leading to plas-
ma volume expansion;

- �excessive aldosterone synthesis;
- �deficiencies of enzymes regulating adrenal ster-

oid hormone synthesis and deactivation (85).
Arterial hypertension is an important risk factor 

for cardiovascular events including stroke, coronary 
artery disease, heart failure and atrial fibrillation. The 
monogenic forms are characterized by early-onset hy-
pertension. Known genetic factors explain only 3% of 
blood pressure variability (85,86,87).

Coronary artery disease

Coronary artery disease (CAD) is the major cause 
of death and disability among all cardiovascular dis-
eases. It comprises a wide variety of clinical entities 
that include asymptomatic subclinical atherosclerosis 
and its clinical complications, such as angina pectoris, 
myocardial infarction and sudden cardiac death. The 
long-recognized familial clustering of CAD suggests 
that genetic factors play important roles: the heritabil-
ity of CAD and myocardial infarction are estimated 
at 50-60%. Based on their apparent patterns of in-
heritance, genetic diseases are classified in two broad 
categories: monogenic and polygenic. In monogenic 
forms, familial variation in one gene is responsible 
for all or most of the disease incidence. Monogenic 
coronary artery diseases (MCAD) include genes and 
mutations that are considered to be causal of CAD. 
Most are involved in lipid metabolism, while others 
are involved in inflammation, cell proliferation and 
vascular remodeling. The age of onset of clinical symp-
toms is variable, however MCAD is associated with 
early onset of symptoms with respect to multifactorial 
atherosclerosis (88,89).

Oligogenic/polygenic forms

Oligogenic/polygenic forms of CVDs are genetic 
disorders caused by the combined action of more than 
one gene.

Hyperlipidemia

In developed countries, most dyslipidemias are 
hyperlipidemias, i.e. an elevation of lipids in the blood. 
The etiology of dyslipidemias is primarily polygenic, 
being determined by interaction of many susceptibil-
ity genes with environmental factors. Polygenic dys-
lipidemias combine underlying genetic predispositions 
with disease states such as diabetes, thyroid disease or 
drug-related changes in lipid metabolism. High levels 
of cholesterol in the blood are one of the most wide-
spread cardiovascular risk factors in the human popu-
lation (90,91). 
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Arterial hypertension 

Arterial hypertension is a significant public health 
problem and is principally considered a multifactorial 
disorder. Controlling blood pressure is a complex pro-
cess and besides environmental factors, many genes 
presumably collaborate to influence it. About 22% of 
the world population has hypertension. Long-term 
high blood pressure is a major risk factor for coronary 
artery disease, stroke, heart failure, atrial fibrillation, 
peripheral vascular disease, vision loss, chronic kidney 
disease and dementia (92).

Coronary artery disease

A group of gene variants are responsible for the 
intricate patterns of inheritance of polygenic coronary 
artery diseases. Their interplay with each other often 
has little effect, whereas their interplay with a num-
ber of environmental factors may determine outcome. 
These genetic factors are independent of traditional 
risk factors, such as hypertension, diabetes mellitus, 
hypercholesterolemia, obesity, plasma homocysteine, 
low physical activity and smoking, but may contribute 
directly or through traditional risk factors to the devel-
opment and manifestation of coronary artery disease 
(93).

Thrombophilia

Thrombophilia (also known as hypercoagula-
ble state) is a coagulation disorder that predispose to 
clot formation (thrombus). Normal blood hemostasis 
is guaranteed by a balance between prothrombotic 
and antithrombotic processes, mediated by cell com-
ponents, soluble plasma proteins and endothelium-
derived factors. Genetic alterations that impair the 
production, activity, bioavailability and metabolism 
of specific factors can modify physiological balance 
in favor of thrombosis and predispose to thrombo-
embolic events. Thrombophilia is caused by inherited 
or acquired conditions. Primary disorders or genetic 
causes of thrombophilia include factor V Leiden mu-
tation, deficiency of antithrombin III, protein C and S 
deficiency, histidine-rich glycoprotein deficiency and 
prothrombin-related thrombophilia, while secondary 

disorders include heparin-induced thrombocytopenia, 
antiphospholipid antibody syndrome, neoplasia, oral 
contraceptive use, obesity, smoking and surgery (94).

Genetic testing for monogenic and polygenic 
cardiovascular diseases

The characterization of genes associated with 
CVDs improves prevention, treatment and quality of 
care. Linkage studies and genome-wide linkage analy-
sis are useful for identifying genes related to CVDs 
and pinpointing new causative genes may indicate 
targets for molecular diagnosis and therapeutic inter-
vention (95). The distinction between monogenic and 
polygenic forms is important for cardiovascular risk 
assessment, counseling and treatment of patients.

Monogenic conditions are generally associated 
with higher cardiovascular risk. Early implementation 
of pharmacological treatment is therefore necessary to 
control risk (96). Genetic testing for monogenic forms 
has a fundamental role in identifying the molecular 
causes of cardiovascular diseases and in aiding preven-
tion and treatment, also being crucial for early detec-
tion of potentially lethal cardiovascular events. The 
possibility of giving physicians a tool for predicting in-
dividual sensitivity or resistance to a specific pharma-
cological treatment (97) makes it possible to prescribe 
the best drug and the best dosage for each patient. This 
strategy is part of the complex perspective of personal-
ized medicine (98,99).

Polygenic forms associated with most risk fac-
tors are of clinical interest due to their high frequency 
in the general population. Genetics is useful to de-
fine the susceptibility of single patients, although the 
contribution of each genetic variant to overall risk of 
onset is low. At present, the most important applica-
tion of genetic testing for polygenic forms of CVDs is 
related to the possibility of predicting the effect of a 
specific therapy, mainly in the initial phases of treat-
ment (99). Next generation sequencing (NGS), a rapid 
and cost-effective method for identifying mutations in 
genes associated with multigenic disorders, has revo-
lutionized genetic testing in CVDs. Because CVDs 
are genetically heterogeneous, genetic testing can be 
performed with NGS and multigene panels targeted 
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at a specific phenotype, or including a broader array 
of genes associated with different diseases that may 
share overlapping features. Meta-analysis studies to 
identify predisposing genetic variants, enrolling thou-
sands of CVDs patients, have led to the identification 
of certain gene variants having a modest contribution 
when taken individually but which are involved in the 
pathogenesis of CVDs in synergy with other variants 
and with environmental risk factors. Compared to the 
study of single genes, this approach makes it possible 
to more precisely predict the risk of developing CVDs 
(95,100). 

Genetic testing should be offered to index pa-
tients who fulfill diagnostic criteria for CVDs; a com-
prehensive clinical evaluation should precede genetic 
testing, which should be performed in certified labo-
ratories and combined with genetic counseling by 
trained healthcare professionals. Pre-test and post-test 
genetic counseling are important steps in the genetic 
testing process. Pre-test counseling provides the infor-
mation necessary for proper informed consent, includ-
ing description of the genetic test, its yield, benefits 
and limitations, and implications for family members, 
as well as the possibility of reclassifying the disease.

The results of genetic testing can be complex. 
Although a result may be classified as positive, nega-
tive or inconclusive, its clinical significance depends 
on the patient’s personal and family history (95). The 
goals of family assessments of phenotype and geno-
type are to identify individuals with hitherto unrecog-
nized disease and currently healthy family members at 
risk of developing disease, in the latter case through 
longitudinal follow-up. Phenotypic evaluation starts 
with first-degree relatives of affected individuals and 
is repeated periodically because penetrance for some 
conditions may be delayed and diagnostic features may 
not manifest until adulthood. If a pathogenic variant 
has been identified in the family, predictive genetic 
testing can be done to determine which relatives have 
inherited the variant. Relatives confirmed to carry the 
family variant should undergo serial phenotypic evalu-
ation and be informed of the risk of transmission to 
offspring. A definitive diagnosis and familial disease 
increase the probability of positive genetic test results, 
but the absence of a family history of disease does not 
preclude genetic testing. Genetic forms of cardiovas-

cular disease may occur without affected relatives, due 
to recessive inheritance, de novo mutations or reduced 
penetrance (101). Clinicians and patients should have 
accurate and realistic expectations about the yield of 
genetic testing and its role in management. The ethi-
cal, legal and social concerns of genetic testing must 
also be considered. Various guidelines on appropriate 
use of genetic testing have been published (102).

Pharmacogenetics and cardiovascular diseases

Pharmacogenetics is the search for genetic vari-
ations that affect responses to drug therapy and tox-
icity. Drug response is determined by physiological 
mechanisms (age, sex, nutritional status), pathological 
mechanisms (renal and liver function, comorbidities), 
environmental factors and above all individual genetic 
profile. Pharmacogenetic testing reveals variations in 
drug metabolism genes encoding metabolic enzymes 
that may be more or less efficient and which are de-
fined as rapid or poor metabolizers, respectively (Table 
3). Identifying how a patient metabolizes a medication 
enables personalized treatment, which besides being 
safer for the patient, decreases medical costs and im-
proves clinical outcomes. The test can be performed 
prior to prescription, in order to guide medical selec-
tion and dosing, or can be performed after initial treat-
ment that has proved inefficient (100,101).

Pharmacogenetics has many possible applications 
in the drug therapy of CVDs. Many studies have found 
associations between genetic variations and responses 
to cardiovascular drugs. Some of these relationships 
have been demonstrated in large patient populations, 
such as patients with ischemic heart disease receiving 
statins (102). Once the genetic variations that best de-
termine the response to a particular drug are known 
and tests to rapidly identify these variations are avail-
able, individual patients may be screened for genetic 
variations before drug therapy is begun and the infor-
mation used to choose agents with the greatest poten-
tial for efficacy and the least toxicity (102).

Pharmacogenomics, on the other hand, is a new 
field arising from the development of NGS technolo-
gies. It deals with the correlation between genetic pro-
file and response to a drug for the purpose of devel-
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Table 3. Genes associated with response to cardiovascular drugs

Gene (OMIM ID)

PTGS1 (176805); 

ITGB3 (173470)
CYP2C19 (124020); 
P2RY12 (600515); 

ITGB3

CYP2C9 (601130)

CYP2C9; VKORC1 
(608547)

CES1 (114835)

SLCO1B1 (604843)

LPL (609708)

HMGCR (142910)

CYP7A1 (118455); 
ABCB1 (171050); 
CETP (118470)

LDLR (606945); 
SREBF1 (184756)

LDLR (606945)

ABCB1

ADRB1 (109630)

ACE (106180)

CYP2C9

Metabolic role

PTGS1: prostaglandin 
biosynthesis - ITGB3: fibrinogen 

receptor

CYP2C19: drug metabolism; 
P2RY12: regulation of platelet 

shape and aggregation

Drug metabolism

VKORC1: vitamin K pathway

Hydrolysis of compounds 
containing amides or esters

Eicosanoids, thyroid hormones, 
steroid transporters

Triglyceride hydrolysis, 
lipoprotein uptake

Cholesterol biosynthesis

CYP7A1: cholesterol catabolism 
- ABCB1: drug-transport pump 
- CETP: uptake of cholesterol by 

hepatocytes

LDLR: low density lipoprotein 
receptor - SREBF1: sterol 

biosynthesis.

Low density lipoprotein receptor

Drug-transport pump

Adrenergic receptor beta-1

Blood pressure control

Drug metabolism

Drug

Aspirin

Clopidogrel

Nonsteroidal anti-
inflammatory drugs

Cumarin, warfarin, 
phenprocoumon, 
acenocoumarol

Dabigatran

Statin

Lovastatin

Pravastatin

Atorvastatin

Fluvastatin

Lomitapide

Digoxin

Atenolol, 
metoprolol, 
carvedilol

Enalapril, 
perindopril, 

imidapril, capropril

Losartan

Main therapeutic effect

Platelet aggregation inhibitor

Platelet aggregation inhibitor

Platelet aggregation inhibitor

Anticoagulant

Anticoagulant

Reduction of blood cholesterol 
(HMG-CoA reductase inhibitor)

Reduction of blood cholesterol 
(HMG-CoA reductase inhibitor)

Reduction of blood cholesterol 
(HMG-CoA reductase inhibitor)

Reduction of blood cholesterol 
(HMG-CoA reductase inhibitor)

Reduction of blood cholesterol 
(HMG-CoA reductase inhibitor)

Reduction of blood cholesterol 
(microsomal triglyceride transfer 

protein inhibitor)

Inhibition of the Na+/K+ ATPase  
in the myocardium

Adrenoceptor beta inhibitor

Angiotensin-converting-enzyme 
inhibitor

Angiotensin II receptor type 1 
antagonist

Reference

(103,104)

(105-107)

(108)

(109)

(110)

(110)

(111)

(111)

(112-114)

(115,116)

(115)

(117)

(118,119)

(120)

(120)
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oping new drugs. Many government research groups 
have taken an active role in promoting pharmacog-
enomic research and clinical implementation. One 
noteworthy example is the NIH-funded Pharmacog-
enomics Research Network (PGRN), which focuses 
on understanding genetic determinants of response 
to various medications, including medications used to 
treat cardiac arrhythmias. Drug gene panels are com-
mercially available or may be custom built for this type 
of approach (103).

Genes involved in drug response

Most variations in the genes in Table 3 are single 
nucleotide polymorphisms (SNPs). Genetic screening 
of the coding sequence of PTGS1 in 92 healthy indi-
viduals revealed five variants that conferred decreased 
metabolic basal activity to PTGS1 in vitro (121). Het-
erozygous variants in the genes CYP2C9 (OMIM dis-
ease 122700), VKORC1 (OMIM disease 122700) and 
CYP2A6 (OMIM disease 122700) cause variable drug 
responses transmitted by autosomal dominant inher-
itance. Homozygous and/or compound heterozygous 
mutations in the genes CYP2C19 (OMIM disease 
609535) and ADRB1 cause variable drug responses 
transmitted by autosomal recessive inheritance.

Times and costs of genetic testing

The rapid expansion of genetic testing has re-
duced costs and increased utilization. The costs for 
genetic testing include genetic counseling, biotech-
nologists’ labor time, laboratory supplies, equipment, 
and data interpretation and reporting. The standard 
protocol for molecular diagnosis of CVDs includes 
DNA extraction from biological samples (peripheral 
blood or saliva) and analysis of genetic regions of in-
terest through automatic sequencing or polymerase 
chain reaction amplification with specific primers fol-
lowed by enzyme digestion of the amplification. The 
time required to perform the analysis varies with the 
number of genes screened, the length of the sequence 
and the number of mutations analyzed. Thus costs 
vary, although in recent years, genetic tests have be-

come faster and cheaper, thanks to new developments. 
NGS is a rapid cost-effective tool for identifying mu-
tations in genes associated with CVDs. It enables the 
optimization of times and costs in specialized genetic 
laboratories (92,104).

Conclusions

Genetic testing in cardiology has become an im-
portant tool for studying and understanding the eti-
ology, pathogenesis and development of CVDs and 
is beginning to change clinical practice. Advances 
in DNA sequencing methodology have made gene-
based diagnosis increasingly feasible in routine clinical 
practice, while maintaining clinical accuracy. There is 
much evidence that molecular genetics and pharma-
cogenetics are playing an increasingly important role 
in the correct clinical management of heart patients. 
Knowledge of these methods should not be limited to 
a closed group of researchers, but should be dissemi-
nated to clinical cardiologists in contact with patients 
who can actually benefit from genetic diagnostics. In 
the near future we can expect a great increment in in-
formation and tests regarding genetic diagnosis, which 
will be acknowledged as a true branch of cardiology, 
on a par with hemodynamics and electrophysiology. 
Third millennium cardiologists should therefore be-
come familiar with the diagnostic and therapeutic op-
portunities offered by genetic testing and be prepared 
for the great leap forward it will bring. The genetic test 
is particularly important in conditions that can lead to 
sudden death (e.g. long QT syndrome, Brugada syn-
drome, arrhythmogenic cardiomyopathies). Next gen-
eration sequencing makes it possible to analyze all the 
causative genes in a single experiment and can become 
the basis for prescribing preventive devices, such as the 
pacemaker.

Conflict of interest: Each author declares that he or she has no 
commercial associations (e.g. consultancies, stock ownership, equity 
interest, patent/licensing arrangement etc.) that might pose a con-
flict of interest in connection with the submitted article



G. Krasi, V. Precone, S. Paolacci, et al.16

References

  1. �http://www.who.int/Cardiovascular disease/
  2. �Abhik C, Souvick R, Birendranath B. Current molecular 

diagnostics of cardiovascular diseases - a step closer to per-
sonalized medicine. J Cardiovasc Dis Res 2015; 6: 107-16.

  3. �Gersh BJ, Maron BJ, Bonow RO, et al. 2011 ACCF/AHA 
guideline for the diagnosis and treatment of hypertrophic 
cardiomyopathy: a report of the American College of Cardi-
ology Foundation/American Heart Association Task Force 
on Practice Guidelines. Circulation 2011; 124: e783-e831.

  4. �Mariotti S, Capparuccia C, Ripa C. The role of molecular 
biology in the diagnosis and treatment of cardiovascular dis-
eases. G Ital Cardiol (Rome) 2010; 11: 730-45.

  5. �Relling MV, Klein TE. CPIC: Clinical Pharmacogenet-
ics Implementation Consortium of the Pharmacogenomics 
Research Network. Clin Pharmacol Ther 2011; 89: 464-7.

  6. �Dunnenberger HM, Crews KR, Hoffman JM, et al. 
Preemptive clinical pharmacogenetics implementation: cur-
rent programs in five US medical centers. Annu Rev Phar-
macol Toxicol 2015; 55:89-106.

  7. �Peters BJM, Klungel OH, de Boer A, Ch. Stricker BH, 
Maitland-van der Zee A-H. Pharmacogenetics of cardio-
vascular drug therapy. Clin Cases Miner Bone Metab 2009; 
6:55-65.

  8. �Johnson J. Improving cardiovascular drug therapy through 
pharmacogenomics? Hellenic J Cardiol 2002; 43: 16-9.

  9. �Priori SG, Napolitano C, Schwartz PJ, et al. Association of 
long QT syndrome loci and cardiac events among patients 
treated with beta-blockers. JAMA 2004; 292: 1341-4.

10. �Schwartz PJ, Stramba-Badiale M, Crotti L, et al. Prevalence 
of the congenital long QT syndrome. Circulation 2009; 120: 
1761–7.

11. �Giudicessi JR, Ackerman MJ. Genotype- and phenotype-
guided management of congenital long QT syndrome. Curr 
Probl Cardiol 2013; 38: 417–55.

12. �Tranebjærg L, Samson RA, Green GE. Jervell and Lange-
Nielsen syndrome. GeneReviews. Seattle (WA): University 
of Washington, Seattle, 2017.

13. �Anttonen O, Junttila MJ, Rissanen H, Reunanen A, Vii-
tasalo M, Huikuri HV. Prevalence and prognostic signifi-
cance of short QT interval in a middle-aged Finnish popu-
lation. Circulation 2007; 116: 714–20.

14. �Rudic B, Schimpf R, Borggrefe M. Short QT syndrome – 
review of diagnosis and treatment. Arrhythm Electrophysiol 
Rev 2014; 3: 76–9.

15. �Brugada R, Campuzano O, Sarquella-Brugada G, et al. 
Brugada syndrome. GeneReviews. Seattle (WA): University 
of Washington, Seattle 2016.

16. �Fuster V, Rydén LE, Cannom DS, et al. 2011 ACCF/AHA/
HRS focused updates incorporated into the ACC/AHA/
ESC 2006 guidelines for the management of patients with 
atrial fibrillation: a report of the American College of Cardi-
ology Foundation/American Heart Association Task Force 
on practice guidelines. Circulation 2011; 123: e269-367.

17. �Napolitano C, Priori SG, Bloise R. Catecholaminergic 

polymorphic ventricular tachycardia. GeneReviews. Seattle 
(WA): University of Washington, Seattle, 2016.

18. �Hanna Deschamps E, Hanna EB. Atrioventricular acces-
sory pathways: mechanisms, electrocardiograms, and associ-
ated arrhythmias. South Med J 2016; 109: 670-6.

19. �Alders M, Bikker H, Christiaans I. Long QT syndrome. 
GeneReviews. Seattle (WA): University of Washington, 
Seattle, 2018.

20. �Chinmay P, Gan-Xin Y, Charles A. Short QT syndrome: 
from bench to bedside. Circ Arrhythm Electrophysiol 2010; 
3: 401-8.

21. �Templin C, Ghadri JR, Rougier JS, et al. Identification of 
a novel loss-of-function calcium channel gene mutation 
in short QT syndrome (SQTS6). Eur Heart J 2011; 32: 
1077–88.

22. �Grant AO, Carboni MP, Neplioueva V, et al. Long QT syn-
drome, Brugada syndrome, and conduction system disease 
are linked to a single sodium channel mutation. J Clin Invest 
2002; 110: 1201-9.

23. �Lewis SJ, Ebrahim S, Davey Smith G. Meta-analysis of 
MTHFR 677C>T polymorphism and coronary heart dis-
ease: does totality of evidence support causal role for ho-
mocysteine and preventive potential of folate? BMJ 2005; 
331: 1053.

24. �Huang Y, Yang J, Xie W, et al. A novel KCND3 mutation 
associated with early-onset lone atrial fibrillation. Onco-
target 2017; 8: 115503-12.

25. �Olesen MS, Bentzen BH, Nielsen JB, et al. Mutations in 
the potassium channel subunit KCNE1 are associated with 
early-onset familial atrial fibrillation. BMC Med Genet 
2012; 13: 24.

26. �Peng G, Barro-Soria R, Sampson KJ, Larsson HP, Kass 
RS. Gating mechanisms underlying deactivation slowing by 
two KCNQ1 atrial fibrillation mutations. Sci Rep 2017; 7: 
45911.

27. �Beckmann BM, Holinski-Feder E, Walter MC, et al. Lami-
nopathy presenting as familial atrial fibrillation. Int J Car-
diol 2010; 145: 394–6.

28. �Huang RT, Xue S, Xu YJ, et al. A novel NKX2.5 loss-of-
function mutation responsible for familial atrial fibrillation. 
Int J Mol Med 2013; 31: 1119–26.

29. �Hodgson-Zingman DM, Karst ML, Zingman LV, et al. 
Atrial natriuretic peptide frameshift mutation in familial 
atrial fibrillation. N Engl J Med 2008; 359: 158–65.

30. �Kazemian P, Gollob MH, Pantano A, et al. A novel muta-
tion in the RYR2 gene leading to catecholaminergic poly-
morphic ventricular tachycardia and paroxysmal atrial fi-
brillation: dose-dependent arrhythmia-event suppression by 
beta-blocker therapy. Can J Cardiol 2011; 27: 870.

31. �Wang J, Sun YM, Yang YQ. Mutation spectrum of the 
GATA4 gene in patients with idiopathic atrial fibrillation. 
Mol Biol Rep 2012; 39: 8127–35.

32. �Wang XH, Huang CX, Wang Q, et al. A novel GATA5 
loss-of-function mutation underlies lone atrial fibrillation. 
Int J Mol Med 2013; 31: 43–50.

33. �Tucker NR, Mahida S, Ye J, et al. Gain-of-function muta-



Genetics and pharmacogenetics 17

tions in GATA6 lead to atrial fibrillation. Heart Rhythm 
2017; 14: 284-91.

34. �Chinchilla A, Daimi H, Lozano-Velasco E, et al. PITX2 
insufficiency leads to atrial electrical and structural remod-
eling linked to arrhythmogenesis. Circ Cardiovasc Genet 
2011; 4: 269–79.

35. �Wang J, Zhang DF, Sun YM, Yang YQ. A novel PITX2c 
loss-of-function mutation associated with familial atrial fi-
brillation. Eur J Med Genet 2014; 57: 25-31.

36. �Ma JF, Yang F, Mahida SN, et al. TBX5 mutations contrib-
ute to early-onset atrial fibrillation in Chinese and Cauca-
sians. Cardiovasc Res 2016; 109: 442-50.

37. �Benjamin EJ, Rice KM, Arking DE, et al. Variants in 
ZFHX3 are associated with atrial fibrillation in individuals 
of European ancestry. Nat Genet 2009; 41: 879–81.

38. �Hoffmann S, Clauss S, Berger IM, et al. Coding and non-
coding variants in the SHOX2 gene in patients with early-
onset atrial fibrillation. Basic Res Cardiol 2016; 111: 36.

39. �Ellinor PT, Lunetta KL, Albert CM, et al. Meta-analysis 
identifies six new susceptibility loci for atrial fibrillation. 
Nat Genet 2012; 44: 670-5.

40. �Lin H, Sinner MF, Brody JA, et al. Targeted sequencing 
in candidate genes for atrial fibrillation: the Cohorts for 
Heart and Aging Research in Genomic Epidemiology 
(CHARGE) targeted sequencing study. Heart Rhythm 
2014; 11: 452-7.

41. �Ellinor PT, Lunetta KL, Glazer NL, et al. Common variants 
in KCNN3 are associated with lone atrial fibrillation. Nat 
Genet 2010; 42: 240-4.

42. �Priori SG, Napolitano C, Memmi M, et al. Clinical and 
molecular characterization of patients with catecholaminer-
gic polymorphic ventricular tachycardia. Circulation 2002; 
106: 69-74.

43. �Mohler PJ, Splawski I, Napolitano C, et al. A cardiac ar-
rhythmia syndrome caused by loss of ankyrin-B function. 
Proc Natl Acad Sci USA 2004; 101: 9137-42.

44. �Vega AL, Tester DJ, Ackerman MJ. Protein kinase A-de-
pendent biophysical phenotype for V227F-KCNJ2 muta-
tion in catecholaminergic polymorphic ventricular tachycar-
dia. Circ Arrhythm Electrophysiol 2009; 2: 540–7.

45. �Fatkin D, Graham RM. Molecular mechanisms of inherited 
cardiomyopathies. Physiol Rev 2002; 82: 945–80.

46. �Pinto YM, Wilde AAN, van Rijsingen IAW, Christiaans I, 
Lekanne Deprez RH, Elliott PM. Clinical utility gene card 
for: hypertrophic cardiomyopathy (type 1–14). Eur J Hum 
Genet 2011; 19.

47. �Bashyam MD, Savithri GR, Kumar MS, Narasimhan C, 
Nallari P. Molecular genetics of familial hypertrophic car-
diomyopathy (FHC). J Hum Genet 2003; 48: 55-64.

48. �Callis TE, Jensen BC, Weck KE, Willis MS. Evolving 
molecular diagnostics for familial cardiomyopathies: at the 
heart of it all. Expert review of molecular diagnostic. 2010; 
10: 329-51.

49. �Hershberger RE, Morales A. Dilated cardiomyopathy over-
view. GeneReviews Seattle (WA): University of Washing-
ton, Seattle, 2007.

50. �McNally E, MacLeod H, Dellefave-Castillo L. Arrhythmo-
genic right ventricular cardiomyopathy. GeneReviews. Seat-
tle (WA): University of Washington, Seattle, 2005.

51. �Bennett CE, Freudenberger R. The current approach to di-
agnosis and management of left ventricular noncompaction 
cardiomyopathy: review of the literature. Cardiol Res Pract 
2016; 51: 723-8.

52. �Ritter M, Oechslin E, Sutsch G, Attenhofer C, Schneider 
J, Jenni R. Isolated noncompaction of the myocardium in 
adults. Mayo Clin Proc 1997; 72: 26-31.

53. �Sasse-Klaassen S, Gerull B, Oechslin E, Jenni R, Thierfelder 
L. Isolated noncompaction of the left ventricular myocar-
dium in the adult is an autosomal dominant disorder in the 
majority of patients. Am J Med Genet 2003; 119: 162-7.

54. �Digilio MC, Marino B, Bevilacqua M, Musolino AM, Gi-
annotti A, Dallapiccola B. Genetic heterogeneity of isolated 
noncompaction of the left ventricular myocardium. Am J 
Med Gen 1999; 85: 90-1.

55. �Muchtar E, Blauwet LA, Gertz MA. Restrictive cardio-
myopathy: genetics, pathogenesis, clinical manifestations, 
diagnosis, and therapy. Circ Res 2017; 121: 819-37.

56. �Pasotti M, Repetto A, Pisani A, Arbustini E. Diagnosi ge-
netica di cardiomiopatia dilatativa familiare. Ital Heart J 
Suppl 2002; 3: 386-93.

57. �Hershberger RE, Parks SB, Kushner JD, et al. Coding se-
quence mutations identified in MYH7, TNNT2, SCN5A, 
CSRP3, LBD3, and TCAP from 313 patients with familial 
or idiopathic dilated cardiomyopathy. Clin Transl Sci 2008; 
1: 21-6.

58. �Hayashi T, Arimura T, Itoh-Satoh M, et al. Tcap gene mu-
tations in hypertrophic cardiomyopathy and dilated cardio-
myopathy. J Am Coll Cardiol 2004; 44: 2192-201.

59. �Duboscq-Bidot L, Charron P, Ruppert V, et al. Mutations 
in the ANKRD1 gene encoding CARP are responsible 
for human dilated cardiomyopathy. Eur Heart J 2009; 30: 
2128-36.

60. �Taylor MR, Slavov D, Gajewski A, et al. Thymopoietin 
(lamina-associated polypeptide 2) gene mutation associated 
with dilated cardiomyopathy. Hum Mutat 2005; 26: 566–7.

61. �Man E, Lafferty KA, Funke BH, et al. NGS identifies TAZ 
mutation in a family with X-linked dilated cardiomyopathy. 
BMJ Case Rep 2013; 22: 20-3.

62. �Knöll R, Postel R, Wang J, et al. Laminin-alpha4 and inte-
grin-linked kinase mutations cause human cardiomyopathy 
via simultaneous defects in cardiomyocytes and endothelial 
cells. Circulation 2007; 116: 515–25.

63. �Taylor M, Graw S, Sinagra G, et al. Genetic variation in 
titin in arrhythmogenic right ventricular cardiomyopathy-
overlap syndromes. Circulation 2011; 124: 876-85.

64. �Bermúdez-Jiménez FJ, Carriel V, Brodehl A, et al. The 
novel desmin mutation p.Glu401Asp impairs filament for-
mation, disrupts cell membrane integrity and causes severe 
arrhythmogenic left ventricular cardiomyopathy/dysplasia. 
Circulation 2017; 6.

65. �Walsh R, Thomson KL, Ware JS, et al. Reassessment of 
Mendelian gene pathogenicity using 7,855 cardiomyopathy 



G. Krasi, V. Precone, S. Paolacci, et al.18

cases and 60,706 reference samples. Genet Med 2017; 19: 
192-203.

66. �Kato K, Takahashi N, Fujii Y, et al. LMNA cardiomyopathy 
detected in Japanese arrhythmogenic right ventricular car-
diomyopathy cohort. J Cardiol 2016; 68: 346-51.

67. �Te Rijdt WP, Jongbloed JD, de Boer RA, et al. Clinical util-
ity gene card for: arrhythmogenic right ventricular cardio-
myopathy (ARVC). Eur J Hum Genet 2014; 22.

68. �Rodriguez-Calvo MS, Brion M, Allegue C, Concheiro L, 
Carracedo A. Molecular genetics of sudden cardiac death. 
Forensic Sci Int 2008; 182: 1-12.

69. �Aragona P, Badano LP, Pacileo G, Pino GP, Sinagra G, 
Zachara E. La forma isolata della non compattazione del 
miocardio ventricolare sinistro. Ital Heart J Suppl 2005; 6: 
649-59.

70. �Parent JJ, Towbin JA, Jefferies JL. Left ventricular non-
compaction in a family with lamin A/C gene mutation. Tex 
Heart Inst J 2015; 42: 73–6.

71. �Shan L, Makita N, Xing Y, et al. SCN5A variants in Japa-
nese patients with left ventricular noncompaction and ar-
rhythmia. Mol Genet Metab 2008; 93: 468-74.

72. �Milano A, Vermeer AM, Lodder EM, et al. HCN4 mu-
tations in multiple families with bradycardia and left ven-
tricular noncompaction cardiomyopathy. J Am Coll Cardiol 
2014; 64: 745-56.

73. �Zhao Y, Feng Y, Ding X, et al. Identification of a novel 
hypertrophic cardiomyopathy-associated mutation using 
targeted next-generation sequencing. Int J Mol Med 2017; 
40: 121-9. 

74. �Muhammad E, Levitas A, Singh SR, et al. PLEKHM2 mu-
tation leads to abnormal localization of lysosomes, impaired 
autophagy flux and associates with recessive dilated cardio-
myopathy and left ventricular noncompaction. Hum Mol 
Genet 2015; 24: 7227-40.

75. �Ramond F, Janin A, Di Filippo S, et al. Homozygous PKP2 
deletion associated with neonatal left ventricle noncompac-
tion. Clin Genet 2017; 91: 126-30.

76. �Taglietti V, Maroli G, Cermenati S, et al. Nfix induces a 
switch in Sox6 transcriptional activity to regulate MyHC-I 
expression in fetal muscle. Cell Reports 2016; 17: 2354-66.

77. �Tang S, Batra A, Zhang Y, Ebenroth ES, Huang T. Left 
ventricular noncompaction is associated with mutations in 
the mitochondrial genome. Mitochondrion 2010; 10: 350-
57.

78. �Kubo T, Gimeno JR, Bahl A, et al. Prevalence, clinical sig-
nificance, and genetic basis of hypertrophic cardiomyopathy 
with restrictive phenotype. J Am Coll Cardiol 2007; 49: 
2419-26.

79. �Richard P, Charron P, Carrier L, et al. Hypertrophic cardio-
myopathy: distribution of disease genes, spectrum of muta-
tions, and implications for a molecular diagnosis strategy. 
Circulation 2003; 107: 2227–32.

80. �Wu W, Lu CH, Wang YN, et al. Novel phenotype–geno-
type correlations of restrictive cardiomyopathy with myo-
sin-binding protein C (MYBPC3) gene mutations tested 
by next-generation sequencing. J Am Heart Assoc 2015; 4.

81. �Caleshu C, Sakhuja R, Nussbaum RL, et al. Furthering the 
link between the sarcomere and primary cardiomyopathies: 
restrictive cardiomyopathy associated with multiple muta-
tions in genes previously associated with hypertrophic or 
dilated cardiomyopathy. Am J Med Genet A 2011; 155: 
2229–35.

82. �Gollob MH, Green MS, Tang AS, et al. Identification of a 
gene responsible for familial Wolff-Parkinson-White syn-
drome. N Engl J Med 2001; 344: 1823-31.

83. �Youngblom E, Pariani M, Knowles JW. Familial hypercho-
lesterolemia. GeneReviews. Seattle (WA): University of 
Washington, Seattle, 2016.

84. �Shah AS, Wilson DP. Primary hypertriglyceridemia in chil-
dren and adolescents. J Clin Lipidol 2015; 9: 20-8.

85. �Familial HDL deficiency. Genetics Home Reference - 
http://ghr.nlm.nih.gov/condition/familial-hdl-deficiency.

86. �Simonetti GD, Mohaupt MG, Bianchetti MG. Monogenic 
forms of hypertension. Eur J Pediatr 2012; 171: 1433-9.

87. �Ahn SY, Gupta C. Genetic programming of hypertension. 
Front Pediatr 2018; 5: 285.

88. �Angeli F, Reboldi G, Verdecchia P. Hypertension, inflam-
mation and atrial fibrillation. J Hypertens 2014; 32: 480- 
3.

89. �Dai X, Wiernek S, Evans JP, Runge MS. Genetics of coro-
nary artery disease and myocardial infarction. World J Car-
diol 2016; 8: 1-23.

90. �Khera AV, Kathiresan S. Genetics of coronary artery dis-
ease: discovery, biology and clinical translation. Nat Rev 
Genet 2017; 18: 331-44.

91. �Patni N, Ahmad Z, Wilson DP. Genetics and dyslipidemia. 
Endotext. South Dartmouth (MA): MDText.com, Inc., 
2016.

92. �Mancia G, De Backer G, Dominiczak A, et al. ESH-ESC 
practice guidelines for the management of arterial hyperten-
sion: ESH-ESC task force on the management of arterial 
hypertension. J Hypertens 2007; 25: 1751–62.

93. �Sasidhar MV, Reddy S, Naik A, Naik S. Genetics of coro-
nary artery disease – A clinician’s perspective. Indian Heart 
J 2014; 66: 663–71.

94. �Goodman DM, Burke AE, Livingston EH. Bleeding disor-
ders. JAMA 2012; 308: 1492.

95. �Girolami F, Frisso G, Benelli M, et al. Contemporary genet-
ic testing in inherited cardiac disease: tools, ethical issues, 
and clinical applications. J Cardiovasc Med (Hagerstown) 
2018; 19: 1-11.

96. �Medeiros AM, Alves AC, Aguiar P, Bourbon M. Cardio-
vascular risk assessment of dyslipidemic children: analysis of 
biomarkers to identify monogenic dyslipidemia. J Lipid Res 
2014; 55: 947-55.

97. �Koo SH, Lee EJ. Pharmacogenetics approach to therapeu-
tics. Clin Exp Pharmacol Physiol 2006; 33: 525-32.

98. �Sadée W, Dai Z. Pharmacogenetics/genomics and person-
alized medicine. Hum Mol Genet 2005; 14: R207-14.

99. �Swen JJ, Huizinga TW, Gelderblom H, et al. Translating 
pharmacogenomics: challenges on the road to the clinic. 
PLoS Med 2007; 4: e209.



Genetics and pharmacogenetics 19

100. �Mogensen J, van Tintelen JP, Fokstuen S, et al. The cur-
rent role of next-generation DNA sequencing in routine 
care of patients with hereditary cardiovascular conditions: 
a viewpoint paper of the European Society of Cardiology 
working group on myocardial and pericardial diseases and 
members of the European Society of Human Genetics. 
Eur Heart J 2015; 36: 1367-70.

101. �Charron P, Arad M, Arbustini E, et al. Genetic counsel-
ling and testing in cardiomyopathies: a position statement 
of the European Society of Cardiology Working Group 
on Myocardial and Pericardial Diseases. EurHeart J 2010; 
31: 2715-26.

102. �Relling MV, Klein TE. CPIC: Clinical Pharmacogenetics 
Implementation Consortium of the Pharmacogenomics 
Research Network. Clin Pharmacol Ther 2011; 89: 464-7.

103. �Maree AO, Curtin RJ, Chubb A, et al. Cyclooxygenase-1 
haplotype modulates platelet response to aspirin. J Thromb 
Haemost 2005; 3: 2340-5.

104. �Undas A, Sanak M, Musial J, Szczeklik A. Platelet glyco-
protein IIIa polymorphism, aspirin, and thrombin genera-
tion. Lancet 1999; 353: 982-3.

105. �Hulot JS, Bura A, Villard E, et al. Cytochrome P450 2C19 
loss-of-function polymorphism is a major determinant of 
clopidogrel responsiveness in healthy subjects. Blood 2006; 
108: 2244-7.

106. �Bura A, Bachelot-Loza C, Dali Ali F, Aiach M, Gaussem 
P. Role of the P2Y12 gene polymorphism in platelet re-
sponsiveness to clopidogrel in healthy subjects. J Thromb 
Haemost 2006; 4: 2096–7.

107. �Angiolillo DJ, Fernandez-Ortiz A, Bernardo E, et al. PlA 
polymorphism and platelet reactivity following clopidogrel 
loading dose in patients undergoing coronary stent im-
plantation. Blood Coagul Fibrinolysis 2004; 15: 89-93.

108. �Pilotto A, Seripa D, Franceschi M, et al. Genetic suscep-
tibility to nonsteroidal anti-inflammatory drug-related 
gastroduodenal bleeding: role of cytochrome P450 2C9 
polymorphisms. Gastroenterology 2007; 133: 465-71.

109. �Sanderson S, Emery J, Higgins J. CYP2C9 gene variants, 
drug dose, and bleeding risk in warfarin treated patients: 
a HuGEnet systematic review and meta-analysis. Genet 
Med 2005; 7: 97-104.

110. �Johnson JA, Cavallari LH. Pharmacogenetics and cardio-
vascular disease – implications for personalized medicine. 
Pharmacol Rev 2013; 65: 987-1009.

111. �Kaufman AL, Spitz J, Jacobs M, et al. Evidence for clini-
cal implementation of pharmacogenomics in cardiac drugs. 
Mayo Clin Proc 2015; 90: 716-29.

112. �Kajinami K, Brousseau ME, Ordovas JM, Schaefer EJ. A 
promoter polymorphism in cholesterol 7alpha-hydroxylase 
interacts with apolipoprotein E genotype in the LDL-low-
ering response to atorvastatin. Atherosclerosis 2005; 180: 
407-15.

113. �Kajinami K, Brousseau ME, Ordovas JM, Schaefer EJ. 
Polymorphisms in the multidrug resistance-1 (MDR1) 
gene influence the response to atorvastatin treatment in a 
gender-specific manner. Am J Cardiol 2004; 93: 1046-50.

114. �Yehya A, Irshaid Y, Saleh AA. Cholesteryl ester transfer 
protein rs1532624 gene polymorphism is associated with 
reduced response to statin therapy. Curr Mol Pharmacol 
2013; 6: 156-62.

115. �Salazar LA, Hirata MH, Quintão EC, Hirata RD. Lipid-
lowering response of the HMG-CoA reductase inhibitor 
fluvastatin is influenced by polymorphisms in the low-
density lipoprotein receptor gene in Brazilian patients with 
primary hypercholesterolemia. J Clin Lab Anal 2000; 14: 
125-31.

116. �Salek L, Lutucuta S, Ballantyne CM, Gotto AM Jr, Mar-
ian AJ. Effects of SREBF-1a and SCAP polymorphisms 
on plasma levels of lipids, severity, progression and regres-
sion of coronary atherosclerosis and response to therapy 
with fluvastatin. J Mol Med (Berl) 2002; 80: 737-44.

117. �Arnett DK, Baird AE, Barkley RA, et al. Relevance of 
genetics and genomics for prevention and treatment of 
cardiovascular disease: a scientific statement from the 
American Heart Association Council on Epidemiology 
and Prevention, the Stroke Council, and the Functional 
Genomics and Translational Biology Interdisciplinary 
Working Group. Circulation 2007; 115: 2878-901.

118. �Liu J, Liu ZQ, Tan ZR, et al. Gly389Arg polymorphism of 
beta1-adrenergic receptor is associated with the cardiovas-
cular response to metoprolol. Clin Pharmacol Ther 2003; 
74: 372-9.

119. �Kurland L, Liljedahl U, Karlsson J, et al. Angiotensino-
gen gene polymorphisms: relationship to blood pressure 
response to antihypertensive treatment. Results from the 
Swedish Irbesartan Left Ventricular Hypertrophy Inves-
tigation vs Atenolol (SILVHIA) trial. Am J Hypertens 
2004; 17: 8-13.

120. �Arnett DK, Claas SA, Glasser SP. Pharmacogenetics of 
antihypertensive treatment. Vascul Pharmacol 2006; 44: 
107-18.

121. �Lee CR, Bottone FG, Krahn JM, et al. Identification and 
functional characterization of polymorphisms in human 
cyclooxygenase-1 (PTGS1). Pharmacogenet Genomics 
2007; 17: 145-60.

Received: 5 August 2019
Accepted: 5 September 2019
Correspondence:
Stefano Paolacci
Via delle Maioliche 57/D, 
38068 Rovereto (TN), Italy
E-mail: stefano.paolacci@assomagi.org


