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T
here is clear evidence to-
day that efficacy and to-
xicity of most pharmaco-
logic agents varies among
individuals1,2. Differen-
ces in age, severity of un-

derline disease, coexistent diseases, drug-
drug interactions, only partially explain
differences in drug response. Indeed, in-
dividuals with apparently similar chara-
cteristics may exhibit various responses
to the same amount of a certain pharma-
cologic agent. Genetically determined fa-
ctors related to drug metabolism or sen-
sitivity of enzymes/receptors via which
pharmacologic agents provide their a-
ction may play important roles 3. Phar-
macogenetics/  pharmacogenomics is the
field of biomedical sciences which is stu-
dying the effect of pharmacologic agents
in relation to the genetic factors4.

Differences in drug response related
to genetic factors have been reported in
antiquity. Pythagoras e.g. in 510 BC ob-
served that ingestion of fava beans was
dangerous in certain individuals. For this
reason he recommend avoidance of beans:
«…ŒÓ ÙÒ ÂÚ› ÙÒÓ ¶˘ı·ÁÔÚÂ›ˆÓ ·Ú·Á-
Á¤ÏÂÈÓ ·˘ÙÒÓ ·¤¯ÂÛı·È ÙÒÓ Î˘¿ÌˆÓ,
‹ÙÔÈ fiÙÈ Õ‰Ô˘ ‡Ï·È˜ ÂÈÛ›Ó fiÌÔÈÔÈ»5. To-
day it is known that serious hemolytic
anemia may occur in individuals with a
genetically determinated deficiency of
the antioxidant enzyme dehydrogenase
of glucose- 6-phosphate (G-6PD) after
consumption of fava beans.

Early in the 20th century, it was sug-
gested that drugs in humans are metabo-
lized prior to excretion.14,15 In 1919 Mar-
shall reported that the skin of black indi-
viduals was more resistant to mustard gas
compared to the skin of white individuals.
During World War II, it was observed that
administration of antimalarial drugs pro-
duced hemolytic anemia more often in
African-Americans compared to Cauca-
sians16. In 1956, it was demonstrated that
G6PD deficiency is the major factor re-
lated to hemolytic anemia after admini-
stration of antimalarial drugs17. G6PD
deficiency occurs more often in African
compared to white Americans and it is
genetically determined. In 1968 it was
shown that plasma half-lives of many
drugs are remarkably similar in mono-
zygotic twins, whereas a wide variation in
drug half-lives were observed in dizygotic
twins, siblings and in the general popula-
tion18.

In this review, the principles of phar-
macogenetics /pharmacogenomics and
their applications to cardiology will be
discussed briefly. To better understand
pharmacogenetics a few principles relat-
ed to genetics and single nucleotide poly-
morphism will be presented.

Genetics

Hippocrates was the first to describe that
characteristics in children are related to
both of their parents. «…ŒÛÙÈ ‰¤ Ô‡Î ·Ó˘-
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ÛÙfiÓ ¿ÓÙ· ÙË ÌËÙÚ› ÂÔÈÎ¤Ó·È ÙÒ ‰¤ ·ÙÚ› ÌË‰¤Ó, ‹
Ùfi ÂÓ·ÓÙ›ÔÓ ÙÔ‡ÙÔ˘, Ô˘‰¤ ÌË‰ÂÙ¤Úˆ ÂÔÈÎ¤Ó·È ÌË‰¤ÓØ
·ÏÏ¿ ·ÌÊÔÙ¤ÚÔÈÛÈÓ ·Ó¿ÁÎË Ù›˜ ÂÛÙ›Ó ÂÔÈÎ¤Ó·È ÙÈÓ›»6.
He also mentioned that children may have the same
disease with their parents. «... ÕÚ¯ÂÙ·È ‰¤ ÒÛÂÚ Î·›
Ù¿ÏÏ· ÓÔ˘Û‹Ì·Ù· Î·Ù¿ Á¤ÓÔ˜. ∆› ÎˆÏ‡ÂÈ fiÙˆ ·Ù‹Ú
Î·› Ì‹ÙËÚ Â›¯ÂÙÔ, ÙÔ‡ÙÔ Ùfi ÓÔÛ‹Ì·ÙÈ Î·› ÙÒÓ ÂÎÁfi-
ÓˆÓ ¤¯ÂÛı·È ÙÈÓ¿;»7.

Mendel was the first to have described the laws
of inheritance in 18669. Modern genetics, however,
started in 1953 when James D Watson and Francis
HC Crick defined the structure of deoxy-rivose nu-
cleic acids (DNA)10. DNA is composed of two poly-
nucleotide chains that form a double helix around
the same central axis and run in opposite directions.
Each chain consists of phosphate diester groups
joining deoxyribose residues and nitrogen bases. The
bases are on the inside of the helix and the phospha-
tes on the outside. The planes of the bases are per-
pendicular to the central axis. The bases are joined
together in pairs, a single base from each chain. One
of the pair must be a purine and the other pyrimidi-
ne for a bonding to occur (Figure 1). Only specific
pairs of bases can bond together. These pairs are
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Figure 1. Structure of deoxyribose nucleic acid (DNA). Left:
Schematic presentation of the double helix of DNA. The two
strands run in opposite directions (arrows). The nitrogen bases
and the hydrogen bonds are presented schematically as
perpendicular lines, to the central axis. The whole structure
resembles a ladder rotated to its longitudinal axis. Right: The
chemical structure of DNA. The backbone of DNA consists of
regularly repeated deoxyribose sugars and phosphates. The
deoxyribose sugars are joining together by phosphodiester bonds.
A nitrogen base is stacked to each sugar in a plane perpendicular
to the helical axis. Hydrogen bonds between bases of opposite
strands are holding the two strands together. A=adenine;
T=thymine; G=guanin; C=cytocine (see text for details). 

adenine (purine) with thymine (pyrimidine), and
guanine (purine) with cytosine (pyrimidine). The
sequence of bases on a single chain does not appear
to be restricted in any way. However, if only specific
pairs of bases can be formed, it follows that if the
sequence of bases on one chain is known, then the
sequence on the other chain is automatically deter-
minated11.

The specific DNA sequence that encodes a pro-
tein is called gene. Genes are the biological unit of
inheritance. The location of a gene on a chromo-
some is called locus (from the Latin word which
means “place”). A specific triplet of bases in the
DNA chain is translated to an amino acid and is
called a codon. The correspondence between spe-
cific codons and amino acids is known as the genetic
code. Two genes located near one another on the
same chromosome tend to be transmitted together
rather than independently. These genes are said to
be linked (Figure 2). 

While DNA is located in the cell nucleus, protein
synthesis takes place in the cytoplasm. The informa-
tion contained in DNA must thus be transferred to
the cytoplasm. This involves a process called trans-
cription. During transcription, the DNA code is
transcribed into messenger RNA (mRNA), which
leaves the nucleus to be translated into proteins.
Initially the transcription generates the primary
mRNA. Excision of the introns and subsequent

Genes
Genes

Unlinked genes Linked genes

Figure 2. Schematic presentation of homologous chromosomes
with two pairs of genes located in corresponding loci. These genes
are called alleles. The p and q indicate the short and long arm of
each chromosome respectively. Left: There is a pair of alleles on
each arm of the chromosome. The two genes are located far apart
On the same chromosome, in distant loci (unlinked genes). Right:
the two genes are located in adjacent loci on the same
chromosome (linked genes). Due to proximity between them, the
likelihood of passing together to the next generation after genetic
recombination is high.



joining of the exons results in the formation of the
mature mRNA (Figure 3). The mature mRNA is
then transported out of the nucleus for translation. 

The total number of human genes composes the
human genome8. Genes among the same species are
almost identical. Mutation is defined as a transmit-
table change in DNA sequence. Single gene muta-
tions represent substitution, deletion or insertion of
a base in a gene. This can result in a change in amino
acid sequence and a structural or functional defect
in the encoded protein. 

A single gene mutation can be determined by
three elements: the bases that have been changed
and the position of the mutation on the gene. In an-
giotensinogen gene for example, ∆704-C or T704 ÆC
denotes that in the position 704 thymine (T) is
changed to cytosine (C). This mutation results in the
substitution of methionine (Met) to threonine (Thr)
in the angiotensinogen molecule. The same mu-
tation can then be determined as Met235-Thr or
Met235 ÆThr.

Several genetic diseases like the Marfan syndro-
me, cystic fibrosis, neurofibromatosis, muscular dy-
strophy etc, are the result of a mutation in a single
gene. The frequency of these mutations is limited
(<1%) because the survival of these individuals is
reduced due to the disease process. 

Often, however, changes in DNA sequence do
not lead directly to a serious disease. Those genetic
variations are found frequently in the general po-
pulation. Inherited variations that occur at a fre-
quency greater than 1% are called polymorphisms.
Polymorphisms may contribute to traits such as skin

or eye color, red blood cells antigens, but may also
contribute to susceptibility of certain diseases and/or
to differences in response to pharmacologic agents. 

Polymorphisms that involve change in one in
nitrogen base are called single nucleotide poly-
morphisms (SNPs). It is estimated that SNPs occur
in one in every 1000 bases12,13. The total number of
bases in the human genome is approximately 3á109.
Thus the total number of SNPs is estimated to be
approximately 3 million.

Certain polymorphisms may be of a great clini-
cal significance. For example in glycoprotein (GP)
IIb/ IIIa platelet receptor polymorphism there is a
cytosine for thymine substitution in position 1565 of
the gene. This change causes a leukine to proline
substitution in position 33 of the polypeptidic chain.
Platelets carrying the polymorphic IIb/IIIa receptors
demonstrate increase aggregation compared to pla-
telets carrying the wild type (without mutation) re-
ceptors. The effect of some drugs like aspirin and
estrogen on platelet aggregation may also be dif-
ferent in relation to IIb/ IIIa receptor polymorphism
(Figure 4). 

Changes in bases within the coding regions of a
gene may alter the structure and function of the en-
coded protein. Changes, however, may occur wi-
thout any implication on the structure or function of
the encoded protein. These mutations are called
silent mutations and usually occur in the non-coding
regions of a gene. In some cases (angiotensin II re-
ceptor polymorphism), even silent mutations may be
related to susceptibility of specific diseases or have
effect on drug action. In these cases, the gene with
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Figure 3. The first step for the DNA
transcription to messenger ribose nucleic
acid (mRNA) is the formation of a pre-
mature mRNA. Special enzymes cut out
noncoding sequences called introns. The
remaining sequences form the mature
mRNA and are called exons.
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the silent mutation is linked with another gene,
which is responsible for the phenotypic expression.

Pharmacogenetics

Genetic factors may affect drug response by two
major mechanisms: a) alteration of drug metabo-
lism; b) alteration of the sensitivity of enzymes or
receptors by which pharmacologic agents provide
their effects.

Drug Metabolism

Drugs are most often eliminated by biotrans-
formation and/or excretion into the urine or bile.
The metabolic transformation of drugs is catalyzed
by enzymes, mainly in the liver. Many drugs used in
cardiology are metabolized by two enzymes: N-
acetyl-transferase and cytochrome P-450 (Table 1).
N acetyltransferase (NAT). NAT-1 and NAT-2 are
involve in the metabolism of several drugs by trans-
ferring one acetyl group from acetyl coenzyme A to
target amines with a final result in the production of
an amide. This process increases the hydrophilicity
of the drugs and enhances its elimination by the kid-
neys. The gene of NAT-2 is located in chromosome
819 (Table 2). An adenine to thymine substitution in
position 590 of NAT-2 gene results in an arginine to

glutamine substitution in position 197 of the polype-
ptidic chain of the enzyme which causes a decrease
in the activity of the enzyme20. Many polymorphisms
of NAT-2 gene have been described21. Populations
can be divided into rapid or slow acetylators. The
frequency of rapid acetylators is different in diffe-
rent populations22-24.

Procainamide is another drug which is metabo-
lized by NAT-2. N-acetylprocainamide (NAPA) is
the product of metabolism; it has antiarrythmic acti-
vity and is excreted by the kidneys25,26. Thus, in fast
acetylators high NAPA levels and adverse effects
related to NAPA may occur, especially in patients
with renal insufficiency. In slow acetylators with
decreased enzyme activity, plasma concentrations of
drugs metabolized by NAT are higher compared to
fast acetylators. Antinuclear antibodies and lupus-
like syndrome occur more often in slow compared to
fast acetylators during therapy with hydralazine or
procainamide25.
Cytochrome ƒ-450 (CYP-450). More than 50 com-
monly used cardiovascular drugs are metabolized by
CYP-450 enzyme family (Table 1). 

Polymorphisms of the CYP-450 have important
clinical implications. CYP-450 2C9 is the principal
enzyme that catalyzes the conversion of the pharma-
cologically more potent S-enantiomer of warfarin to
its inactive metabolites. The less potent R-enan-
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Figure 4. Left: Gene of glycoprotein (GP) platelet receptor IIb/IIIa in chromosome 17 (schematic presentation). A substitution of
cytosine by thymine in position 1565 of the gene encoding IIb/IIIa receptor, results in two polymorphic proteins. Centre: Schematic
presentation of GP IIb/IIIa receptor molecule. There is a leukine to proline substitution in position 33 of the polypeptidic chain. Right:
This aminoacid substitution causes increased platelet aggregation and different drug response.



tiomer is metabolized by CYP-450 1A2 and 1A327.
CYP-450 2C9 gene is located in chromosome 22. An
adenine to thymine substitution in position 3023 of
the gene causes a histidine to proline substitution in
position 144 of the polypeptidic chain of the enzyme
(Table 2). This genetic polymorphism produces
variants with different enzymatic activity. Individuals
with the polymorphism require a very low dose of
warfarin, and have an increased risk of bleeding
complications compared to individuals carrying the
wild type enzyme28. Knowledge of CYP-450 2C9
genotype may help to better manage patients treated
with warfarin.

Nicotine is the primary compound of tobacco
responsible for its dependence. In humans, 60-80%
of nicotine is metabolized to cotinine mostly by the

CYP2A6 enzyme. The gene coding for CYP2A6 is
located in chromosome 19. A thymine to adenine
substitution in position 488 of the gene causes a
leukine to histidine substitution in position 160 of
the polypeptidic chain of the enzyme. The result of
this polymorphin is the production of an inacti-
ve enzyme. Individuals lacking full function of
CYP2A6, have impaired nicotine metabolism and
are protected for becoming tobacco-dependent. In
addition, smokers whose nicotine metabolism is
impaired, smoke fewer cigarettes than those with
normal nicotine metabolism29. Smoke produced
from cigarettes contains nitrosamines which are
carcinogens; individuals who carry CYP2A6 ina-
ctive enzyme are less likely to develop lung can-
cer30.
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Table 1. Pharmacologic Agents Metobolized via N-acetyltransterase (NAT). Cytochrome (CYP) 450.
Cardiovascular drug metabolism in N-acetyltransferase (NAT) and cytochrome P450 (CYP450) enzymes. Many cytochrome P450 gene
families (isoenzymes) have been identified in humans (CYP450-1, 2, 3, etc). The sequence of aminoacids between enzymes of the same
family is at least 40% identical. The families are further divided in subfamilies (CYP450-1∞2, 2∞6, 2C9, 2C19, etc). Isoenzymes of the
same subfamily have >55% identical aminoacid sequences. The cytochrome P450-1, 2 and 3 families are involved in the bio-
transformations of the majority of drugs, whereas the rest of the families are important for the metabolism of endogenous substances
like steroids, fatty acids and others.

NAT CYP-450 CYP-450 CYP-450 CYP-450 CYP-450 CYP-450
1A2 2A6 2C9 2C19 2D6 3A4

Procainamide Warfarin-R Coumarin Warfarin-S Propranolol Propranolol Amiodarone
Hydralazine Caffeine Nicotine Irbesartan Metoprolol Digitoxin

Mexiletine Losartan Carvedilol Lidocain
Verapamil Fluvastatin Timolol Losartan

Captopril Lovastatin
Encainide Quinidine
Flecainide Verapamil
Mexiletine Diltiazem
Propafenone Nifedipine

Amlodipine
Felodipine
Nisoldipine 
Nitredipine

Table 2. Polymorphisms Affecting Metabolism of Cardiovascular Drugs.

Enzyme locus Base Aminoacid Polymorphism frequency Polymorphism result

N-acetyl-transferase
8p22

Guanine instead Gloutamine instead of Wild type ∼ 70% Decreased enzyme activity
of Adenine position 590 Arginine position 197 Heterozygotes ∼ 30% 

Homozygotes ∼ 0%

Cytochrome ƒ4502C9
22q12

Cytocine instead of Histidine instead Wild type ∼ 60% Decreased enzyme activity
Adenine position 3023 of Proline position 144 Heterozygotes ∼ 40% 

Homozygotes ∼ 0%

Cytochrome ƒ4502A6
19

Adenine instead of Histidine instead of Wild type ∼ 87% Decreased enzyme activity
Thymine position 488 Leukine position 160 Heterozygotes ∼ 12.5%

Homozygotes ∼ 0.5%



Enzymes and/or Receptors Related to Pharmacologic
Action of Drugs (Table 3)

Renine - Angiotensin - System (RAS)

Renin is a protease which is synthesized and stored
in the kidneys. Renin converts angiotensinogen to
angiotensin I. Angiotensin Coverting Enzyme (ACE)
converts angiotensin I to angiotensin II. Angiotensin
II has vasoconstrictive effects and stimulates the re-
lease of aldosterone from the adrenal cortex. Angio-
tensin II provides its pharmacological effect via spe-
cific cell surface receptors AT1 and AT2. Polymor-
phisms in genes coding for angiotensinogen, ACE,
or angiotensin II receptors have been described
(Figure 5)31.
Angiotensinogen. Human angiotensinogen contains
452 amino acids. The gene encoding angiotensino-
gen is located in chromosome 1. A thymine to cyto-
sine substitution in position 704 of the gene causes
the substitution of methionine for threonin in posi-
tion 235 in angiotensinogen molecule (Table 3)32.
Thus, there are three possible genotypes: methio-
nine-methionine (MM, wild type), methionine-
threonine (MT, mutant form, heterozygotes) and
threonine-threonine (TT, mutant form, homozygo-
tes)33. Individuals with the TT genotype have in-
creased angotensinogen and angiotensin II plasma

levels34. For this reason hypertensive patients car-
rying the polymorphic form of angiotensinogen re-
quire higher doses of ACE inhibitors for similar
therapeutic results, compared to patients carrying the
wild type of angiotensinogen35,36.

The reduction of renal blood flow during angio-
tensin II infusion in renal arteries is greater in indivi-
duals carrying the wild type angiotensinogen compa-
red to those carrying the angiotensinogen with poly-
morphism. This phenomenon is probably related to
a decrease of the number of angiotensin II receptors
in renal arteries (down regulation) due to chronic
stimulation from angiotensin II37,38.
Angiotensin Converting Enzyme (ACE). The gene
encoding ACE is located in chromosome 15 (Table
3)39. The ACE gene polymorphisms characterized by
either insertion (I) or deletion (D) of a 287-base pair
sequence in intron 16. The three possible genotypes
are: II, ID and DD (Figure 6). Individuals with the
DD genotype have increased plasma ACE levels,
while individuals with II genotype have lower ACE
plasma levels40,41. The DD genotype has been asso-
ciated with increased risk of myocardial infarction42,43,
greater left ventricular dilatation after anterior myo-
cardial infarction44, greater left ventricular hypertro-
phy in hypertensive patients45 and reduced survival
in patients with heart failure46.
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Figure 5. Renin acts on angiotensinogen to catalyze the formation of angiotensin I. Angiotensin II converting enzyme (ACE) converts
angiotensin I to angiotensin II. Angiotensin II acts via the angiotensin II receptors. Following an oral dose of ACE inhibitor, the drug is
absorbed and metabolized in the liver.
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Table 3. Polymorphism Altering Effect of Cardiovascular Drugs.

Protein locus Base Aminoacid Polymorphism frequency Polymorphism result

Angiotensinogen 1q43 Cytosine instead of Threonine instead of Wild type ∼ 30% Increased
Thymine position 704 Methionine position 235 Heterozygotes ∼ 52% angiotensinogen

Homozygotes ∼ 18% levels

Angiotensinogen 1q43 Guanine instead of Silent mutation Wild type ∼ 30% Increased
Adenine position 6 Heterozygotes ∼ 52% angiotensinogen

Homozygotes ∼ 18% levels

Angiotensin 287 base pair Silent mutation πnsertion-Insertion (ππ) ∼ 20% Increased ACE
Converting 17q23 insertion/deletion Insertion-Deletion (πD) ∼ 45% plasma levels
Enzyme (ACE) intron 16 Deletion-Deletion (DD) ∼ 35%

Angiotensin
3q21

Cytosine instead Silent mutation Wild type ∼ 50% Increased sensitivity
receptor ∆1 of Adenin Heterozygotes ∼ 41% to angiotensin

position 1166 Homozygotes ∼ 9%

Bradykinine
14q32

Cytosine instead Silent mutation Wild type ∼ 15 % Decreased receptor
receptor of Thymine position 58 Heterozygotes ∼ 60% synthesis

Homozygotes ∼ 25%

Nitric oxide (¡√)
7q35

Thymine instead Aspartic acid Wild type ∼ 40% Decreased enzyme
synthase of Guanine instead of Heterozygotes ∼ 43.5% activity

position 894 Gloutamine Homozygotes ∼ 16.5%
position 298

Alpha adducin Thymine instead Tryptophane Wild type ∼ 60% Increased sodium
4p16 of Guanine instead of Heterozygotes ∼ 25-35% re-absorption

position 614 Glycine position 460 Homozygotes ∼ 4%

Epithelial sodium
16p12

Thymine instead Methionine Heterozygotes: Whites ∼ 0.6% Increased sodium
channels of Cytocine instead of Africans ∼ 3% re-absorption

position 1781 Threonine position 594 Homozygotes ∼ 0%

‚1-adrenergic
10q24

Guanine instead Glycine instead of Wild type ∼ 65% Decreased receptor
receptor of Adenine position 145 Serine position 49 Heterozygotes ∼ 25% sensitivity

Homozygotes ∼ 10%

‚1-adrenergic
10q24

Guanine instead of Arginine instead of Arginine 389 ∼ 74% Increased receptor
receptor Cytosine position 1165 Glycine position 389 Glycine 389 ∼ 26% sensitivity

‚2- adrenergic
5q31

Thymine instead of Isoleukine instead of Wild type ∼ 97% Decreased receptor
receptor Cytosine position 491 Threonine position 164 Heterozygotes ∼ 3% sensitivity

Homozygots ∼ 0%

GS protein
20

Cytosine instead of Silent mutation Wild type ∼ 27% Decreased coupling
Thymine codon 131 Heterozygotes ∼ 55% with adrenergic

Homozygotes ∼ 18% receptors

Platelet receptor
17q21

Thymine instead of Proline instead of Wild type ∼ 73% Increased platelet
IIb/IIIa Cytosine position 1565 Leukine position 33 Heterozygotes ∼ 25% aggregation

Homozygotes ∼ 2%

Platelet receptor
17q21

Adenine instead of Histidine instead of Homozygotes (Histidine) ∼ 28% Increased receptor
FcRIIa Guanine position 507 Arginine position 131 Heterozygotes ∼ 52% activity

Homozygotes (Arginine) ∼ 20%

Cholesteryl-ester-
16q21

Adenine instead of Silent mutation Wild type ∼ 35% Decreased enzyme
tranferase (CETP) Guanine position 279 Heterozygotes ∼ 50% activity

Homozygotes ∼ 15%

stromelysin –1 
11q2

Insertion of Silent mutation Wild type ∼ 25% Increased enzyme
Adenine position 1171 Heterozygotes ∼ 50% activity

Homozygotes ∼ 25%



The response to ACE inhibitors is also affected
by ACE genotype. Therapy with captopril in post-
myocardial infarction patients blunted left ventri-
cular dilatation in DD genotype patients but not in
ID or II44. Similarly, regression of left ventricular
hypertrophy with enalapril in hypertensive patients
was greater in those carrying the DD compared to
the other two genotypes47-49. 
Angiotensin II receptor. The gene encoding angio-
tensin II receptor is located in chromosome 3 (Table
3). A silent polymorphism (adenine to cytosine
substitution in position 1166) has been described50.
The homozygous form of this polymorphism (cyto-
sine-cytosine, CC) is associated with decreased aor-
tic elasticity compared to other two genotypes (AA
and AC)51,52. Treatment with ACE inhibitors im-
proves aortic elastic properties in CC and AC car-
riers but not in AA carriers. In contrast, calcium
channel blockers improve elastic properties of the
aorta in AA but not in AC or CC genotypes53. Fur-
ther, treatment with losartan, an angiotensin II re-
ceptor blocker was associated with significantly
greater decrease of mean arterial pressure in AC
and CC individuals compared with AA individuals54.
B2 bradykinin receptor. The most common adverse
effect during therapy with ACE inhibitors is a dry,
persistent cough. The cause of this adverse effect has
been attributed to a local accumulation of bradyki-
nin55. Speculations about a genetic determination of
this adverse effect have implicated polymorphisms
of the genes encoding ACE (higher prevalence of
cough in II genotype) and bradykinin B2 receptor56. 

The gene encoding for bradykinin B2 receptor is
located in chromosome 14 (Table 3). A thymine to
cytosine substitution has been described in position
58 of the gene57. The substitution is located in the
promoter region (non-coding region, silent polymor-
phism). However the promoter region is responsible
for the transcriptional rate of the gene. Individuals
carrying cytosine in position 58 have less bradykinin
receptors, decreased sensitivity to bradykinin, and
possibly lower frequency of ACE inhibitors induced
cough58.

Nitric Oxide

In endothelial cells, the endothelial derived
relaxing factor, nitric oxide (NO), is formed from
L-arginine by endothelial NO synthase (eNOS).
Inhibition of eNOS and impairment of NO pro-
duction may facilitate the atherogenic process59.
The gene encoding eNOS is located in chromo-
some 7 (Table 3)60. A guanine to thymine substi-
tution in position 894 of the gene causes a gluta-
mine to aspartic acid substitution in position 298
of the polypeptidic chain of eNOS. The mutant
form of the eNOS has decreased enzyme activity.
This polymorphism has been associated with in-
creased risk for carotid atherosclerosis61, myocar-
dial infarction62 and arterial hypertension63,64. In
addition, the aspartic acid-298 polymorphism may
predispose resistance to conventional antihyper-
tensive therapy in patients with arterial hyperten-
sion65.
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Figure 6. Left: Angiotensin converting en-
zyme (ACE) gene locus at chromosome 17
(schematic presentation). The introns of the
gene are marked with numbers 1 to 16. A 287
pair base sequence is located in intron 16. The
presence or absence of this sequence determ-
ing the insertion (I) or deletion (D) polymor-
phism respectively. Right: The three possible
genotypes: II, ID and DD.

Chromosome17q23

ACE gene

Deletion
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Sodium channels

Sodium and extracellular-fluid homeostasis are
maintained by regulation of sodium reabsorption by
the kidneys. Sodium channels are responsible for
sodium reabsorption along the renal tubules. Alpha-
adducin and epithelial sodium channels are
important for sodium reabsorption.
Alpha-adducin. Adducin regulates the function of
sodium-potassium pump. The gene encoding alpha
adducin is located in chromosome 4 (Table 3)66. A
guanine to thymine substitution in position 614 of
the gene, causes a glycine to tryptophane substitu-
tion in position 460 of the polypeptidic chain of
adducing molecule. The presence of this polymor-
phism is associated with increase sodium reabsorp-
tion and arterial hypertension. Moreover, hyperten-
sive patients carrying the tryptophane-460 polymor-
phism have a better response to therapy with diure-
tics compared to those with the wild type adducin
(Figure 7)67,68. 
Epithelial sodium channels. The amiloride-sen-
sitive epithelial sodium channels are located in the
distal renal tubules. Epithelial sodium channels are
basically formed from three subunits (alpha, beta
and gamma). The gene encoding the beta subunit is
located in chromosome 16 (Table 3). A cytosine to
thymine substitution in position 1781 of the gene
causes a threonine to methionine substitution in
position 594 of the beta subunit molecule69. This
polymorphism increases sodium channel activity,
renal tubular sodium reabsorption and may result in
the development of arterial hypertension. Methio-
nine-594 beta subunit polymorphism occurs more

frequently in black individuals with arterial hyper-
tension compared to those without hypertension70.
Identification of this polymorphism in hypertensive
individuals may allow a more rational approach to
the treatment with drugs such as amiloride, a speci-
fic blocker of these channels.

Adrenergic receptors

Catecholamines endogenous or exogenous provide
their affects via adrenergic receptors. 
‚1 Adrenergic Receptors. The gene encoding for ‚1
adrenergic receptors is located on chromosome 10
(Table 3)71. An adenine to guanine substitution in
position 145 of the gene causes a glycine to serine
substitution in position 49 of the receptor molecule.
The serine-49 polymorphism is associated with de-
crease mortality risk in patients with congestive
heart failure72. Treatment with ‚-blockers was asso-
ciated with a significantly greater increase in survival
in patients carrying the serine-49 polymorphism than
in those carrying the wild type receptor (Figure 8).

A second polymorphism of ‚1 adrenergic recep-
tors is caused by a cytosine to guanine substitution in
position 1165 of the gene. This is associated with a
glycine to arginine substitution in position 389 of the
receptor molecule. In vitro studies have showed a
twofold greater basal and threefold greater agonist
mediated activity with the arginine-389 receptor
form. Moreover, a recent study showed that mean
resting heart rate, resting systolic and diastolic blood
pressure and double product (heart rate x systolic
blood pressure) were significantly greater in argi-
nine-389 (homozygous) individuals compared to
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Figure 7. Changes in systolic blood pressure (SBP) during
therapy with thiazides, according to ·-adducin polymorphism.
Subjects carrying the mutant gene shown a greater SBP
reduction.

Mutant gene

Non mutant gene

p = 0,002

SBP
CHANGE
(mmHg)

CHANGES IN SYSTOLIC BLOOD PRESSURE (SBP) DURING THERAPY WITH
THIAZIDES, ACCORDING TO a-ADDUCIN POLYMORPHISM



glycine carriers (homozygotes and heterozygotes)73.
There is also evidence that individuals with the
variant exhibit a greater increase in blood pressure
and heart rate during dobutamine stimulation. 
‚2 Adrenergic Receptors. The gene encoding ‚2
adrenergic receptors is located on chromosome 5
(Table 3). A cytosine to thymine substitution in po-
sition 491 of the gene causes a threonine to isoleuki-
ne substitution in position 164 of the ‚2 adrenergic
receptor molecule. This polymorphism is associated
with decreased activity of the receptor due to defe-
ctive coupling of the receptor to the stimulatory G
protein. The isoleukine-164 variant is associated
with decreased survival in patients with congestive
heart failure74. 
G Proteins. Adrenergic as well as other plasma
membrane receptors act by binding guanosin tripho-
sphate (GTP) to specific G proteins, which are loca-
ted on the inner face of the plasma membrane. GTP
binding activates the G protein, such that it in turn
can regulate the activity of adenylyl cyclase. G pro-
teins stimulate (GS) or inhibit (GI) adenylyl cyclase.
Adenylyl cyclase is responsible for cyclic adenosin
monophosphate (cAMP) production. cAMP is a
protein messenger present in many different types of
cells, which activates cAMP-dependent protein kina-
ses, causing them to transfer phosphate groups from
free molecules of ATP to various proteins in the cell.
G proteins are consistent from three subunits: alpha,
beta and gamma. The gene encoding for the alpha

subunit of Gs protein is located on chromosome 20
(Table 3). A silent polymorphism has been described
from a thymine to cytosine substitution in codon
131. Hypertensive patients carrying this polymor-
phism exhibit a greater reduction in blood pressure
with ‚-blockade therapy compared to patients with
the wild type Gs protein75.

Platelet receptors

Rupture of an atherosclerotic plaque leads to the
formation of a platelet-rich thrombus and subse-
quently to acute ischemic syndrome. Platelet ag-
gregation is mediated through the binding of
fibrinogen and von Willebrand factor to the acti-
vated form of the platelet glycoprotein (GP) IIb/IIIa
receptors. The gene encoding the IIIa subunit of this
receptor is located on chromosome 17 in adjacent
locus to ACE gene (Table 3)76. A cytosine to thymi-
ne substitution in position 1565 of the IIIa gene
causes a leukine to proline substitution in position
33 of the polypeptidic chain of the receptor (ƒπ∞1/A2

polymorphism)77. PIA2 polymorphism (proline-33) is
associated with increased platelet aggregation and
increased risk of ischemic events78. 
Aspirin. Aspirin is widely used for the prevention
and treatment of acute coronary syndromes and ce-
rebrovascular accidents79,80. The inhibition of plate-
let aggregation by aspirin depends on the ƒπ∞1/A2 po-
lymorphism. ƒπA2 platelets display a lower threshold
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Figure 8. Mortality in patients with
heart failure in relation to ‚1-adre-
nergic receptor polymorphism and
‚-blockade therapy. Patients with
the mutant gene are represented by
(+), and those with the wild type
gene are shown with (–). Patients
receiving ‚-blockade therapy are
represented by (+), and those wi-
thout ‚-blockade therapy are shown
with (–). Patients with the mutant
gene receiving ‚-blockade therapy
(+) (+) have the best prognosis,
while patients with the wild type
gene without ‚-blockade therapy
(–) (–) have the worst prognosis.
Patients with the mutant gene not
receiving ‚-blockade therapy (+)
(–) have similar mortality compared
to patients with the wild type gene
who receive ‚-blockade therapy (–)
(+). ‚-Blockade therapy is more ef-
fective in patients with ‚1 receptor
polymorphism.

MORTALITY IN PATIENTS WITH HEART FAILURE IN RELATION TO
‚1-ADRENERGIC RECEPTOR POLYMORPHISM AND ‚-BLOCKAGE THERAPY
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for activation and ƒπ∞1/A2 heterozygous platelets
shown increased sensitivity for inhibition to aspirin.
ƒπ∞1 platelets are resistant to aspirin81,82. Patients
with coronary heart disease carrying ƒπ∞1A1 platelets
may require an alternative to aspirin antiplatelet
therapy, such as clopidogrel.
Estrogen. The progression of ischemic heart disease
accelerates markedly after menopause86. This is par-
tially due to a drop of endogenous estrogen produ-
ction by the ovaries87,88. Administration of estrogen
in post-menopausal women, however, with coronary
heart disease was associated with a slight increase in
the frequency of coronary events during the first year
after the initiation of therapy89. Studies in Heart and
Lung Institute at the Ohio State University have
shown that estrogen inhibits platelet aggregation, but
such inhibition is genetically determined. ƒπ∞1/A2

platelets shown an increased response (inhibition of
aggregation) to estrogen compared to ƒπ∞1/A1 plate-
lets (Figure 9)90. In addition, ƒπ∞1/A1 platelets have
shown slightly increased platelet aggregation with
small concentrations of estrogen.
Statins. The presence of ƒπ∞1/A2 polymorphism is
associated with increased risk of restenosis and is-
chemic events after coronary angioplasty compared
to ƒπ∞1/A1 polymorphism83. Therapy with statins is
more effective in reducing restenosis in patients with
ƒπ∞1/A2 compared to patients with ƒπ∞1/A1 platelets84. 
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Figure 9. Effect of 17‚-estradiol on platelet aggregation in
relation to glycoprotein (GP) IIb/IIIa receptor polymorphism
(PlA1/A2). Platelets with the wild type receptors (A1A1) de-
monstrate a lower inhibition with 17‚-estradiol compared to
A1A2 platelets.

Heparin

Heparin-induced thrombocytopenia is a severe
complication and is due to the development of IgG
antibodies that recognize a complex of heparin and
platelet proteins, in most cases platelet factor 4.
These antibodies activate platelets via the platelet
FcÁRIIa receptors. FcÁRIIa receptor polymor-
phisms are related to the frequency and severity of
heparin-induced thrombocytopenia. The gene en-
coding FcÁRIIa receptor is located on chromosome
1 (Table 3). A guanine to adenine substitution in
position 507 of the  gene causes an arginine to
histidine substitution in position 131 of the receptor
molecule. The histidine-131 polymorphism is
associated with decreased clearance of immune
complexes, prolonged activation of platelets and
endothelial cells and increased risk of severe he-
parin-induced thrombocytopenia with thrombotic
complications85.

Cholesteryl-ester transfer protein (CETP)

CETP plays a key role in the metabolism of high-
density lipoprotein (HDL) cholesterol. High plasma
concentrations of CETP are associated with reduced
concentrations of HDL cholesterol91. The gene
encoding CETP is located to chromosome 16 (Table
3). There is a silent polymorphism due to a guanine
to adenine substitution in position 279 of CETP
gene92. 

Individuals carrying the adenine-279 polymor-
phism have lower HDL levels and an increased risk
of coronary atherosclerosis, compared to those with
guanine-27993. In addition, this polymorphism ap-
pears to predict whether men with coronary heart di-
sease will benefit from treatment with pravastatin to
delay the progression of coronary atherosclerosis.
Individuals carrying the adenine-279 polymorphism
have a greater benefit from statins compared to tho-
se with adenine-27994. 

Matrix metalloproteinases (MMPs)

Although the mechanisms underlying plaque
rupture are unclear, ªªPs may contribute to the
weakening of the fibrous cap, which predispose to
plaque rupture. MMPs comprise a number of pro-
teases such as collagenase, gelatinase and strome-
lysin95. The gene encoding stromelysin-1 is located
on chromosome 11 (Table 3). Recently, a silent po-



lymorphism has been described in which there is a
sequence of six adenosine bases instead of five (the-
re is an insertion of an adenine base in position 1171-
promoter region)96. This polymorphism is associated
with an increased prevalence of myocardial infar-
ction and increased restenosis rate after coronary
angioplasty97,98. Statin therapy reduces the restenosis
rate significantly in patients carrying the polymor-
phism compared to those with the wild type of stro-
melysin-199.

Pharmacogenomics

Pharmacogenomics represent a natural evolution of
pharmacogenetics. Unlike pharmacogenetics, which
study the genetic variation of one gene in relationship
to drug function, pharmacogenomics are generally
used for more sophisticate approaches and relate the
entire genotype (genome) to the drug response98-101.

Drug metabolism may be related to genetic fa-
ctors. The same dose of a drug in a slow metabolizer
will give high plasma concentrations, but low pla-
sma concentrations in a fast metabolizer. In addi-
tion to metabolism, different sensitivity of enzymes
or receptors by which pharmacologic agents provide
their action may alter drug effect. Individuals car-
rying polymorphisms associated with increased me-
tabolism rates and decreased receptor sensitivity
will require higher doses to achieve a desired phar-
macological effect. In contrast, individuals carrying
polymorphisms associated with decreased drug
metabolism and increased receptor sensitivity will
require lower doses of a certain drug to achieve a
therapeutic effect.

It is known that many polygenic diseases, such as
arterial hypertension, atherosclerosis and diabetes
mellitus may be associated with a variety of genetic
differences. These differences in genetic material
may also alter the effect of pharmacologic agents.
For example, in patients with arterial hypertension
and increased activity of the renin-angiotensin sy-
stem (ACE, angiotensinogen or angiotensin II re-
ceptor polymorphisms) therapy with ACE inhibitors
may be more beneficial compared to other antihy-
pertensive agents. In contrast, in hypertensive pa-
tients with increased sympathetic nervous system
activity, therapy wtih b-blocking agents may be more
appropriate, while in patients with increased sodium
reabsorption (alpha-adducin or sodium channel po-
lymorphisms), therapy with diuretics may be more
effective.

Multiple combinations of these polymorphisms
may exist. Thus, an individual may demonstrate rapid
metabolism of anti-hypertensive drugs, high activity
of renin-angiotensin system, high sympathetic
nervous system activity and increased sodium re-
absorption. These individuals are at high risk for
developing arterial hypertension. In contrast, indi-
viduals with low renin-angiotensin activity, low sym-
pathetic nervous system activity and normal or low
sodium reabsorption are at low risk for developing
arterial hypertension. Response to therapy in these
two different types of arterial hypertension will also
be totally different. Pharmacogenomics is also ex-
pected to help in the development of new drugs. Ge-
netic maps, expression arrays (proteomics) and mole-
cular methods could be used to structure highly spe-
cified therapeutic agents without adverse effects102-104.

In conclusion, genetic variations may alter the
pharmacokinetic and pharmacodynamic profile of
certain pharmacologic agents resulting in a diffe-
rence in drug response. Understanding the molecu-
lar/genetic mechanisms of these variations will allow
optimal use of pharmacological agents and indivi-
dualization of drug therapy.
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