Send Orders for Reprints to reprints@benthamscience.net

Current Pharmaceutical Design, 2015, 21, 000-000 1

Genetic Signatures in the Treatment of Stroke

Anjana Munshi®* and Vandana Sharma®

“Centre for Human Genetics, School of Health Sciences, Central University of Punjab, Bathinda, Punjab, India; "Institute of Genetics
and Hospital for Genetic Diseases, Osmania University, Begumpet, Hyderabad-500016, India

Abstract: Stroke is the fourth leading cause of mortality and neurological disability. It is caused by an intricate interplay of environ-
mental and genetic factors. Genes not only influence susceptibility to stroke but have also been found to alter the response to pharmacol-
ogical agents and may also influence the clinical outcome of the disease. Current treatment strategies for stroke include tissue plasmino-
gen activator, antiplatelet agents and lipid lowering drugs. These act via diverse mechanisms of actions and are centered around the man-
agement of modifiable risk factors to prevent the recurrent stroke events. However, a significant number of patients experience poor
clinical outcome due to recurrent stroke events and drug induced adverse reactions. Therefore, accurate risk management and targeted
prevention strategies remain yet to be explored at the level of individual patients with stroke.

Pharmacogenetic based research studies have identified the relation between genetic factors and inter-individual variability towards drug
treatment. Several single nucleotide polymorphisms in genes encoding for metabolizers, transporters and target receptors have been re-
ported to influence the pharmacokinetics and pharmacodynamics of drugs used in the treatment of stroke. Many candidate gene studies
have investigated the role of genetic variants in association with altered drug response in stroke treatment. However, these results are lim-
ited to clinical trials and should be replicated in Genome Wide Association (GWAS) Studies. In addition to this long term follow up pro-
spective studies would be helpful in predicting drug induced risk/benefit ratio. Pharmacogenetic studies will reveal the correlation be-
tween variation in drug responses on the basis of the individual’s genomic profile better known as Personalized or Individualized Medi-
cines. This will also optimize risk assessment and will stratify the population requiring careful attention before prescribing a particular
medicine to achieve maximum therapeutic benefit. Moreover, this will help in designing the novel therapeutic agents with a targeted ap-
proach. In this concern, the Genomics and Randomized Trials Network (GARNET) has been created, which is a Pharmacogenomics
Consortium aimed to identify genetic variants affecting an individual's response to treatment with the help of advanced technology. This
review will address the major issues of therapeutic failures concerned with existing drugs used in the treatment of stroke and the need for
exploring new and targeted therapeutic strategies based on pharmacogenetics.
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INTRODUCTION

Stroke is a complex neurological disease comprising of a hetero-
geneous group of disorders with multiple risk factors [1]. It is the
fourth leading cause of death in the world. According to the World
Health Organization (WHO), stroke and cerebrovascular diseases kill
approximately 5.7 million people each year. About 80% of strokes
are ischemic caused by occlusion of an intracerebral artery and 20%
caused by intracerebral hemorrhage. The well-established risk factors
for the development of stroke are age, hypertension, diabetes melli-
tus, obesity, cigarette smoking and cardiovascular diseases. Twin and
family studies have reported a significant association for heritability,
indicating that the genetic determinants are important in the develop-
ment of stroke. Genetic causes of stroke, range from classic Men-
delian (a single gene leads to disease) to complex (multiple genes
contribute to disease in combination with other genetic and/or envi-
ronmental factors) [1]. Success in stroke genetics with the discovery
of mutations in some genes such as phosphodiesterase (PDE4D) and
arachidonate 5-lipoxygenase-activating protein (ALOXSAP) has
improved our understanding of the potential genetic variants of stroke
and its subtypes [2].

Currently, the pharmacological agents or drugs, prescribed as
the mainstay in stroke management are lipid lowering agents e.g.
statins and recombinant tissue plasminogen activator (rtPA). Anti-
platelet agents e.g. aspirin or ecosprin and clopidogril are pre-
scribed as secondary preventive agents to reduce the stroke risk.
Other prevention strategies for the individual patients focus on

*Address correspondence to this author at the Centre for Human Genetics,
School of Health Sciences, Central university of Punjab, Bathinda, Punjab,
India; Tel: +91-9872694373; E-mail: anjanadurani@yahoo.co.in

1381-6128/15 $58.00+.00

management of conventional risk factors like hypertension, hyper-
lipidemia and diabetes [2]. The accurate risk management and tar-
geted prevention strategies remain yet to be explored at the level of
the individual patient.

Genetic variants not only influence susceptibility to stroke but
have also been found to alter the response to pharmacological
agents and influence the clinical outcome of the disease. The effect
of drugs prescribed to a group of patients with same age and same
disease may differ from individual to individual. The Inter-
individual variability in drug efficacy and toxicity has been reported
to be related to several factors such as age, gender, race, comorbid
factors and concomitant medicines. In addition to this inherited
difference in the genes that control drug disposition and effects in
humans have also been found to affect the drug response. The het-
erogeneous mechanisms involved in the pathogenesis of stroke and
variability in drug response create opportunities for the develop-
ment of novel and targeted therapeutic agents using pharmacoge-
netics. The major problems associated with stroke treatment are
unpredictability of efficacy, drug resistance, adverse drug reactions
and inter-individual variation in the dosage prescribed, which at
least in part is the result of genetic variation. It is obvious that ge-
netic variation plays an integral role in the variability of pharma-
cokinetics and pharmacodynamics of drugs. Single nucleotide po-
lymorphisms (SNPs) are the most frequent form of sequence varia-
tions in the human genome affecting the therapeutic response of
drugs used in the treatment of stroke. Pharmacogenetics is the sci-
ence which identifies the influence of genetic variation on the effi-
cacy and tolerability of various therapeutic agents. Genetic variants
of genes encoding drug metabolizing enzymes (e.g. Cytochrome
P450 family), transporter proteins [ATP caste binding protein
(ABCBI), Selective cation transporter (SLCO1B1) and Organic
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anion transporter polypeptide (OATP1B1) and target receptor pro-
teins [Cholesterol Ester transfer protein (CETP), Low density lipo-
protein (LDL)] have been reported to influence the functional activ-
ity of respective enzymes/proteins, thus significantly altering the
drug response.

We are at the dawn of a new era of personalized medicine in
cerebrovascular diseases including stroke. Pharmacogenetics prom-
ises to personalize the treatment strategies in stroke with maximum
therapeutic benefits and minimum side effects [3]. For example, an
alpha adducin gene polymorphism in hypertensive patients treated
with diuretics has been found to reduce the risk of stroke and car-
diovascular mortality [4]. Similarly, it was reported that the specific
genotype of the type III collagen alpha I gene was not only associ-
ated with stroke reduction but also reduced the risk of bleeding
complications in those treated with 2A/3A inhibitor [5]. The major
issues of therapeutic failure concerned with existing drugs used in
the treatment of stroke and the need for exploring new and targeted
therapeutic strategies based on pharmacogenetics have been dis-
cussed in this review.

Antiplatelet Agents

Antiplatelet therapy is a cornerstone to prevent cardiovascular
events and stroke. Antiplatelet agents act via inhibiting the platelet
activation. Aspirin and clopidogrel have emerged as important
clinical entities in the treatment of these diseases. Numerous clini-
cal trials have shown that both the drugs are effective in reducing
ischemic deaths in myocardial infarction and stroke risk.Variable
platelet response, potential resistance to therapy and drug associated
adverse reactions (ADRs) are the major causes of therapeutic fail-
ure with aspirin and clopidogrel [6]. The mechanisms of resistance
remain incompletely defined but an interplay of clinical (failure to
prescribe appropriate medication or patient’s noncompliance), cel-
lular, biochemical and genetic factors has been found to be respon-
sible for the therapeutic failure [7].

Aspirin

Aspirin is a derivative of salicylic acid and belongs to nonster-
oidal antiinflamatory drugs (NSAIDs) category [8]. Aspirin has
been reported to reduce the risk of stroke by 13%-25% [9]. Studies
have shown that despite the development of many new antiplatelet
agents still aspirin is considered golden standard of antiplatelet
therapy and reduces the events such as nonfatal myocardial infarc-
tion to around 34%, and non-fatal stroke to around 25% [9]. Aspirin
irreversibly inhibits cyclooxygenase i.e. COX (COX1 and COX2)
enzymes catalyzing the first step of prostanoid synthesis. After a
single dose of aspirin, platelet COX activity recovers by 10% per
day in parallel with the entry of new platelets into the bloodstream.
The usual antiplatelet dose of aspirin varies from 75-325mg/day.

Despite aspirin intake several patients develop adverse reac-
tions of vascular origin, an observation that gave rise to the phe-
nomena of aspirin resistance (AR). AR is a poorly defined term.
This term has been used to describe not only the absence of desired
pharmacological effects of aspirin on platelets but also poor clinical
outcome such as recurrent vascular events in patients on aspirin
treatment.

Studies have reported that AR occurs in 5-65% of people with
ischemic stroke [10, 11]. We found 48.2% of stroke patients to be
AR in a South Indian population from Andhra Pradesh [12].

The mechanisms of AR are multifactorial. It might be on ac-
count of inadequate dose of aspirin, reduced absorption, and/or
increased metabolism of aspirin, noncompliance, cigarette smoking,
diabetes mellitus and drug-drug interaction. Some drugs e.g. ibu-
profen may compete with aspirin at COX1 receptor site, and can
offset the clinical benefit of aspirin in a number of ways [13]. Poor
glucose control and body weight have also been proposed to con-
tribute to aspirin resistance [14]. In addition to this, a number of

Munshi and Sharma

clinical and miscellaneous factors have been reported to contribute
to the development of AR [15].

Apart from these a genetic etiology to AR has also been pro-
posed. Genetic variants of COX-1, COX-2 genes, glycoprotein and
several other receptor genes on the surface of platelets have been
investigated in association with AR [6, 7]. Several variants of COX
genes have been reported to affect the enzyme activity which might
lead to the development of AR among patients [16]. Numerous
association studies of both conservative and non-conservative vari-
ants of the COX-1 gene have been carried out for identification of
variable response to aspirin. COX-1 gene polymorphism, C50T
(rs3842787) results in a single amino acid change Pro to Leu at 17
position proximal to the signal peptide cleavage region. This variant
is common in populations of European descent, but not among the
Chinese population [17]. COX-1 haplotype A842G/C50T was sig-
nificantly reported to be associated with aspirin response as deter-
mined by platelet aggregation and serum thromboxane B2 genera-
tion [18]. However, in a systemic review by Goodman (2008), no
significant association was found between COX-1 polymorphisms
(C50T/A842G) and AR [7]. In addition to this, these SNPs have
also been reported to be associated with aspirin induced adverse
effects such as gastrointestinal bleeding and urticaria. Individuals
with the A842G/C50T polymorphism in the COX-1 gene have been
found to possess a reduced ability to metabolize arachidonic acid by
encoded enzyme. Numerous other single nucleotide polymorphisms
in the COX-1 gene have also been evaluated in association with AR
; some showing a positive association whereas others could not
establish an association [19].

A large number of variants have been identified in the COX-2
gene. Most of the SNPs were found in the intronic region with un-
likely impact on COX-2 enzymatic activity. A limited number of
polymorphisms have been found in the promoter region of the
COX-2 gene with potential impact on COX-2 expression and activ-
ity. A functional G/C polymorphism 765 bp upstream from the
transcription site in the COX-2 gene, has been identified. In vitro
studies demonstrated that C’ allele had significantly lower activity
in comparison with ‘G’ allele [20]. We studied the association of
COX-2 gene polymorphism -765G/C in stroke patients with aspirin
resistance and found that the C allele of COX-2 gene associated
significantly with AR in these patients [12].

Aspirin is metabolized by hydroxylation and glucuronidation
with the help of UDP-glucuronosyltransferase 1A6 (UGT1A6),
cytochrome P4502C9 (CYP2C9), N-acetyl transferase 2 (NAT2)
and fatty acid Co IIA ligase (ACSM2) enzymes [21, 22]. Several
SNPs in the genes encoding theses enzymes have been reported to
modulate the response to aspirin and associate with the develop-
ment of ADRs (e.g. Urticaria) [21]. So far major polymorphisms
which have been reported to affect the biodisposition of aspirin are
rs2070959, rs1105879 and rs6759892 in UGT1A6 gene, rs1133607
for the ACSM2 gene, and rs1799853, rs1057910, rs28371686,
rs9332131 and rs28371685 of CYP2C9 gene [22]. However, these
polymorphisms have not been evaluated for their association with
aspirin resistance in stroke.

Genetic variants involved in the transport of aspirin like p-
glycoprotein encoded by multidrug resistance gene-1 (MDR1)
might be responsible for AR as well as ADRs among ischemic
stroke patients. In a study from our laboratory, the role of C3435T
polymorphism rs1045642 of multiple drug resistance-1 (MDR-1)
gene was investigated with aspirin resistance in ischemic stroke
patients. In this study, the risk of aspirin resistance was found to be
more in patients bearing 3435TT genotype compared to the ones
having CC genotype. However, there are no other studies on MDR1
gene variants in association with AR.

Genetic polymorphisms in the platelet glycoprotein (GPIIb/IIIa)
receptors, and collagen receptor and thromboxane receptor genes
have been reported to enhance the thrombus formation at the site of
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vascular injury even in the presence of aspirin therefore, leading to
AR [7, 23]. These observations suggest that the development of AR
and ADRs in stroke patients might be on account of variation in
COX-1 and COX-2 gene to some extent.

Clopidogrel

Clopidogrel is an oral antiplatelet agent used to reduce the re-
currence of atherothrombotic events in patients with coronary artery
disease, peripheral vascular disease, and ischemic stroke. The pro-
drug clopidogrel is metabolized by hepatic cytochrome isozymes
(CYP450/CYP) to an active thiol metabolite. Different CYP isoen-
zymes (CYP3AS5, CYP1A2, CYP3A4) are involved in metabolism
of clopidogrel, among these CYP2C19 has been found to play a
major role [24]. The active metabolite of clopidogrel binds to the
P2Y12 receptor via disulfide bridge between the reactive thiol
group and cysteine residues (Cysl7 and Cys270) present in the
extracellular domains of the P2Y 12 receptor.

Despite being an effective antiplatelet agent a number of pa-
tients experience variability in drug response, drug resistance and
associated adverse effects [such as hemorrhage, severe neutropenia,
and thrombotic thrombocytopenic purpura (TTP)]. The prevalence
of clopidogrel resistance varies from 4%-46%. The clinically poor
responsiveness to clopidogrel was assessed in a meta-analysis in-
cluding 15 studies and 3960 patients. Twenty five percent of the
patients were found to be clopidogrel poor responders and the
global relative risk (RR) for recurrent stroke events was found to be
3.5(2.4-5.2, p< 0.0001) in this group [25]. The etiology of biologi-
cally non-responsiveness to clopidogrel is multifactorial. The fac-
tors contributing to the variability in clopidogrel resistance include
a high body mass index, diabetes mellitus (insulin resistance), acute
coronary syndrome (increased baseline platelet activity) noncom-
pliance with the therapy and drug- drug interactions (e.g. Stations)
[6]. In addition to this, genetic variations have also been suggested
to play an important role in the development of clopidogrel resis-
tance.

Genetic variants of CYP2C19 gene have been reported to influ-
ence the metabolism of clopidogrel thus altering the dose response
relationship of the drug. The impact of CYP2C19 genetic variant
(CYP2C19*1/*2, rs4244285) on the biological response to clopi-
dogrel was first studied by Brandt ez al. (2006), followed by several
clinical, pharmacokinetic and biochemical studies which further
investigated the effect of CYP2C19 gene polymorphism with clopi-
dogrel response [26].

In a retrospective analysis, 74 healthy individuals receiving
300mg clopidogrel loading dose, were genotyped for different CYP
genes. It was found that subjects carrying loss of function allele
(*2) of CYP2C19 gene had a lower concentration (Cmax) of clopi-
dogrel active metabolite, reduced inhibition of platelet aggregation
and were defined as poor metabolizers in comparison with non-
carriers [27]. Another study including 24 healthy subjects assessed
the effect of CYP2C19 genotype on the plasma concentration of
clopidogrel and its antiplatelet effect [28]. It was found that plasma
levels of clopidogrel were higher in poor metabolizers than in het-
erozygous extensive metabolizers or homozygous extensive me-
tabolizers. Poor metabolizers were reported to have a lower anti-
platelet effect than heterozygous or homozygous extensive metabo-
lizers.

In a first GWAS [‘The Pharmacogenomics of Antiplatelet In-
tervention’ (PAPI study)], it was reported that CYP2C19*2 ac-
counts for 12% inter-individual variability in response to clopidog-
riel [29]. Another prospective study carried out by Bonello-Palot et
al. (2009), the predictive factors of clopidogrel nonresponsiveness
were high body mass index, diabetes mellitus, acute coronary syn-
drome and gene variant (*2) of Cytochrome P450 2C19
(CYP2C19) [30]. These results were further supported by a study
including 760 cardiovascular patients, where CYP2C19*2 genotype
accounted for only 5.2% of the antiplatelet response of clopidogrel
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assessed with ADP aggregation after a loading dose of 600mg of
clopidogrel. This was consistent with the wide variation of clopi-
dogrel responsiveness in both carriers and non-carriers of the
CYP2C19*2. A significant proportion of patients without any mu-
tated allele were found to have a high platelet response to clopi-
dogrel (Clopidogrel resistance).

Several studies have also assessed the influence of CYP2C19*2
and other loss of function genetic variants (*3) on clinical events.
However, results obtained from these studies are inconsistent. Two
meta-analysis have been carried out to study the impact of
CYP2C19%*2 allele on ADRs in cardiovascular patients. The first
meta-analysis gathered the data on more than 8000 patients on
clopidogrel treatment (7 studies) and showed that CYP2C19*2
allele was associated with major adverse cardiovascular events
(MACE, RR 1.96, 95% CI; 1.14-3-37, p=0. 02) [31]. The second
meta-analysis collected the data from 11000 patients (23 studies)
and showed that CYP2C19%*2 allele independently associated with
an increase in risk for MACE in comparison with the non-carriers
of this allele (9.7% vs 7.8%, OR 1.29, 95% CI; 1.12-1.49, p<0.001)
and also with an excess of mortality.

As evident from the above studies, the reduced enzyme activity
has been reported to be associated with CYP2C19*2 variant. How-
ever, in a recent study involving 1524 patients with cardiovascular
disease, an increased activity has been shown to be conferred by
other genetic variant such as CYP2C19*17 allele (rs12248560).
The increased enzymatic activity conferred by CYP2C19*17 allele
was associated with increased response to clopidogrel and bleeding
events in comparison with the non-carriers of the allele [32].

In the year 2010, US Food and Drug Administration (FDA) has
issued a “boxed warning” on the label of warfarin. This warning
addressed the need for pharmacogenomic testing to identify patients
with altered clopidogrel metabolism and thus their risk for a subop-
timal clinical response to clopidogrel.

Suh et al. (2006) reported a functional SNP in another CYP
gene, CYP3AS involved in the metabolism of clopidogrel that dis-
tinguishes expressor (*1) and non-expressor (*3) alleles [33]. This
polymorphism influences the activity of encoded enzyme and
shows racial differences in its frequency [34, 35]. The clopidogrel
responsiveness among subjects with CYP3AS expressor genotypes
(*1*3 and *1*1) was higher in comparison with subjects bearing
non-expressor (*3*3 genotype). It was also noticed that worse ef-
fects and resistance to clopidogrel was higher in patients with non-
expressor group. Angiolillo ef al. (2006), have shown an intronic
polymorphism (IVS10+12G>A) in another CYP3A4 gene, which
has a positive influence on the variable response of clopidogrel via
altering enzyme metabolism [36]. These studies support that insuf-
ficient metabolism of clopidogrel might be the cause of non-
responsiveness to clopidogrel.

Several variants in the gene encoding for P2Y 12 protein which
is a target of thienopyridines, have been identified. Fontana et al.
(2003) reported a specific haplotype that associated with ADP in-
duced platelet aggregation in healthy subjects [37]. However, other
studies addressing the issue of a modulation of the biological effect
of clopidogrel by variant of P2Y 12 gave conflicting results. In addi-
tion to this the trials involved in assessing the issue of the clinical
impact of polymorphisms of the P2Y12 receptor did not give posi-
tive results and therefore the variant in this gene does not seem to
have much impact in modulation of clopidogrel response [38].

Another proposed mechanism of clopidogrel non-respon-
siveness is drug interaction e.g. with statins. Both drugs compete
for CYP3A4 enzyme for metabolism. Therefore, the antiplatelet
efficacy of clopidogrel is reduced by statins [39]. Genes involved in
the absorption and transport of clopidogrel e.g. ATP caste binding
protein / Multi Drug Resistance-1 (ABCB1/ MDR1) are the candi-
date genes which positively influence the variability of clopidogrel
response and lead to drug resistance. Simon et al. (2009), consecu-
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tively enrolled 2208 patients with an acute myocardial infarction on
clopidogrel therapy, in a nationwide French registry [40]. They
assessed the relation of C3435T polymorphism of ABCBI1 gene
with risk of death, nonfatal stroke or myocardial infarction during 1
year of follow up. They found that the patients with TT genotype
had a higher value of cardiovascular disease events at 1 year than
those with ABCB1 ‘CC’genotype (wild type). Mega et al. (2010),
reported that this polymorphism was associated significantly with
adverse clinical outcome (increased events of cardiovascular death
and stroke) (p<0.0064) [41]. The patients bearing ‘TT’ genotype
had a higher risk of primary endpoints when compared to the pa-
tients having CC and CT genotypes. Another study carried out in
German population has indicated that the TT genotype of MDR1
gene leads to diminished concentration of clopidogrel and its active
metabolite [42].

A poor responsiveness to antiplatelet agents is a major problem
faced by clinicians and patients. Sometimes dual therapy (aspirin
and clopidogrel) is recommended. The Clopidogrel in Unstable
Angina to prevent Recurrent Events (CURE) trial reported that dual
antiplatelet therapy using aspirin and clopidogrel reduced adverse
coronary events by 20% [43].

However, the routine screening for antiplatelet resistance in-
cluding platelet function test and genotyping is not supported by
clinical guidelines till date.

Statins

The clinical use of statins consistently reduces the risk of coro-
nary artery disease and stroke by lowering blood cholesterol
through inhibition of the B-hydroxymethyl glutaryl coenzyme A
(HMG-CoA) reductase enzyme. The relative risk of stroke is re-
duced by about 20% for each 1-mmol/IL decrease in low density
lipoprotein cholesterol achieved using statins [44]. Several clinical
trials have demonstrated the beneficial effects of statins in the pri-
mary and secondary prevention of cardiovascular and cerebrovascu-
lar diseases. The beneficial effects of statins exist beyond their cho-
lesterol lowering effects, termed as “pleiotropic effects” [45]. These
effects involve improvement of endothelial function, stabilization
of atherosclerotic plaque, inhibition of cell migration, proliferation
and also the reduction of inflammation and oxidative stress.

Although the clinical trials have shown 27% average relative
risk reduction of major coronary events, there is large inter-
individual variability in response to statins [46, 47]. The genes in-
volved in the pharmacodynamic pathway of statins have been the
focus of pharmacogenetic research in individuals with hypercholes-
terolemia [46, 47]. No doubt the emphasis is on genes involved in
the cholesterol pathway, the genes involved with possible plei-
otropic effects of statins have also gained a lot of interest. Statins
are among the safest drugs in clinical practice, but ADRs like statin
induced myotoxicity and rhabdomyolysis, a life-threatening event
has been reported to occur in certain individuals.

Despite the well-defined safety profile of statins about 25-50%
patients are noncompliant with statin medications even after one
year of prescription [48]. One of the statins, cerivistatin has been
removed from the market after multiple cases of severe myopathy
and rhabdomyolysis and this led to focus scrutiny of all other avail-
able agents. Although the mechanisms for these side effects are not
clear, certain patient characteristics such as low body mass, he-
patic/renal dysfunction, concomitant medications have been identi-
fied to be responsible for impairment of statin disposition and me-
tabolism [49]. Beside these factors genetic variation has also been
reported to play an important role in the inter-individual variability
for statin response [45, 50, 51].

The genetic variants of metabolizing genes have been shown to
impair the pharmacokinetic of statins in a significant way. More
than 40 SNPs in CYP enzymes have been documented to impair the
response to statins in a number of research studies. A study carried
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out in Chinese hyperlipidemic patients identified the frequency of a
common variant (CYP3A4*1G) gene as 2.76%. A gene dose-effect
was found with increasing percentage reduction in serum total cho-
lesterol in *1*1, *1/*1G, *1G/*1C with atorvastatin. However, this
effect could not be seen in patients on simvastatin [52]. In a study
carried out in Chinese hyperlipidemic patients, it was demonstrated
that CYP3A4*4 allele results in lipid lowering effects of simvas-
tatin to be increased for total cholesterol and triglycerides but not
for LDL in comparison to those with the wild type allele [53].

The polymorphism identified in intron 6 of CYP3A4 gene
(C>T, 1s35599367), has also been shown play an important role in
determining response to statin. Therefore, carriers of this polymor-
phism required significantly lower doses of statins for optimum
control [53].

The CYP3A4 is another gene involved significantly in the
metabolism of simvastatin. SNPs in CYP3AS5 have been reported to
influence enzyme activity. Genetic variant *3 of the CYP3AS gene
has been found to be responsible for the decreased enzyme activity
thus leading to increased systemic exposure to simvastatin. The
frequency of CYP3AS5*3 variant has been reported to be approxi-
mately similar among Chinese (76%), Japanese (77%), and Cauca-
sian subjects (85%) [51].

In Caucasian patients from Brazil no association between these
alleles and response to simvastatin was found. However, in another
study in subjects being treated with various statins, smaller lipid
lowering responses in CYP3A5*1 wild type expressor compared to
homozygous CYP3A5*3 enzyme non-expressor were observed. All
these studies support the hypothesis that CYP3A4 and CYP3AS
related metabolism of statins might influence the clinical efficacy
[51].

Drug transporters play an important role in the disposition of
numerous drugs especially those which are more hydrophilic [51].
Prvastatin, rosuvastatin, simvastatin are hydrophilic and thus sub-
jected to little metabolism. Therefore, drug transporters have a ma-
jor effect on their disposition. Other statins or their active or inac-
tive metabolites have also been demonstrated to be substrates for
some transporters. Therefore, the drug transporters are likely to
influence the pharmacological effects and potentially the adverse
effects of some statins. Functional polymorphisms in genes encod-
ing these drug transporters are likely to influence the pharmacoki-
netic profile as well as the efficacy of the transporter dependent
drug. The frequencies of the polymorphisms of the genes for
SLCO1BI influx transporter and ABCB1 efflux transporter have
been shown to vary between different ethnic groups and this might
account for the interethnic variability in the pharmacokinetic and
pharmacodynamic of statins. A detailed account of common poly-
morphisms in some well documented transporter proteins, which
have close relationship with statin disposition has been given by Hu
etal. [51].

Numerous studies have examined the effects of variants in
transporter genes encoding for efflux (SLCO1B1) and influx trans-
porter proteins (MDR1 gene) in association with statin’s response.
SLCO1BI encodes for the enzyme organic anion transporter poly-
peptide1B1 (OATP1B1), which is responsible for the transport of
stations to the liver. Almost all of the statins are the substrates of
SLCO1BI to a greater or lesser extent therefore, SLCO1B1 protein
mediates hepatic uptake of most of the statins. A number of variants
have been reported to influence the transport of statins [S1]. The
388A>G (*1b allele), is highly prevalent in East Asian ethnic
groups especially Malay population with a high frequency of 87%,
but it is less frequent in Caucasians (14-20%) [54]. The frequency
of another variant 521T>C (*5) has been reported to be 11-16% in
East Asians which is similar to that reported in Caucasians (14-
20%). The frequency is very less (1%) among Blacks [55]. The
variant 521T>C (*5) of SLCO1B1 has been found to influence the
pharmacokinetics of certain statins in various ethnic groups.
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Pasanen et al. (2006) reported that subjects with CC genotype of
this polymorphism had a 144% or 61% greater area under the curve
(AUC.4gns) values for atorvastatin and 100% higher values of the
drug metabolite (2-hydroxyatorvastatin) in comparison with those
bearing TT and TC genotypes respectively [55]. In another study
from Finland relatively smaller but statistically significant effect of
this polymorphism on rosuvastatin was reported. The AUC_4gpss
values were found to be 65% higher in those bearing CC genotype
compared to the one with TT genotype [S1]. However, in another
study comparing the single dose pharmacokinetics of rosuvastatin
40mg daily among Chinese, Caucasians, Malay and Asian Indian
subjects all living in Singapore, it was found that higher systemic
exposure in Asians in comparison to Caucasians was not related to
SLCO1B1 521T>C polymorphism, although some of the effects of
this polymorphism were observed in these groups [56]. The
SLCO1B1*5 polymorphism was found to have a marked influence
on the pharmacokinetics of simvastatin with a 120 to 221% higher
AUC,. for active simvastatin acid in carriers of CC genotype com-
pared to those with TC and TT genotypes. Cmax for simvastatin
acid was found to be 162 and 200% higher in the CC group than in
TC and TT genotype group respectively. However, there was no
significant effect on parent simvastatin lactone indicating that sim-
vastatin acid is a specific substrate for SLCO1B1 and not simvas-
tatin lactone.

In a trial, Statin Response Examined by Genetic Haplotype
marker study (STRENGTH), the *5 allele (Vall74Ala, rs4149056)
in SLCOBI1 transporter has been found to interfere with the local-
ization of the transporter to the plasma membrane and reduce the
statin clearance [57]. This further leads to higher systemic concen-
tration of statins. The *5 allele has been identified in a GWAS as
one of the dominant cause of severe statin induced myopathy in
patients prescribed with 80mg of simvastatin [58]. In this study
elevated levels of simvastatin metabolites were found among pa-
tients with targeted SNP in the absence of elevated creatinine
kinase levels. The Study of the Effectiveness of Additional Reduc-
tions in Cholesterol and Homocysteine (SEARCH), a genome wide
association study, has found SLCO1BI1*5 to be associated with
higher risk of statin induced myopathy in cardiac patients on sim-
vsastatin 40-80 mg daily [58].

Two of the synonymous SNPs (1237C>T in exon 12 and
3435C>T in exon 26) and one non synonymous SNP (2677G>T) in
exon 21 have been found in linkage disequilibrium, forming SNP
haplotype [51]. This haplotype might be responsible for influencing
the pharmacokinetic of statins and is helpful in pharmacogenetic
analysis studies. Most of the studies involving 3435C>T polymor-
phism leading to lesser transport activity of the encoded protein,
have provided inconsistent results. The frequency of 3435C>T
polymorphism in the ABCBI1 gene varies among different ethnic
groups.

Fiegenbaum et al. (2005) examined the interactions between
SNPs 1236C/T, 2677G/A and 3435C/T in the ABCBI gene in asso-
ciation with the efficacy and safety of simvastatin in the Brazilian
population [59]. It was reported that patients bearing
ABCBI11236T, 2677G and 3435T alleles, had a higher reduction in
total and low density lipoprotein (LDL) cholesterol after treatment
in comparison to homozygotes with wild type allele and adverse
drug reactions.

A significant association of MDR1 and LPL gene variant with a
bad outcome in stroke patients on atorvastatin therapy has been
found suggesting that individuals bearing [HindIIIHindIII (-/-)
genotype of LPL, and CC genotype of MDR1 gene would benefit
more from atorvastatin therapy [45].

Vrablik et al. (2012), investigated the role of ten variants within
the Cadherin EGF LAG seven-pass G-type receptor 2/ Protein Ser-
ine Rich Coiled Coill (CELSR2/PSRC1), Cartilage intermediate
layer protein 2/pre-B-cell leukemia homeobox 4 (CLIP2/PBX4),
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Apolippoprotein B, E (APOB, APOE/C1/C4), HMGCo reductase,
LDL receptor and Proprotein convert asesubtilisin/Kexin type 9
(PCSK9) genes in 895 patients with dyslipidemia treated with equi-
potent doses of statin, i.e. 90 % on simvastatin or atorvastatin (10 or
20mg/day) and 672 normolipidemic controls in a genome wide
study [50]. In this study, carriers of ‘G’ allele of rs4420638 within
the ApoC1/C3 gene cluster were found to have lower response to
statin treatment compared to common homozygotes. However,
variants  (rs599838, rs646776, rs16996148, 1s693, rs515135,
rs4420638, 1512654264, rs6511720, 156235, 1s11206510)
CLIP2/PBX4, PCSK9, LDL receptor, HMG-CoA reductase,
CELSR2/PSRC1/SORT and in APOB genes did not modify the
therapeutic response of statins [50].

ANTICOAGULANT THERAPY (WARFARIN)

Warfarin is a widely used oral anticoagulant used for the treat-
ment of thromboembolic events and in cardioembolic stroke. It
reduces risk of major ischemic vascular events and stroke. The
anticoagulant mechanism of action of warfarin starts by inhibiting
the enzyme vitamin K epoxide reductase in the liver, which inhibits
the clotting factors (VII, IX, X and II). The major complications
associated with warfarin therapy are large inter-individual variabil-
ity in drug response and narrow therapeutic range [60]. Therefore,
anticoagulant effect of warfarin is monitored by constant monitor-
ing of international normalized ratio (INR). INR is the function of
time required for a patient’s blood to coagulate relative to the time
it takes for a reference blood sample [61]. The treatment may be
ineffective if the INR is low and the increase in INR more than the
upper limit of the therapeutic range may increase the risk of bleed-
ing [62]. The drug exhibits multiple food and drug interactions. The
required dose of warfarin can be roughly calculated from clinical
and demographic factors such as age, body weight, concurrent dis-
ease and drug and food interactions [63].

Warfarin is an equal mixture of the enantiomers of S-warfarin
and R- warfarin (with S-warfarin being 3-5 times more potent than
R-warfarin. S-warfarin is metabolized by cytochrome P450 2C9
enzyme and R warfarin through CYP2C19, CYP1A2 and CYP3A4
[64]. Variation in the CYP2C9 has been reported to influence the
dose requirements by influencing pharmacokinetics of warfarin. It
has been documented previously that patients homozygous for the
wild type allele of CYP2C9*1 metabolize warfarin normally. Two
clinically relevant SNPs have been identified in CYP2C9 (*2 and
*3) associated with reduced enzymatic activity further leading to
reduced drug metabolism and toxic effects. The *2*2 homozygous
genotype results in a 12% reduction of CYP2C9 activity and *3*3
has been reported to have 5% reduced enzyme activity as compared
to the wild type allele. These SNPs are commonly found in Cauca-
sians. Patients requiring a lower dose of warfarin have a likelihood
of having CYP2C9 variant alleles (*2 or *3) and are susceptible to
increased risk of major bleeding complications. In another retro-
spective cohort study of patients receiving long term warfarin ther-
apy for various indications, it was found that among 185 patients
31.4% had at least one variant of CYP2C9 allele and 68.6% had the
wild type allele (¥*1*1 genotype) [65]. Patients with at least one
variable allele had an increased risk of above range INRs. The vari-
ant group also required more time to reach the stable dose of the
drug and were found to have more than twice the risk of serious
bleeding events.

VKORCI is the main rate limiting step in the biosynthesis of
vitamin K-dependent proteins. Studies have implicated that poly-
morphism in a VKORCI receptor gene is associated with a need for
a lower dose of warfarin [66]. The VKORCI1 genotype alone has
been reported to explain nearly 40% of the variability in response to
warfarin [62, 67]. In a study including 297 patients starting warfarin
therapy, CYP2C9 genotypes (*1*2*3) and VKORCI1 haplotype
(designated as A and non-A) were assessed along with bleeding
time, INR and clinical characteristics [68]. It was found that pa-
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tients with A/A haplotype, had a decreased time to the first INR
within the therapeutic range as compared to patients with non
A/non-A haplotypes of VKORCI. In this study, both the CYP2C9
genotype and VKORC 1haplotype were found to have a significant
influence on the required dose of warfarin after first two weeks of
therapy. Several other studies have also identified the role of
VKORCI in dose finding, dose maintenance and bleeding risk as-
sociated with Warfarin/acenocoumarol drugs [66, 69, 70, 71, 72].
At present, diet (type of food), concomitant medication and other
associated comorbidities are considered to be responsible for war-
farin non-responsiveness. Numerous multicenter randomized trials
are still underway with unpublished results to clarify the clinical
translation of pharmacogenomics of warfarin.

Understanding the consequences of an individual’s status of
metabolizing genes, transporter genes and frequency of variants in a
given subset of patients belonging to different ethinic groups, could
have tremendous effect about making the best decision using phar-
macogenomic testing clinically. Few genetic variants associated
with warfarin have been summed up in Table 1. FDA has approved
pharmacogenetic test for warfarin in order to avoid adverse drug
effects [73].

Recombinant Tissue Plasminogen Activator (rtPA)

Thrombolytic therapy is the only effective treatment for
ischemic stroke since it quickly restores blood flow after the occur-
rence of an acute occlusion. Recombinant tissue plasminogen acti-
vator (rtPA), is the only licensed pharmacological agent for throm-
bolysis (within 3-4.5 hours from onset). rtPA is a drug manufac-
tured using recombinant DNA technology and is responsible for the
association of plasminogen at intravascular levels and catalyzation
of its conversation into plasmin. Plasmin is the main protein in-
volved clot lysis. The first placebo controlled clinical trial on tPA
was conducted in the late 1980s, to treat acute ischemic stroke [74].

Despite the benefits of thrombolysis for stroke patients only
14.3% of them are currently treated with rtPA. This is not only due
to the fact that many patients arrive beyond the recommended time
window for ischemic stroke treatment but also because of the ad-
verse effects associated with rtPA administration. There is consid-
erable mortality associated with thrombolytic therapy mainly due to
bleeding complications. Moreover up to 40% of patients treated
with thrombolytic drugs do not achieve optimal tissue perfusion.

Many efforts are being made to identify the genetic biomarkers
that could predict the response of an individual patient to throm-
bolytic therapy in stroke patients. Broderick et al. evaluated the
association of the ApoEphenotype and rtPA efficacy and found that
it was greater in acute stroke patients with an ApoE2 phenotype.
However, the outcome of placebo-treated patients with or without
ApoE2 phenotype did not differ [75]. On the contrary, a Spanish
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group could not establish any association with ApoE genotype and
hemorrhagic risk and recanalisation rate after treatment with rtPA
[76]. Fernandez-Cadenas et al. (2006) reported that ACE DD geno-
type (I/D polymorphism in intron 16) influences the tPA induced
brain vessel reopening following ischemic stroke [76].

In another study V34L factor XII polymorphism was identified
as a predictor of clinical outcome with rtPA treatment. Good out-
come was found to be associated with VV genotype and low fi-
brinogen levels. A higher risk of therapeutic ineffectiveness of ther-
apy and mortality was found among individuals bearing LL geno-
type and with higher levels of fibrinogen [77].

Fernandez-Cadenas and colleagues have studied the influence
of two genes encoding for fibrinolysis inhibitors, thrombin-
activatable fibrinolysis inhibitor (TAFI), and plasminogen activator
inhibitor-1 (PAI-1) genes and found TAFI gene Thr325Ile poly-
morphism to be responsible for the prediction of the absence of
recanalisation with t-PA infusion [78]. PAI-1 4G/5G polymorphism
alone was not found to influence recanalisation rate in patients.
However, these two polymorphisms together were found to double
the risk of negative response to therapy [78].

In a study the association of 263 SNPs in different candidate
genes and recanalization rate in tPA treated patients was explored.
It was found that cluster of differentiation 40 (CD40) 1C>T and
matrix Gla protein (MGP 7A>G) polymorphism associated with
reocclusion. However, the MGP associated with neurological wors-
ening. It was suggested that this may be due to the role of CD40 in
thrombosis and inflammation, while MGP gene might have a pro-
tective role in atherosclerosis [79, 80]. Genetic variants associated
with the variability of rtPA have been summed up in Table 2.

OTHER DRUGS USED TO PREVENT CONVENTIONAL
RISK FACTORS OF STROKE

Antihypertensive Drugs

Hypertension is the major risk factor for stroke and the risk
increases with every rise in systolic blood pressure [81]. In stroke
patients, approximately 9 out of 10 have hypertension. Despite the
availability of several antihypertensive drugs which include beta
blockers, thiazide diuretics, angiotensin converting enzyme inhibi-
tors angiotensin receptor blockers and calcium channel blockers,
less than 35% of hypertensive patients are able to achieve their
targeted systolic and diastolic blood pressure with these drugs [82].
A study including 10, 017 patients, has reported around 30% of
hypertensives take one antihypertensive drug, 40% take two anti-
hypertensives and 30% take three or more antihypertensives, still
they do not achieve the desired therapeutic levels [83]. The preva-
lence of resistance to antihypertensive medications has been re-
ported in large studies involving clinical outcome. In a study, Anti-
hypertensive and Lipid-Lowering Treatment to Prevent Heart At-

Table 1.  Genetic variants associated with warfarin response.
Drug Effect Gene Variant Reference

Phenprocoumon TT carriers achieved INR of 2-3 after a mean time of 3.2 VKORCI1 C283+837C/T Arnold et al., 2009
days CT carriers after 4.4 days and CC after 6.5 days (1s2359612) [69]

Warfarin Studied in association with Warfarin effective dose VKORC11639G/A and Kimura et al., 2007
Gamma glutamyl carboxylase (GGCX), [70]

Warfarin Effective dose of Warfarin Calumenin (CALU) Kimura et al., 2007
3730G/A [70]

Warfarin Effective dose of Warfarin CYP2C9 Kimura et al., 2007
42613A/C [70]
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Table2. Genetic variants associated with the variability of rtPA.

Gene Variant

Effect

Reference

ApoE ApoE2 genotype related togood outcomes at 3 Borderick et al., 2001
(E2, E3, E4) months period after treatment with rtpa [75]

ApoE No association Fernandez-Cadenas et al., 2006 [76]
(E2, E3, E4)

CD 40 gene (rs 1883832)

Reoccclusion

Del Rio Espinola et al., 2010 [80]

ACEI/D Recanalization rate Fernandez-Cadenas et al., 2006 [76]
PAI4G/5G No association Fernandez-Cadenas et al., 2007 [78]
Factor XIITV34L Higher risk of death Gonzalez-Conejero et al., 2005 [77]

tack Trial (ALLHAT), [including a large number of diverse group
of subjects (>33, 000): 47% female, 35% African American, 19%
Hispanic, and 36% with diabetes], blood pressure remained uncon-
trolled among 34% of subjects on an average of two medications
after approximately 5 years of follow-up [84]. Around 50% of the
subjects needed three or more drugs to achieve optimum reduction
in blood pressure. According to an analysis of National Health and
Nutrition Examination Survey (NHANES), only 53% treated with
antihypertensive drugs achieve a blood pressure of 140/90mm of
Hg [3, 85, 86]. In the Framingham Heart Study it was found that
only 48% of participants on antihypertensive medication achieved
blood pressure <140/90 mm of Hg and less than 40% of elderly
participants (>75 years of age) achieved the target blood pressure
[87].

The pharmacogenetics of antihypertensive therapy seeks to find
genetic prediction of response to drugs that lower blood pressure
and also to translate this knowledge into clinical practice.

Beta Blockers (B-Blockers)

B-blockers are competitive antagonists of beta adrenergic recep-
tors. These are mainly used as first line drugs along with thiazide
diuretics in the treatment of hypertension. Although B-blockers are
among the most widely prescribed antihypertensive drug classes for
the management of hypertension and cardiovascular diseases, about
60% hypertensive patients do not achieve therapeutic benefit [88].
The major problems associated with B-blockers treatment are vari-
able responses among patients, adverse drug events, and drug resis-
tance [88].

SNPs in various genes involved in adrenergic/sympathetic and
renin-angiotensin-aldosterone systems (RAAS) have been identified
to be associated with variability in blood pressure lowering re-
sponse to B-Blockers. Existing data suggests that polymorphisms in
1-adrenoreceptor 1 (ADRBI1) gene, Ser49Gly and Arg389Gly
influence the blood pressure responses to f-blocker therapy [89].
The patients bearing homozygous allele for ADRB1 Arg389Arg
have been shown to achieve a greater reduction in systolic blood
pressure and diastolic blood pressure in Caucasians and Chinese
hypertensive subjects [90]. In addition to this ADRB1 Ser49
Arg389/Ser49Arg389 haplotype was found to be a predictor of a
good response of systolic blood pressure to metoprolol, suggesting
its role in anti-hypertensive therapy across different racial groups
[89]. In healthy volunteers with an exercise induced increase in
heart rate, Arg389Arg genotype carriers were also found to show a
significantly higher reduction in systolic blood pressure in compari-
son with the individuals bearing Gly389Gly genotype after 1 day of
metoprolol treatment [91]. However, plasma metoprolol concentra-
tions were not found to be significantly different between

Arg389Arg and Gly389Gly genotypes after 3 hours of metoprolol
treatment. This suggested that differences in response were not due
to variability in metoprolol pharmacokinetics.

ALLHAT study (the sub study known as GenHAT) enrolled 38,
000 hypertensive patients randomly receiving chlorthiazide, am-
lodipine, lisinopril and doxazosin. In this trial it was found that
patients bearing ‘CC’genotype for atrial natriuretic polypeptide
(NPPA) gene experienced more favorable cardiovascular disease
outcomes as compared to ‘TT’genotype. GenHAT has also showed
that subjects with 455 allele of beta fibrinogen gene had a higher
risk of stroke when treated with lisinopril as compared to amlodip-
ine [92].

Thiazide Diuretics

Thiazide diuretics are prescribed in consensus guidelines as
first-line therapy along with B -blockers, for managing hypertension
[93]. Two studies have investigated several polymorphisms in
genes, which are ostensibly involved in the salt-sensitive form of
hypertension [94]. Genetic variations in ADD1 gene have also been
documented to account for 50% of variability in blood pressure in
hypertensive rats [95].

Randomized clinical trials such as INVEST and ALLHAT ex-
amined Gly460Trp in the ADDI1 gene in relation with sodium sen-
sitivity and diuretic efficacy [96]. The result did not evidence any
interaction between the diuretic and the genotype [97]. On the con-
trary another population based case control study on the same
polymorphism found that diuretic protected the bearer of ADDI1
460Trp carriers from combined nonfatal myocardial infarction /
nonfatal stroke outcome.

In a study including 585 subjects, the association between diu-
retic response and genetic polymorphisms in genes encoding for
renal sodium transport systems, (WNK lysine deficient protein
kinase 1 (WNK1), ADRB2 and epithelial sodium channel-subunit
(SCNNIG) genes, was reported to be a predictive factor of interin-
dividual variability in response to hydrochlorothiazide [98].

G protein beta 3 subunit (GNB3) gene encodes for the beta
subunit of guanine nucleotide binding promoter G (I) /G (S) / G (T)
associated with signal transduction across cell membrane, has been
reported to influence blood pressure lowering response in hyperten-
sive patients on diuretics. Homozygous carriers of GNB3 825TT
(rs5443) were found to show a greater decline in blood pressure in
comparison with homozygous CC patients in White Caucasian as
well as African Americans [99].

Renin Angiotensin System Antagonists (RAAS)

Renin Angiotensin System (RAAS) plays a key role in the de-
velopment and progression of cardiovascular diseases by promoting
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vasoconstriction, sodium reabsorption, cardiac remodeling and
many other potentially detrimental effects. Therefore, RAAS sys-
tem antagonists are prescribed for the treatment of hypertension.

Angiotensin-converting-enzyme (ACE) inhibitors and angio-
tensin II type 1-receptor (AT1R) blockers are usually recommended
for managing of hypertension and heart failure [93]. However, sub-
stantial variability in individual responses to these agents has been
reported. Fewer than 50% of hypertensive patients achieve adequate
blood pressure control with ACE inhibitor monotherapy [100].
Ethnic variation also influences the individual’s response to anti-
hypertensive drugs. Blacks with hypertension, have lower plasma
renin activity and are less likely hypertensives as compared to
whites achieve adequate blood pressure levels when treated with
ACE inhibitors [100].

Variations in the genes encoding for ACE, angiotensinogen,
and ATIR have been found to be associated with RAS activity
supporting that there might be interindividual variability in re-
sponse to RAAS antagonists [101, 102]. The ACE gene inser-
tion/deletion (I/D) has been the most extensively studied polymor-
phism, which results in the presence or absence of a 287-base-pair
fragment in intron 16 of the ACE gene. The ACE ‘D’ allele has
been shown to be associated with higher plasma and tissue angio-
tensin II levels and higher expression of AT1R as compared to the
‘I’ allele [101, 102, 103].

In a study among Japanese hypertensive patients treated with
imidapril 5 mg/day for six weeks, the role of ACE I/D polymor-
phism on diastolic blood pressure was examined. Diastolic blood
pressure tended to decrease more for the individuals with ACE I/I
genotype in comparison with other ACE genotypes [104]. The I/
genotype was found to be predictive of higher diastolic blood pres-
sure decline with the angiotensinlreceptor blocker (AT1R) irbesar-
tan [105].

Variation in ATIR gene has been reported to mediate many of
the detrimental effects of angiotensin II, including vasoconstriction,
cardiac remodeling, and aldosterone secretion. Studies have re-
ported the association of 1166C allele of AT1R gene polymorphism
with increased arterial responsiveness to angiotensin II in ischemic
heart disease and increased aortic stiffness in hypertensive patients
[106]. During ACE inhibitor therapy, reductions in aortic stiffness
was reported to be three times more among carriers in comparison
to homozygotes for 1166A allele [107].

In another study including 66 healthy White volunteers on a
single dose of losartan, the AT1R gene polymorphism was reported
to be related with significantly higher reductions in mean arterial
pressure in carriers of 1166C allele when compared to homozygotes
[34].

In addition to alteration in drug efficacy ACE gene polymor-
phism has been related with adverse effects induced by ACE inhibi-
tors [108]. Decline in renal function and cough susceptibility was
reported to be higher in patients with ACEI/I genotype [109].

Most of the data on RAAS gene polymorphism influencing
antihypertensive drug treatment is inconsistent and conflicting. The
data from various studies and clinical trials suggest that pharmaco-
genetics has the potential to streamline the treatment of hyperten-
sion, for which polytherapy is often devised in an effort to improve
symptoms and to manage the condition [94]. The pharmacogenetics
of antihypertensives has already been reviewed thoroughly by
Khullar and Sharma, [2012], Padamnabhan et a/. [2010] and Turner
etal. [2001] [83, 99, 110].

PDE4D GENE AND STROKE TREATMENT

PDE4D is a gene spanning >1.5 Mb on chromosomal region
5q12 and has 24 exons [111]. It is involved in the hydrolysis of
cyclic adenosine monophosphate (cAMP) and therefore, plays a
crucial role in the control of intracellular cAMP concentrations
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[112]. A number of variants in the PDE4D gene have been identi-

fied to be associated with the risk of stroke through whole-genome
linkage screen in an Icelandic population by deCODE group [111].
PDE4D is a potential candidate gene for stroke risk because its
enzyme activity regulates the various mechanisms including in-
flammation, plaque stability, angiogenesis, and susceptibility to
stroke [113]. Within this gene haplotypes or specific sets of genetic
markers were identified corresponding with either significantly
increased or decreased risk of stroke. First the association was iden-
tified using microsatellite markers and then the microsatellite data
were supplemented with a denser set of SNPs. Two hundred and
sixty PDE4D, SNPs were examined. Of these 6 were significantly
associated with stroke after adjustment for multiple comparisons
[111]. Two SNPs SNP41 (rs12153798) and SNP45 (rs12188950),
one microsatellite marker (AC008818-8) and the haplotype con-
structed by SNP45 and this satellite marker were reported to show a
significant association with the stroke. Further, PDE4D gene was
found to be highly associated with cardiogenic and carotid stroke
[111]. A protective haplotype which included one microsatellite
marker and one SNP was also described [111].

More than a dozen follow up studies were taken up to study the
SNPs across the PDE4D gene for association with the disease. The
studies were taken up in cohorts of different ethnicity. Few follow-
up studies have shown positive while as others have reported nega-
tive associations [114-124]. The role of PDE4D in association of
stroke has been reviewed thoroughly by Munshi and Kaul [1]. A
meta-analysis carried out by Yoon et al. (2011) including 6 SNPs
(SNP26, SNP45, SNP56, SNP83, SNP87 and SNP89) showed the
most significant association of SNP56 (rs702553) with ischemic
stroke [125]. Studies carried out in our laboratory showed the asso-
ciation of SNPs 83, 56 and 41 with ischemic stroke in the South
Indian population from Andhra Pradesh [126, 127]. In a meta-
analysis carried out by Liu et al. (2013), the SNP 83 in the PDE4D
gene was found to be significantly associated with susceptibility to
ischemic stroke especially with large artery atherosclerosis [128]. A
study from North India also found an association of SNP83 and
SNP87 with ischemic stroke and extracranial large artery athero-
sclerosis respectively [129].

The anti-inflammatory drug rolipram, is a specific inhibitor of
the PDE4 subfamily of PDEs, which represent approximately 70-
80% of the PDEs in neural tissue [130, 131]. A study carried out by
Lietal. (2011) in male Wistar rats has shown that ischemia induced
neuron loss in hippocampal CAl, is blocked by rolipram [132].
Cerebral ischemia also led to increase in activity of PDE, primarily
PDE4, in the hippocampus which also was antagonized by rol-
ipram. The results of this study suggest that rolipram prevents cere-
bral ischemia induced memory deficits via inhibition of increased
PDE4 activity and attenuation of hippocampal, neuronal damages
induced by ischemia. Therefore, PDE4 may be a target for treat-
ment of cognitive disorders associated with cerebral ischemia [132].

The identification of PDE4D gene by Gretarsdottir et al.
(2003), has set a new stage for research of stroke genetics that
would eventually lead to better understanding and treatment of the
disease [111]. Once drugs are available to interfere with PDE4D
pathways, the variants within this gene might be useful to identify
the patients with high risk of disease. This would benefit the con-
cerned physician or neurologist to rationalize the treatment of
stroke on an individual basis. With the advances of high throughput
technology, the enormous amount of data on gene drug-interaction
have also been generated, but the translation of pharmacogenomics
in clinical practice is in its infancy. PDE4D gene polymorphism
needs to be investigated thoroughly, not only in relation to suscep-
tibility of stroke and its subtypes but also with regard to respon-
siveness to treatment and the gene-environment interactions in the
development of stroke. There seems to be more than one way in
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which stroke genetics may alter our current management and treat-
ment of stroke.

CONCLUSION

Pharmacogenetics holds the promise of helping to achieve the
goal of personalized medicine to maximize drug efficacy and
minimize drug toxicity. The convergence of advances in pharmaco-
genetics along with the rapid development in human genomics has
resulted in the evolution of pharmacogenetics into pharmacogenom-
ics and also lead to the enthusiasm for translation of this science
into clinical practice. Genetic variations not only influence the sus-
ceptibility to stroke but also alter the response to pharmacothera-
peutic agents. However, genomic variants are yet to be confirmed
by the identification of functional variants influencing the response
of drugs in stroke patients on a large scale. Characterizing the ge-
nomic profiling of stroke patients would permit not only more tar-
geted therapeutic approaches in primary and secondary prevention
of ischemic stroke, but also would be helpful in reducing drug asso-
ciated ADRs. In this concern many ongoing clinical trials hold great
promise for future refinement of translating knowledge of Pharma-
cogenomics into stroke treatment. However, at present little
information is available for developing drugs targeted at the genetic
influences [3]. The genetic information has the potential to go a
long way in improving therapeutic outcome.

The identification of candidate genes like PDE4D, associated
with stroke gives some hope that genetic studies might have a direct
impact on the treatment of the disease. The phosphodiesterase en-
zymes are well-characterized proteins and thus amenable to the
design of pharmaceutical modulation. Therefore, isoform specific,
clinically relevant modulators could be designed and tested. These
proteins also point to specific pathways that could be targeted in
stroke.

Although the pharmacogenetic testing is not routinely per-
formed at present, this science will eventually become part of stan-
dard patient management in selecting and monitoring the therapeu-
tic strategy of stroke.

CONFLICT OF INTEREST

The authors confirm that this article content has no conflict of
interest.

ACKNOWLEDGEMENTS
Declared none.

REFERENCES

[1] Munshi A, Kaul S. Stroke genetics-focus on PDE4D gene. Int J
Stroke. 2008; 3(3): 188-92.

[2] Meschia JF. Therapeutic Implications of Genetic Research in
Ischemic Stroke.2010; 58 Northeast Florida Medicine. www.
DCMS online.org.

[3] Meschia JF Pharmacogenetics and Stroke. Stroke. 2009; 40(11):
3641-5.

[4] Pstay BM, Smith NL, Heckbert SR, et al. Diuretic therapy, the
alpha adducing gene variant, and the risk of myocardial infarction
or stroke in persons with treated hypertension. JAMA 2002; 287
(13): 1680-9.

[5] Muckian C, Fitzgerald A, O'Neill A, O'Byrne A, Fitzgerald DJ,
Shields DC. Genetic variability in the extracellular matrix as a de-
terminant of cardiovascular risk: association of type III collagen
COL3Al polymorphisms with coronary artery disease. Blood
2002; 100: 1220-3.

[6] Tourmousoglou CE, Rokkas CK. Clopidogrel and aspirin in car-
diovascular medicine responders or not-current best available evi-
dence. Cardiovasc Hematol Agents Med Chem 2008; 6 (4): 312-22.

[7] Goodman T, Ferro A, Sharma P. Pharmacogenetics of aspirin resis-
tance: a comprehensive systematic review. Br J ClinPharmacol
2008; 66 (2): 222-32.

[15]

[16]

[17]

(18]

[19]

[20]

(21]

(28]

[29]

[30]

Current Pharmaceutical Design, 2015, Vol. 21, No. 00 9

Nutiu R, Bolcu C, Modra D, Albulescu M, Lagher R, Heiman C.
Pratice in Organic chemistry, 2nd Vol (in Romania) Eurostampa
Publishing House Timisoara 2003; 37: 3.

Antithromobotic Trialists Collaboration. Collaboration meta analy-
sis of randomized trials of antiplatlettheraphy for prevention of
death, mycocardial infraction and stroke in high risk patients. BMJ
2002; 324: 71-86.

Schror K. Haemostasis and antithrombotic drugs: pharmacology
and novel therapeutic approaches. Hamostaseologie 2006; 26 (2):
104-5.

Sadiq PA, Puri A, Dixit M, et al. Profile and prevalence of aspirin
resistance in Indian patients with coronary artery disease. Indian
Heart J 2005; 57: 658-61.

Sharma V, Kaul S, Al-Hazzani A, Alshatwi AA, Jyothy A, Munshi
A. Association of COX-2 rs20417 with Stroke Risk, Functional
outcome and Aspirin resistance. Journal of Thrombosis and
Thrombolysis. 2013; 35(1): 95-9.

Catella-Lawson F, Reilly MP, Kapoor SC, et al. Cyclooxygenase
inhibitors and the antiplatelet effects of aspirin”. New Eng J Med
2001; 345 (25): 1809-17.

Cohen HW, Crandall JP, Hailpern SM, Billett HH. Aspirin resis-
tance associated with HbAlc and obesity in diabetic patients. J
Diabetes Complicat 2008; 22 (3): 224-8.

Mansour K, Taher AT, Musallam KM, Alam S. Aspirin resistance.
Adv Hematol 2009; 937352.

Eikelboom JW, Hirsh J, Weitz JI, Johnston M, Yi Q, Yusuf S.
Aspirin-resistant thromboxane biosynthesis and the risk of myocar-
dial infarction, stroke, or cardiovascular death in patients at high
risk for cardiovascular events. Circulation 2002; 105 (14): 1650-5.
Li Q, Chen BL, Ozdemir V, et al. Frequency of genetic polymor-
phisms of cox1, GPIIla and P2Y1 in a Chinese population and as-
sociation with attenuated response to aspirin. Pharmacogenomics
2007; 8: 577-86.

Halushka MK, Walker LP, Halushka PV. Genetic variation in
cyclooxygenase 1: effects on response to aspirin. Clin Pharmacol
Ther 2003; 73 (1): 122-30.

Maree AO, Curtin RJ, Chubb A, et al. Cyclooxygenase-1 haplotype
modulates platelet response to aspirin. J] Thromb Haemost 2005; 3:
2340- 45.

Papafili A, Hill MR, Brull DJ, ef al. Common promoter variant in
cyclooxygenase-2 represses gene expression: evidence of role in
acute-phase inflammatory response. Arterioscler Thromb Vasc Biol
2008;22: 1631-36.

Palikhe NM, Seung-Hyun K, Nam YH, Young-Min Y, Hae-Sim P.
Polymorphisms of Aspirin-Metabolizing Enzymes CYP2C9, NAT2
and UGT1A6 in Aspirin-Intolerant Urticaria. Allergy Asthma Im-
munol Res 2011; 3 (4): 273-6.

Agundez JA, Martinez C, Perez-Sala D, Carballo M, Torres MJ,
Garcia-Martin E. Pharmacogenomics in aspirin intolerance. Curr
Drug Metab 2009; 10 (9): 998-1008.

Undas A, Brummel K, Musial J, Mann KG, Szczeklik A. Pl (A2)
polymorphism in beta (3) integrins is associated with enhanced
thrombin generation and impaired antithrombotic action of aspirin
at the site of microvascular injury. Circulation 2001; 104: 26666-
72.

Markus HS. Stroke genetics: prospects for personalized medicine.
BMC Med 2012: 27; 10: 113.

Combescure C, Fontana P, Mallouk N, et al. Clinical implications
of clopidogrel non-response in cardiovascular patients: a systematic
review and meta-analysis. J ThrombHaemost. 2010; 8(5): 923-33.
Brandt JT, Kirkwood S, Mukopadhay N. CYP2C19*2 polymor-
phism contributes to a diminished pharmacodynamic response to
clopidogrel. ] Am CollCardiol 2006; 47: 380A.

Brandt JT, Close SL, Iturria SJ, et al. Common polymorphisms of
CYP2C19 and CYP2C9 affect the pharmacokinetic and pharma-
codynamic response to clopidogrel but not prasugrel. J Thromb-
Haemost 2007; 5 (12): 2429-36.

Kim KA, Park PW, Hong SJ, Park JY. The effect of CYP2C19
polymorphism on the pharmacokinetics and pharmacodynamics of
clopidogrel: a possible mechanism for clopidogrel resistance. Clin
Pharmacol Ther 2008; 84 (2): 236-42.

Shuldiner AR, O'Connell JR, Bliden KP, et al. Association of cyto-
chrome P450 2C19 genotype with the antiplatelet effect and clini-
cal efficacy of clopidogrel therapy. JAMA, 2009; 302 (8): 849-58.
Bonello-Palot N, Armero S, Paganelli F, et al. Relation of body
mass index to high on-treatment platelet reactivity and of failed



10 Current Pharmaceutical Design, 2015, Vol. 21, No. 00

[31]

[32]

[37]

[44]

[45]

[46]

[47]

(48]

clopidogrel dose adjustment according to platelet reactivity moni-
toring in patients undergoing percutaneous coronary intervention.
Am J Cardiol 2009; 104 (11): 1511-5.

Sofi F, Giusti B, Marcucci R, Gori AM, Abbate R, Gensini GF.
Cytochrome P450 2C19*2 polymorphism and cardiovascular recur-
rences in patients taking clopidogrel: a meta-analysis. Pharmacoge-
nomics J 2011; 11 (3): 199-206.

Sibbing D, Koch W, Gebhard D, et al. Cytochrome 2C19*17 allelic
variant, platelet aggregation, bleeding events, and stent thrombosis
in clopidogrel-treated patients with coronary stent placement. Cir-
culation. 2010; 2; 121(4): 512-18.

Suh JW, Koo BK, Zhang SY, et al. Increased risk of atherothrom-
botic events associated with cytochrome P450 3A5 polymorphism
in patients taking clopidogrel. CMAJ 2006 6; 174 (12): 1715-22.
Muller I, Besta F, Schulz C, Massberg S, Schonig A, Gawaz M.
Prevalence of clopidogrel non-responder among patients with sta-
ble angina pectoris scheduled for elective coronary stent place-
ment. Thromb Haemost 2003; 89: 783-7.

Evans WE, McLeod HL. Pharmacogenomics: Drug disposition,
drug targets, and side effects. N Engl J Med 2003; 348: 538-49.
Angiolillo DJ, Fernandez-Ortiz A, Bernardo E, et al. Contribution
of gene sequence variations of the hepatic cytochrome P450 3A4
enzyme to variability in individual responsiveness to clopidogrel.
Arterioscler Thromb Vasc Biol 2006; 26(8): 1895-1900.

Fontana P, Dupont A, Gandrille S, et al. Adenosine diphosphate-
induced platelet aggregation is associated with P2Y12 gene se-
quence variations in healthy subjects. Circulation. 2003; 26; 108
(8): 989-95.

Ancrenaz V, Daali Y, Fontana P, ef al. Impact of genetic polymor-
phisms and drug-drug interactions on clopidogrel and prasugrel re-
sponse variability.Curr Drug Metab 2010; 11: 667-77.

Lau WC, Waskell LA, Watkins PB, ef al. Atorvastatin reduced the
ability of clopidogrel to inhibit platelet aggregation. Circulation
2003; 107: 32-7.

Simon T, Verstuyft C, Mary-Krause M, et al. Genetic determinants
of response to clopidogrel and cardiovascular events. N Engl ] Med
2009; 360: 363-75.

Mega JL, Close SL, Wiviott SD, ef al. Genetic variants in ABCB1
and CYP2C19 and cardiovascular outcomes after treatment with
clopidogrel and prasugrel in the TRITONTIMI 38 trial: a pharma-
cogenetic analysis, ” The Lancet 2010; 376 (9749): 1312-9.
Taubert D, von Beckerath N, Grimberg G, et al. Impact of p glyco-
protein on clopidogrel absorption.Clin Pharmacol Ther 2006; 80:
486-501.

The Clopidogrel in Unstable Angina to Prevent Recurrent Events
(CURE) Trial Investigators. Effects of clopidogrel in addition to
aspirin in patients with acute coronary syndromes without ST-
segment elevation. N Engl J Med 2001: 345(7): 494-502.
Amarenco P, Labreuche J. Lipid management in the prevention of
stroke: Review and updated meta-analysis of statins for stroke pre-
vention. Lancet Neurol 2009; 8: 453-63.

Munshi A. Genetic variation in MDR1, LPL and eNOS genes and
the response to atorvastatin treatment in ischemic strokeHum
Genet. 2012; 131(11): 1775-81.

Chasman DI, Posada D, Subrahmanyan L, Cook NR, Stanton VP
Jr, Ridker PM. Pharmacogenetics study of statin therapy and cho-
lesterol reduction. JAMA 2004; 291: 2821-87.

Krauss RM, Mangravite LM, Smith JD, ef al. Variation in the 3-
hydroyl-3methylglutaryl coenzyme a reductase gene is associated
with racial differences in lower density lipoprotein cholesterol re-
sponse to simvastatin treatment. Circulation. 2008; 117, 1537-44.
Ho PM, Magid DJ, Shetterly SM, et al. Medication non adherence
is associated with a broad range of adverse outcomes in patients
with coronary artery disease. American Heart Journal.2008; 155:
772-9.

Thompson PD, Clarkson PM, Rosenson RS. An Assessment of
Statin Safety by Muscle Experts. Am J of Cardiol 2006; 97: S69-
76.

Vrablik M, Hubacekk JA, Dlouha D, ef al. Impact of variants with
in seven candidate genes on statin treatment efficacy. Physiol Res
2012; 61: 609-17.

Hu M, Mak VWL, Chu TTW, Waye MMY, Tomlinson B. Pharma-
cogenetics of HMG-CoA Reductase Inhibitors: Optimizing the
Prevention of Coronary Heart Disease.Current Pharmacogenomics
and Personalized Medicine (Formerly Current Pharmacogenomics).
2009; 7(1): 1-26.

[57]

[60]

[61]
[62]
[63]

[64]

[65]

[66]

[67]

[69]

[70]

[71]

[72]

(73]

Munshi and Sharma

Gao Y, Zhang LR, Fu Q. CYP3A4*1G polymorphism is associated
with lipid-lowering efficacy of atorvastatin but not simvastatin. Eur
J Clin Pharmacol 2008; 64: 877-82.

Wang D, Mann JR, Du Bois RN. The role of prostaglandins and
other eicosanoids in the gastrointestinal tract. Gastroenterology
2005; 128 (5): 1445-61.

Jada SR, Chen SX, Yan LY, et al. Pharmacogenetics of SLCO1BI:
haplotypes, htSNPs and hepatic expression in three distinct Asian
populations. European Journal of Clinical Pharmacology. 2007;
63(6): 555-63.

Pasanen MK, Neuvonen M, Neuvonen PJ, Niemi M. SLCO1B1
polymorphism markedly affects the pharmacokinetics of simvas-
tatin acid. Pharmacogenet Genomics. 2006; 16: 873-9.

Lee W, Glaeser H, Smith LH, et al. Polymorphisms in human
organic anion-transporting polypeptide 1A2 (OATP1A2): implica-
tions for altered drug disposition and central nervous system drug
entry. J Biol Chem. 2005; 280: 9610-7.

Kameyama Y, Yamashita K, Kobayashi K, Hosokawa M, Chiba K.
Functional characterization of SLCO1B1 (OATP-C) variants,
SLCO1B1*5, SLCO1B1*15 and SLCO1B1*15+C1007G, by using
transient expression systems of HeLa and HEK293 cells. Pharma-
cogenet Genomics. 2005; 15: 513-22.

Link E, Parish S, Armitage J, et al. SLCO1B1 variants and statin-
induced myopathy--a genomewide study. N Engl J Med 2008; 359:
789-99.

Fiegenbaum M, da Silveira FR, Van der Sand CR, et al. The role of
common variants of ABCB1, CYP3A4, and CYP3A5 genes in
lipid-lowering efficacy and safety of simvastatin treatment. Clin
Pharmacol Ther 2005; 78: 551-8.

Aguilar MI, Hart R, Pearce LA. Oral anticoagulants versus anti-
platelet therapy for preventing stroke in patients with non-valvular
atrial fibrillation and no history of stroke or transient ischemic at-
tacks. Cochrane Database Syst Rev. 2007 CD006186.

Wadelius M. Pro: Use of Pharmacogenetics in guiding treatment
with Warfarin. Clinical Chemistry 2008; 55: 4.

Martin JH. Pharmacogenetics of Warfarin- is testing clinically
indicated. Australian Prescriber 2009; 32 (3): 76- 81.

Wu AH. Use of genetic and nongenetic factors in warfarin dosing
algorithms. Pharmacogenomics 2007; 8: 851- 61.

Flockhart DA. Drug interactions: cytochrome P450 drug interaction
table. Indiana  University School of Medicine. 2007.
www.medicine.iupui.edu.

Higashi MK, Veenstra DL, Kondo LM, ef al. Association between
CYP2C9 genetic variants and anticoagulation related outcomes
during warfarin therapy. JAMA 2002; 287: 1690-98.

Rieder MJ, Reiner AP, Gage BF, et al. Effect of vkorcl haplotypes
on transcriptional regulation and warfarin dose. N Engl J Med
2005; 352: 2285-93.

Bodin L, Verstuyft C, Tregouet DA, et al. Cytochrome P450 2C9
(CYP2C9) and vitamin K epoxide reductase (VKORC1) genotypes
as determinants of acenocoumarol sensitivity. Blood 2005; 106:
135-40.

Schwarz UI, Ritchie MD, Bradford Y, et al. Genetic determinants
of response to warfarin during initial anticoagulation. N Engl J
Med 2008; 358: 999-1008.

Arnold ML, Grond-Ginsbach C, Kloss M, et al. Pharmacogenetic
testing for guiding de novo phenprocoumon therapy in stroke pa-
tients, Cerebrovas Dis 2009; 28 (5): 468-71.

Kimura R, Miyashita K, Kokubo Y, et al. Genotypes of vitamin K
epoxide reductase, y-glutamyl carboxylase, and cytochrome P450
2C9 as determinants of daily warfarin dose in Japanese patients.
Thrombosis Res 2007; 120 (2): 181-6.

Stepien E, Branicka A, Ciesla-Dul M, Undas A. A vitamin K epox-
ide reductase-oxidase complex gene polymorphism (-1639G>A)
and interindividual variability in the dose effect of vitamin K an-
tagonists. J Appl Genetics 2009; 50 (4): 399-403.

D'Andrea G, D'Ambrosio RL, Di Perna P, ef al. A polymorphism in
the VKORCI1 gene is associated with inter-individual variability in
the dose anticoagulant effect of warfarin. Blood 2005; 105: 645-49.
National Institute of Neurological Disorders and Stroke (NINDAS)
rt-PA Stroke Study Group. Tissue plasminogen activator for acute
ischemic stroke. The New England Journal of Medicine 1995: 333;
1581-7.

www.fda.gov.

Broderick J, Lu M, Jackson C, et al. NINDS t-PA Stroke Study
Group. Apolipoprotein E phenotype and the efficacy of intravenous




Genetic Signatures in the Treatment of Stroke

[76]

[77]

(78]

[79]

(81]

(82]

(83]

(84]

(86]

(87]

(88]

(89]

tissue plasminogen activator in acute ischemic stroke. Annals of
Neurology 2001; 49 (6): 736-44.

Fernandez-Cadenas I, Molina CA, Alvarez-Sabin J, et al. ACE
gene polymorphisms influence t-PA-induced brain vessel reopen-
ing following ischemic stroke, ” Neuroscience Letters 2006; 398
(3): 167-71.

Gonzalez-Conejero R, Rivera J, Corral J, Acuna C, Guerrero JA,
Vicente V. Biological assessment of aspirin efficacy on healthy in-
dividuals: heterogeneous response or aspirin failure. Stroke 2005;
36 (2): 276-80.

Fernandez-Cadenas I, Alvarez-Sabin J, Ribo M, et al. “Influence
Of Thrombin-Activatable Fibrinolysis inhibitor and plasminogen
activator inhibitor-1 gene polymorphisms on tissue-type plasmino-
gen activator-induced recanalization in ischemic stroke patients, ” J
Thrombosis Haemostasis 2007; 5 (9): 1862-8.

Farzaneh-Far A, Davies JD, Braam LA, et al. A polymorphism of
the human matrix gamma-carboxyglutamic acid protein promoter
alters binding of an activating protein-1 complex and is associated
with altered transcription and serum levels. J Biological Chem
2001; 276 (35): 32466-73.

del Rio-Espinola A, Fernandez-Cadenas I, Rubiera M, et al. CD40-
1C>T polymorphism (rs1883832) is associated with brain vessel
reocclusion after fibrinolysis in ischemic stroke. Pharmacogenom-
ics, vol. 2010; 11 (6): 763-72.

Lewington S, Clarke R, Qizilbash N, Peto R, Collins R, Prospec-
tive Studies Collaboration. Age-specific relevance of usual blood
pressure to vascular mortality: a meta-analysis of individual data
for one million adults in 61 prospective studies. Lancet 2002; 360
(9349): 1903.

Thoenes M, Neuberger HR, Volpe M, Khan BV, Kirch W, Bohm
M. Antihypertensive drug therapy and blood pressure control in
men and women: An international perspective. J] HumHypertens
2010; 24(5): 336- 44.

Padmanabhan, Paul SL, Dominczak AF. The Pharmacogenomics of
Antihypertensive therapy. Pharmaceuticals 2010; 3: 1779-91.
Cushman WC, Ford CE, Cutler JA, et al. The angiotensinogen
T235 variant and the use of antihypertensive drugs in a population-
based cohort. Hypertension 1997; 29: 628-33.

Wong ND, Lopez VA, Lltalien G, Chen R, Kline SE, Franklin SS.
Inadequate control of hypertensionin US adults with cardiovascular
disease comorbidities in 2003-2004. Arch Intern Med 2007; 167:
2431-6.

Hajjar I, Kotchen TA. Trends in prevalence, awareness, treatment,
and control of hypertension in the United States, 1988-2000.
JAMA 2003; 290: 199-206.

Lloyd-Jones DM, Evans JC, Larson MG, O'Donnell CJ, Rocella
EJ, Levy D. Differential control of systolic and diastolic blood
pressure: factors associated with lack of blood pressure control in
the community. Hypertension 2000; 36: 594-9.

Materson BJ, Reda DJ, Cushman WC, et al. Single-drug therapy
for hypertension in men. A comparison of six antihypertensive
agents with placebo. The Department of Veterans Affairs Coopera-
tive Study Group on Antihypertensive Agents. N Engl J Med 1993;
328:914-21.

Aquilante CL, Yarandi HN, Cavallari LH, et al. Beta-Adrenergic
receptor gene polymorphisms and hemodynamic response to dobu-
tamine during dobutamine stress echocardiography. Pharmacoge-
nomics J 2008; 8 (6): 408-15.

Liu J, Liu ZQ, Yu BN, et al. Betal-Adrenergic receptor polymor-
phisms influence the response to metoprolol monotherapy in pa-
tients with essential hypertension. Clin Pharmacol Ther 2006; 80
(1): 23-32.

Liu J, Liu ZQ, Tan ZR, et al. Gly389Arg polymorphism of betal-
adrenergic receptor is associated with the cardiovascular response
to metoprolol. Clin Pharmacol and Therap 2003; 74 (4): 372-9
Lynch Al Boerwinkle E, Davis BR, ef al. Antihypertensive phar-
macogenetic effect of fibrinogen-beta variant-455G>Aon cardio-
vascular disease, end-stage renal disease, and mortality: the Gen-
HAT study. Pharmacogenetics Genomics 2009; 19 (6): 415-42.

The sixth report of the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure.
Arch Intern Med 1997; 157: 2413-46.

Humma LM, Terra SG. Pharmacogenetics and Cardiovascular
Disease: Impact on Drug Response and Applications to Disease
Management. Am J Health Syst Pharm. 2002; 59 (13): 1241-52.

[95]

[96]

[97]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

(111

[112]

[113]

[114]

[115]

Current Pharmaceutical Design, 2015, Vol. 21, No. 00 11

Bianchi G, Tripodi G, Casari G, et al. Two point mutations within
the adducin genes are involved in blood pressure variation. Proc
Natl Acad Sci USA 1994; 91: 3999-4003.

Manunta P, Citterio L, Lanzani C, Ferrandi M. Adducin polymor-
phisms and the treatment of hypertension. Pharmacogenomics
2007; 8 (5): 465-72.

Gerhard T, Gong Y, Beitelshees AL, et al. Alpha adducin poly-
morphism associated with increased risk of international verapamil
SR-Trandolapril study (INVEST genes). Am Heart J. 2008; 156:
397-404.

Turner ST, Schwartz GL, Chapman AB, Boerwinkle E. WNK1
kinase polymorphism and blood pressure response to a thiazide
diuretic. Hypertension 2005; 46 (4), 758-65.

Turner ST, Schwartz GL, Chapman AB, Boerwinkle E. C825T
Polymorphism of the G Protein beta 3-Subunit and Antihyperten-
sive Response to a Thiazide Diuretic. Hypertension 2001; 37 (2):
739

Materson BJ, Reda DJ, Cushman WC. Department of Veterans
Affairs single-drug therapy of hypertension study. Revised figures
and new data. Department of Veterans Affairs Cooperative Study
Group on Antihypertensive Agents. Am J Hypertens1995; 8: 189-
92.

Dieguez-Lucena J, Aranda-Lara P, Ruiz-Galdon M, Garcia-
Villanova J, Morrel-Ocana M, Reyes-Engel A. Angiotensin I-
converting enzyme genotypes and angiotensin II receptors. Re-
sponse to therapy. Hypert 1996; 28: 98-103.

Danser AH, Schalekamp MA, Bax WA, er al. Angiotensin-
converting enzyme in the human heart.Effect of the dele-
tion/insertion polymorphism. Circulation 1995; 92: 1387-8.

Kohno M, Yokokawa K, Minami M, ef al. Association between
angiotensin converting enzyme gene polymorphisms and regression
of left ventricular hypertrophy in patients treated with angiotensin-
converting enzyme inhibitors. Am J Med 1999; 106: 544-9.
Ohmichi N, Iwai N, Uchida Y. Relationship between the response
to the angiotensin converting enzyme inhibitor imidapril and the
angiotensin converting enzyme genotype. Am J Hypertens 1997;
10: 951-5.

Kurland L, Melhus H, Karlsson J, et al. Swedish Irbesartan Left
Ventricular Hypertrophy Investigation versus Atenolol (SILVHIA)
Trial. Angiotensin converting enzyme gene polymorphism predicts
blood pressure response to angiotensin II receptor type 1 antagonist
treatment in hypertensive patients. ] Hypertens 2001; 19: 1783-87.
van Geel PP, Pinto YM, Voors AA, et al. Angiotensin II type 1
receptor A1166C gene polymorphism is associated with an in-
creased response to angiotensin II in human arteries. Hyperten-
sion.2000; 35: 717-21.

Benetos A, Gautier S, Ricard S, et al. Influence of angiotensin-
converting enzyme and angiotensin II type 1 receptor gene poly-
morphisms on aortic stiffness in normotensive and hypertensive pa-
tients. Circulation.1996; 94: 698-703.

O'Toole L, Stewart M, Padfield P, Channer K. Effect of the inser-
tion/deletion polymorphism of the angiotensin-converting enzyme
gene on response to angiotensin converting enzyme inhibitors in
patients with heart failure. J Cardiovasc Pharmacol 1998; 32: 988-
94.

Takanashi K, Tainaka H, Kobayashi K, Yasumori T, Hosakawa M,
Chiba K. CYP2C9 Ile359 and Leu359 variants: enzyme kinetic
study with seven substrates. Pharmacogenetics 2000; 10: 95-104.
Khullar M, Sharma S. Pharmacogenetics of Essential Hypertension.
Genetics and Pathophysiology of Essential Hypertension. In Tech,
2012; 195-210.

Gretarsdottir S, Thorleifsson G, Reynisdottir ST, et al. The gene
encoding phosphodiesterase 4D confers risk of ischemic stroke.
Nat Genet 2003; 35: 131-8.

Conti M, Richter W, Mehats C, Livera G, Park JY, Jin C. Cyclic
AMP-specific PDE4 phosphodiesterases as critical components of
cyclic AMP signaling. J Biol Chem 2003; 278: 5493-6.

Worrall BB, Mychaleckyj JC. PDE4D and stroke: a real advance or
a case of the Emperor's new clothes? Stroke. 2006; 37(8): 1955-7.
Meschia JF, Brott TG, Brown RD, ef al. Phosphodiesterase 4D and
S-lipoxygenase activating protein in ischemic stroke. Ann Neurol
2005; 58: 351-61.

Saleheen D, Bukhari S, Haider SR, et al. Association of phos-
phodiesterase 4D gene with ischemic stroke in a Pakistani popula-
tion. Stroke 2005; 36: 2275-7.



12 Current Pharmaceutical Design, 2015, Vol. 21, No. 00

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

Woo D, Kaushal R, Kissela B, er al. Association of phosphodi-
esterase 4D with ischemic stroke: a population-based case-control
study. Stroke 2006; 37: 371-6.

Staton JM, Sayer MS, Hankey GJ, et al. Association between
phosphodiesterase 4D gene and ischaemic stroke. J Neurol Neuro-
surg Psychiatry 2006; 77: 1067-9.

Zee RY, Brophy VH, Cheng S, Hegener HH, Erlich HA, Ridker
PM. Polymorphisms of the phosphodiesterase 4D, cAMP-specific
(PDEA4D) gene and the risk of ischemic stroke: a prospective, nes-
ted case-control evaluation. Stroke 2006; 37: 2012-7.
Kuhlenbaumer G, Berger K, Huge A, et al. Evaluation of single
nucleotide polymorphisms in the phosphodiesterase 4D gene
(PDE4D) and their association with ischemic stroke in a large
German Cohort. J Neurol Neurosurg Psychiatry 2006; 77: 521-4.
Lohmussaar E, Gschwendtner A, Mueller JC, et al. ALOX5AP
gene and the PDE4D gene in a central European population of
stroke patients. Stroke 2005; 36: 731-6.

Nakayama T, Asai S, Sato N, Soma M. Genotype and haplotype
association study of STRKI region on 5ql12 among Japanese: a
case-control study. Stroke 2006; 37: 69-76.

Rosand J, Bayley N, Rost N, de Bakker PI. Many hypotheses but
no replication for the association between PDE4D and stroke. Nat
Genet 2006; 38: 1091-2

Brophy VH, Ro SK, Rhees BK, et al. Association of phosphodi-
esterase 4D polymorphism with ischemic stroke in a US population
stratified by hypertension status. Stroke 2006; 37: 1385-90.

Received: April 2,2014

Accepted: August 25,2014

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

Munshi and Sharma

Hakonarson H. Role of FLAP and PDE4D in myocardial infarction
and stroke: target discovery and future treatment options. Curr
Treat Options Cardiovasc Med 2006: 8: 183-92.

Yoon D, Park SK, Kang D, Park T, Park JW. Meta-analysis of
homogeneous subgroups reveals association between PDE4D gene
variants and ischemic stroke. Neuroepidemiology 2011; 36(4): 213-
22.

Munshi A, Babu MS, Kaul S, et al. Phosphodiesterase 4D
(PDE4D) gene variants and the risk of ischemic stroke in a South
Indian population. J Neurol Sci 2009 ; 15; 285 (1-2): 142-5.
Munshi A, Roy S, Thangaraj K, Kaul S, Babu MS, Jyothy A. Asso-
ciation of SNP41, SNP56 and a novel SNP in PDE4D gene with
stroke and its subtypes. Gene 2012; 506: 31-5.

Liu X, Zhu R, Li L, Deng S, Li Q, He Z. Genetic Polymorphism in
PDE4D Gene and Risk of Ischemic Stroke in Chinese Population:
A Meta-Analysis. PLoS One. 2013; 8 (6): €66374.

Banerjee J, Gupta V, Ahmad T, Faizaan M, Agarwal P, Ganesh S.
Inflammatory system gene polymorphism and the risk of stroke: a
case control study in an Indian population. Brain Research Bulletin
2008; 75: 158-65.

Giovannoni MP, Cesari N, GrazianoA, et al. Synthesis of pyrrolo
[2, 3-d]pyridazinones as potent, subtype selective PDE4 inhibitors.
J Enzyme Inhib Med Chem 2007; 22: 309-18.

Jin SL, Richard FJ, Kuo WP, D’Ercole AJ, Conti M. Proc Natl
Acad Sci USA 1999; 96 : 11998-12003.

Li LX, Cheng YF, Lin HB, Wang C, Xu JP, Zhang HT. Prevention
of cerebral ischemia-induced memory deficits by inhibition of
phosphodiesterase-4 in rats. Metab Brain Dis 2011; 26(1): 37-47.



