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Abstract: Cardiovascular disease remains the leading global cause of death. Early intervention,
with lifestyle advice alongside appropriate medical therapies, is fundamental to reduce patient
mortality among high-risk individuals. For those who live with the daily challenges of cardiovascular
disease, pharmacological management aims to relieve symptoms and prevent disease progression.
Despite best efforts, prescription drugs are not without their adverse effects, which can cause
significant patient morbidity and consequential economic burden for healthcare systems. Patients
with cardiovascular diseases are often among the most vulnerable to adverse drug reactions due
to multiple co-morbidities and advanced age. Examining a patient’s genome to assess for variants
that may alter drug efficacy and susceptibility to adverse reactions underpins pharmacogenomics.
This strategy is increasingly being implemented in clinical cardiology to tailor patient therapies. The
identification of specific variants associated with adverse drug effects aims to predict those at greatest
risk of harm, allowing alternative therapies to be given. This review will explore current guidance
available for pharmacogenomic-based prescribing as well as exploring the potential implementation
of genetic risk scores to tailor treatment. The benefits of large databases and electronic health records
will be discussed to help facilitate the integration of pharmacogenomics into primary care, the
heartland of prescribing.

Keywords: precision medicine; adverse drug reaction; cardiology

1. Introduction

The term ‘patient-centred care’ resonates throughout healthcare settings, providing a
constant reminder to tailor treatments to individual patients. Despite clinical similarities,
retaining the knowledge that patients may react differently to the same intervention
underpins the importance of precision medicine. This is true for both pharmacological
and non-pharmacological treatments. Over the last twenty years, our knowledge of
why certain therapies work well on some, but not others, has improved. Recognised
initially through anecdotal phenotypic variation, advances in genomics have provided the
mechanistic insight to uncover drug-gene interactions. Pharmacogenomics is an exciting
and fast-moving field that has already broken through into drug regulatory approval
bodies. However, much work remains in order to fully integrate these scientific advances
at the bedside. This review aims to address the importance of the clinical implementation
of pharmacogenomics to reduce patient harm. Additionally, the strategies available to help
incorporate pharmacogenomic-based prescribing into clinical practice will be discussed.

Cardiovascular disease is the leading cause of death in the United Kingdom, and
multiple pharmacological therapies are prescribed to vast quantities of patients for both
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primary and secondary prevention of disease. For this reason, cardiovascular therapies
will be the focus of this review. Despite numerous trials showing the population benefits of
lowering cardiovascular disease risk with pharmacological treatments, it is important to
remember that many patients experience significant iatrogenic harm. A systematic review
identified that between 4.6% and 12.1% of hospitalisations were attributed to medicine
related problems. Interestingly, they also found that cardiovascular and diabetes medicines
were most often responsible [1]. Further studies have shown that the median bed stay in a
hospital from an adverse drug reaction is 8 days, resulting in a predicted annual cost to the
NHS of a staggering £466 million [2]. As our main population demographic continues to
age, this figure is likely to increase significantly over the coming years.

2. Pharmacological Principles

Given the scale of the problem, it is important to fully appreciate the underlying
mechanisms behind an adverse drug reaction. There are many complex factors and inter-
actions which ultimately contribute to this (Figure 1). However, a basic understanding of
pharmacological principles helps to clarify the role that genetic variation plays. Pharma-
cokinetics describes the actions that the body carries out after exposure to a drug. There
are four main actions: absorption, distribution, metabolism and excretion. These processes
are dependable on enzymes and co-transporters, which are susceptible to interindividual
variation based on differences in the protein-coding sections of genes. The clinical effects
of such changes can be significant, resulting in harm from either under or over exposure to
the drug’s therapeutic action.
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Differences in genetic code can also influence how a drug acts in the body, which
underpins the drug’s pharmacodynamic properties. The receptor on which a drug acts on is
comprised of proteins that are subject to structural changes based on genetic variation. This
can markedly alter the clinical response from the drug as described before. These examples
depict the mechanisms underlying an ‘on-target’ adverse drug reaction. Nevertheless,
despite advances in design and manufacturing, drugs are not entirely specific to their
intended target receptor. They often act on numerous other receptors throughout the body
with varying clinical significance. Alterations in ‘off-target’ receptors, caused by genetic
variants, can result in unusual adverse effects which are difficult to predict. It is also true
that increased drug concentration, caused by a genetic variation to the pharmacokinetic
processing, can induce further ‘off-target’ adverse effects, an example of which includes
myotoxicity in simvastatin use [3].

3. Clinical Guidance Available for Pharmacogenomic Based Prescribing

In the United Kingdom (UK), best practice guidelines are produced by the National
Institute of Health and Care Excellence (NICE, London, UK) and in Scotland, by the
Scottish Intercollegiate Guidelines Network (SIGN, Edinburgh, Scotland). Cardiology
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pharmacogenomic prescribing guidance has not filtered through to either at the time of
writing. However, in the United States of America (USA), the Food and Drug Adminis-
tration (FDA, Silver Spring, MD, USA) includes genetic information in its drug labelling
for 15 cardiology drugs in addition to warfarin which is included under haematology
medications [4]. Several groups have been instrumental in evaluating pharmacological
and clinical evidence to produce high quality pharmacogenomic based guidance for pre-
scribers. These include The Clinical Pharmacogenetics Implementation Consortium (CPIC,
Stanford, CA, USA), The Royal Dutch Pharmacists Association—Pharmacogenetics Work-
ing Group (DPWG, Stanford, CA, USA) and The Canadian Pharmacogenomics Network
for Drug Safety (CPNDS, Vancouver, BC, Canada). These recommendations have been
subsequently annotated by PharmGKB, creating an easy-to-use resource that is free to
access [5]. The cardiovascular therapies with the greatest pharmacogenomic evidence base
are warfarin, clopidogrel and simvastatin. These drugs will be explored in greater detail
below.

3.1. Warfarin

The vitamin K antagonist, warfarin, remains widely used in cardiology for managing a
variety of conditions from atrial fibrillation to metallic heart valves. The anticoagulant effect
arises from the inhibition of vitamin K dependent coagulation factors (II, VII, IX, X). Harm to
the patient can occur from both under and over exposure to warfarin, causing an increased
risk of either thromboembolic disease or bleeding, respectively. Pharmacogenomic studies
have identified distinct genetic variants that are associated with both forms of adverse drug
reaction. The CPIC provides further information and guidance regarding the variation of
the following culprit genes: CYP2C9, VKORC1, and CYP4F2.

To appreciate the role that CYP2C9 gene variants contribute to warfarin’s adverse
effects, it is first essential to note that warfarin is comprised of two stereoisomers: S-warfarin
and R-warfarin. The CYP2C9 gene encodes the enzyme which metabolises S-warfarin,
acting to reduce its concentration in the body. In total, 18 alleles of this gene have been
found to reduce the function of the enzyme [6]. For affected patients, this results in higher
levels of S-warfarin, the more potent of the isomers, increasing the risk of bleeding. There
are two reduced function alleles, in particular, to be aware of: CYP2C9*2 and CYP2C9*3.
These are the most common in European cohorts and have been shown to markedly reduce
the metabolism of S-warfarin [7].

Variations in VKORC1 can also result in an increased bleeding risk to patients. The
VKORC1 gene encodes the target receptor protein for warfarin, and alterations to this result
in a pharmacodynamic ‘on-target’ adverse drug reaction. An example of this includes the
common rs9923231 reduction-of-expression variant. Patients who have this variant require
much lower doses of warfarin due to increased drug sensitivity [6,8].

Results from a large, double blinded, randomised control trial in patients with atrial
fibrillation show the clinical benefit of using pharmacogenomics to guide therapy choice.
Patients are most at risk of coming to harm from warfarin therapy in the early stages of
treatment prior to establishing a safe dose based on the international normalised ratio (INR).
The study showed that patients who were warfarin sensitive or highly sensitive, based
on CYP2C9 and VKORC1 genetic variants, had a greater reduction in bleeding risk than
normal responders when treated with edoxaban (a novel oral anticoagulant) compared
with warfarin during the first 90 days of treatment. The study also showed that patients
with CYP2C9 and VKORC1 genetic variants were more likely to experience early bleeding
on warfarin compared to normal responders [9].

Conversely, the final genetic variant to discuss requires an increased dose of warfarin
to counter its physiological effects. The CYP4F2 gene acts to reduce active vitamin K
levels in the body. Alterations in this gene, including the CYP4F2*3 variant, disrupt this
process leading to higher levels of vitamin K. Higher doses of warfarin are therefore
needed to have a therapeutic effect, increasing the risk of thromboembolic disease in
affected patients. An additional randomised control trial has been completed, incorporating
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all of the discussed genetic variants, to establish if prescribing safety of warfarin can
be improved. The study was carried out on patients undergoing elective orthopaedic
procedures requiring perioperative anticoagulation. They found that dosing warfarin
based on genomic data reduced their risk of major bleeding, high INR, thromboembolic
events and death compared to clinically guided dosing [10].

Although most clinicians are moving away from warfarin to alternative novel oral
anticoagulation therapies, warfarin is still recommended in clinical practice guidelines for
mechanical valve replacements and in conditions where there is no data for direct oral
anticoagulants such as left ventricular thrombus. It is worth noting that many transfer-
able lessons can be learned from the use of pharmacogenomics in warfarin prescribing.
Additionally, warfarin studies have demonstrated that for certain patients, alternative
medications should be considered to prevent adverse drug reactions.

3.2. Clopidogrel

Clopidogrel is an antiplatelet drug commonly prescribed in both cardiology and
stroke medicine. However, its efficacy can be dramatically impaired by gene variants. The
liver converts clopidogrel from its inactive prodrug form into active metabolites, which
act to irreversibly block the purinergic P2RY12 receptor. This action prevents platelets
from amassing to form platelet clumps for the duration of their 10-day life span [11].
The successful activation of clopidogrel in the liver requires the presence of a number of
enzymes, including the cytochrome P450 (CYP)2C19 enzyme. A single loss of function
mutation in the CYP2C19*2 (c.681G > A, rs4244285) gene has been associated with reduced
drug effectiveness among European populations. Alterations in this gene result in a
non-functioning hepatic enzyme, preventing the conversion of clopidogrel into its active
metabolites. Around 25% of Caucasians possess this variant which increases their risk of
an arterial thrombus when treated with clopidogrel [11,12].

Randomised control trials have been carried out to assess the potential benefits of
genotyping patients prior to antiplatelet therapy. One such trial was carried out in a group
of patients undergoing primary percutaneous coronary intervention with stent insertion.
Patients were randomised to either the standard group in which they were treated with
either ticagrelor or prasugrel; or the genotyped group in which those with loss of function
mutation alleles also received ticagrelor or prasugrel and the others clopidogrel. The study
found that those in the genotyped group had a lower incidence of bleeding and showed
non-inferiority to standard treatment [13]. In the more recent TAILOR-PCI, which was
an open labelled RCT comparing the genotype-guided choice of oral P2Y12 inhibitors to
clopidogrel, as part of dual antiplatelet therapy after percutaneous coronary intervention,
in people with CYP2C19 loss-of-function variants, there was also the suggestion of benefit.
The primary outcome (composite of cardiovascular death, myocardial infarction, stroke,
definite or probable stent thrombosis) occurred in 4.0% of the genotype-guided group and
in 5.9% of the control group (hazard ratio, 0.66; p = 0.06) [14].

Acute cardiac events are most often treated with dual antiplatelet agents; the addition
of aspirin provides a degree of protection from thrombotic complications. However, in
the UK, the antiplatelet of choice for non-cardioembolic ischaemic stroke disease is clopi-
dogrel monotherapy [15]. Patients who have an ischaemic stroke in the UK who carry
the CYP2C19*2 loss of function allele are at particularly high risk of further events. A
study carried out in Dundee explored this in more detail utilising observational data. Elec-
tronic medical records were used to identify patients hospitalised for an arterial thrombo-
occlusive (ATO) event who then received clopidogrel prescriptions in the community.
These patients were then followed up for 2 years. A primary endpoint of further ATO event
or death was used, which occurred in 46% of the 651 participants. The study identified
that those with the CYP2C19*2 loss of function allele had an increased risk of primary
endpoint (hazard ratio (HR) 1.29). Further sub-analyses found this risk greatly increased
(HR 2.23) among those diagnosed with an ischaemic stroke [12]. This study highlights,
using real world data, that stroke patients with loss of function mutations of CYP2C19*2
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are particularly susceptible to harm from reduced efficacy of clopidogrel treatment. Based
on these data, there is a precision medicine care pathway for stroke patients in Dundee
(https://www.registerforshare.org/whats-new/share-stroke-study-receives-100000-funding)
(accessed on 1 May 2021).

3.3. Statins

One of the most widely cited examples of drug intolerance relates to statin therapy
and muscle toxicity. A single nucleotide polymorphism (SNP) has been identified, which
is associated with an increased systemic concentration of simvastatin, increasing the risk
of muscle toxicity. The SNP is found in the SLCO1B1 gene, rs1419056T > C, and results
in reduced activity of the OATP1B1 transporter in the liver. Reduced hepatic uptake of
simvastatin results in larger systemic concentrations [16]. Interestingly, despite known
associations between SLCO1B1 and other statins, such as atorvastatin, the link to muscle
toxicity is much weaker [8].

One potential argument against incorporating pharmacogenomic based statin pre-
scribing is that patients could be underdosed and come to significant harm as a result of
this. The first randomised control trial addressing this issue has recently been reported. In
a group of 408 patients, they found that there was no worsening of low-density lipoprotein
cholesterol levels in the group whose physicians knew their SLCO1B1 results compared to
the control group [17]. The findings do not advocate the widespread implementation of
pharmacogenomic based statin prescribing; however, they can act to reassure those with
concerns regarding poorer patient outcomes. All prescriptions in the study were in line
with the CPIC guidelines, which recommend to either prescribe a lower dose of simvastatin
or an alternative, such as pravastatin or rosuvastatin, in patients with an intermediate or
low function SLCO1B1 phenotype [16].

4. Future Potential Targets for Pharmacogenomic Based Prescribing

Pharmacogenomics is a rapidly evolving field that looks ahead to the discoveries of
tomorrow. The next section will focus on a selection of developing studies and aims to
demonstrate the scope of pharmacogenomics and its novel application.

4.1. Angiotensin Converting Enzyme Inhibitors

Angiotensin-converting enzyme inhibitors (ACEi) are commonly prescribed by cardi-
ologists for the management of hypertension and heart failure. Whilst ACEi related cough
is well recognised by most healthcare professions, the severe complication of angioedema
is not. Angioedema can present as a medical emergency with swelling of the face and
mucosal membranes resulting in airway obstruction. It has an incidence of 0.1–0.7% and is
not thought to be related to drug dose. Understanding the exact mechanism underlying
this adverse drug event is still in progress; however, pharmacogenetics plays an important
role.

Bradykinin levels have been found to be much higher in individuals suffering from
ACEi angioedema compared to people on ACEi without angioedema. Bradykinin is usually
broken down by ACE in the body; however, when inhibited by ACEi, alternative enzymes
such as aminopeptidase P (APP) are relied upon to a greater extent. The XPNPEP2 gene
codes for APP, and it has been shown that a variant of this gene was more prevalent in cases
of ACEi angioedema compared to controls [18]. In addition to bradykinin, substance P has
also been considered to play a contributory role in ACEi angioedema. This is a substrate of
ACE and is associated with tissue swelling in mice. Substance P is broken down by the
enzymes dipeptidyl peptidase 4 (DPP IV) and neutral endopeptidase (NEP). Studies have
shown that the rs989692 variant in the MME gene, which codes for NEP, was found to
be significantly associated with ACEi angioedema [19]. Further studies in the field have
subsequently raised doubt about the causal effect of these gene variants, citing alternative
factors such as gender and ethnicity, which appear to have a greater influence. Whilst these
gene variations are likely to contribute to ACEi angioedema, they are not the dominant
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force driving the process [20]. Additional work is therefore required to underpin the exact
mechanism responsible for this adverse drug reaction, yet pharmacogenomics has played
a valuable contributory role to date.

4.2. Antibiotic Prescribing

The risk of adverse events from commonly prescribed cardiovascular medicines has
been explored in detail above. However, a recent study has shown the benefits of using
pharmacogenomics to establish those at increased risk of cardiovascular hospitalisation
from commonly prescribed antibiotic therapy.

Trial data has shown that clarithromycin, a commonly prescribed macrolide antibiotic,
is associated with an increased risk of cardiovascular mortality. Compared to placebo,
2 weeks of treatment with clarithromycin was associated with a 45% increase in relative risk
of cardiovascular mortality [21]. Conversely, more recent data suggests that once statistical
models are adjusted for covariates, the association was dramatically lessened [22].

The utilisation of pharmacogenomic data is one potential strategy that has the potential
to identify the subset of patients most at risk of clarithromycin’s adverse effects.

The systemic drug concentration of clarithromycin is affected by changes in the levels
of cytochrome p4503A4 (CYP3A4) and permeability-glycoprotein (P-gp). A study of
people with ABCB1 gene polymorphisms associated with low P-gp activity found that
they had higher levels of macrolides than expected for a given dose of azithromycin [23].
Additionally, clinical studies also found raised levels of macrolides in patients co-treated
with P-gp inhibitors such as omeprazole [24]. Therefore, it was hypothesised that patients
with genetic variants associated with low P-gp activity were more likely to experience
adverse cardiac events when prescribed a macrolide.

To investigate this further, a genomic observational study was carried out, including
patients prescribed either clarithromycin or amoxicillin. In a population of 13,544 individ-
uals, it was identified that clarithromycin prescriptions given to those with lower P-gp
activity (based upon two SNPs: rs1045642 and rs1128503-AA genotype) were associated
with an increased risk of hospitalisation from a cardiovascular cause at 30 days to 1 year
compared to individuals without the AA genotype [25]. Although causality cannot be
established from this observational study, it provides a starting point for future studies to
determine if pharmacogenomic testing should be implemented into macrolide antibiotic
prescribing.

4.3. Polygenic Risk Scores

The benefits of individual genetic variants have been the primary focus of pharma-
cogenomic studies to date. Looking to the future, it is vital to consider the many complex
gene-drug interactions that occur simultaneously throughout the body. Often more than
one gene contributes to this complex process, and combining these variants can provide
prescribers with a clinical tool to help steer their decision-making process. This is demon-
strated in the additional analysis of the FOURIER trial (Further Cardiovascular Outcomes
Research with PCSK9 Inhibition in Subjects with Elevated Risk), which revealed the bene-
fits of utilising genetic risk scores. In a cohort of over 14,000 patients with atherosclerotic
disease, a genetic risk score comprised of 27 loci that had been previously shown to be
associated with myocardial infarction was calculated for each participant. The study iden-
tified that those with high genetic risk, irrespective of clinical risk, had the greatest risk of
cardiovascular events and exhibited the largest benefit from PSCK9 inhibition [26].

Genetic risk scores can also play an important role in reducing the risk of adverse
drug effects in cardiovascular therapies. An example of this includes nicorandil, an anti-
anginal agent currently recommended as a second-line therapy by the European Society
of Cardiology guidelines [27]. Nicorandil’s use is cautioned in diverticular disease due to
the increased risk of ulceration and fistula formation. In the western world, it is estimated
that over 50% of the population have diverticular disease, with many people exhibiting no
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symptoms of this [28]. No current screening is offered to individuals prior to commencing
nicorandil, which gives rise to the risk of severe adverse drug effects.

A recent case report highlights the severity of symptoms associated with nicorandil
intolerance for those who have underlying diverticular disease. The patient developed
multiple fistulas between his bladder and rectum, requiring major surgery with subsequent
urosepsis admissions, resulting in long term catheter use. The individual remained on
nicorandil therapy for 7 years before the connection was made between nicorandil and his
symptoms, which resulted in a change of his anti-anginal medication [29].

Pharmacogenomics provides a potential strategy to identify those at increased risk
of diverticular disease prior to commencement of anti-anginal medication, without the
expense and risk of a colonoscopy. A recent study identified in a genotyped cohort that
the genetic risk of diverticular disease predicted early stoppage of nicorandil, which
was used as a surrogate marker of nicorandil intolerance [30]. They utilised a previous
genome-wide association study (GWAS) which identified SNPs associated with diverticular
disease. The GWAS identified 48 variants associated with diverticular disease, 27 of
which were replicable in a further European cohort [31]. The nicorandil study found this
replicable variant score to be strongly associated with stopping nicorandil therapy early in
both univariate and multivariate analyses. This trend was not observed in an isosorbide
mononitrate control analysis. This study highlights the potential for a pharmacogenomic
based prescribing strategy for anti-anginal therapy, suggesting those of high genetic risk of
diverticular disease could be prescribed an alternative agent, such as ranolazine.

5. Implementing Pharmacogenomics into Clinical Practice

Despite major advances in the field of pharmacogenomics, much work remains in
order to integrate these new prescribing strategies into daily practice. UK general practi-
tioners have raised concerns surrounding the following: cost-effectiveness of the imple-
mentation of pharmacogenomics to primary care, how primary care teams will be educated
on pharmacogenomic developments and the ethical/legal issues surrounding its use [32].
Reassuringly, across Europe, there is interest and a generally positive attitude among
healthcare professionals in favour of pharmacogenomics. The vast majority felt it was
relevant to their current practice, despite uncertainties regarding their own knowledge of
the subject [33].

Larger hospitals also have many obstacles to overcome prior to the routine imple-
mentation of pharmacogenomics into prescribing practice. One project that is currently
in progress at our local centre uses pharmacogenomic data to aid prescription choices in
individuals who have had an ischaemic stroke [34]. For this project, additional IT systems
have had to be generated to link with prescribing systems. This project is based upon a
single gene variant and the relevant drug; yet it has required a lot of work to implement a
successful system. Once completed, this study will hopefully provide insight and strategy
for other centres wishing to implement a precision medicine pathway into their practice.
The project has highlighted the potential challenges that are likely to be encountered when
adding multiple gene variants and drugs into the equation.

It is yet to be decided which healthcare teams will take ownership of implementing a
pharmacogenomic based prescribing system. Currently, secondary care settings undertake
most genetic testing and then communicate recommendations to primary care. This is
unlikely to be sustainable long-term as the vast majority of prescribing takes place in
the community. Studies from the Netherlands have shown that 95% of the population
have at least one gene-variant related to the 80 drug-gene interactions identified by the
Dutch Pharmacogenetics Working Group (DPWG, Stanford, CA, USA). Twenty-six of these
therapies were readily prescribed to large cohorts of people in the community [35]. General
Practitioners are increasingly being presented with commercial genetic testing data that
their patients have carried out independently. It is therefore crucial that efforts are made
to educate and empower primary care services to deal with this new trend. Interestingly,
there is much less variation between IT systems implemented across primary care in the
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UK compared to secondary care. Many large hospitals still have a mix of electronic medical
records and paper notes, with little unity across major centres. This is in stark contrast to
primary care, where almost all documentation is on electronic systems, and many practices
use the same software. Pharmacogenomics, large data and electronic medical records
are inherently linked, which provides a further argument that the implementation of
pharmacogenomics needs to now focus on the primary care setting.

Despite the many challenges that exist, efforts have been made to implement pharma-
cogenomics into daily practice and aim to pave the way for others to follow. One potential
strategy, implemented at the Mayo Clinic (Rochester, MN, USA), is to have an alert system
that fires when a drug is prescribed that is linked to a genetic test. At the Mayo Clinic,
there are 17 examples of drug-gene pairs which are highlighted to the prescriber. It is then
up to the physician whether they wish to order the corresponding genetic test prompted by
the alert. The long-term goal for the clinic is to have pharmacogenomic data pre-emptively
available for all patients so that there would be no delay prior to drug commencement [36].
Large scale projects are also underway among multiple sites, including the PREPARE
study (PREemptive Pharmacogenomic testing for prevention of Adverse Drug Reactions),
which will investigate whether pharmacogenomic based prescribing lowers adverse drug
reactions within the first 12 weeks of a new drug treatment. The study aims to recruit
around 7000 patients and will consider 44 genetic variants from 12 genes. These genetic
variants will guide the prescription choices of 42 drugs with DPWG guidance. Further
information regarding cost-effectiveness and clinical utility will hopefully be available after
the study has been completed [37]. In the UK, the Chief Medical Officer’s 2016 annual
report called for the ‘transformation of patient care through the systemic use of genomics’.
The report made recommendations addressing the changes needed in NHS infrastructure
and clinical training. These findings are in keeping with the issues identified within this
review, and it is reassuring that appropriate investments have been made, such as the UK
Life Sciences Sector deal of £65 million, aimed at a collaborative approach for health and
data science integration [38].

Ultimately, the success of pharmacogenomic prescribing will rest on the interface in
which healthcare providers interact with the system. A well-designed clinical decision sup-
port system (CDSS) that compliments the physician’s normal practice is needed (Figure 2).
CDSSs have been a part of current healthcare systems across the world for a number of
years and aim to provide clinicians with important information to assist with their patient
management decisions. Traditionally, these systems have been ‘knowledge based’, formed
around rules related to the literature, pharmacology or patient evidence. An output or
action would then be produced based on the evaluation of the set rules. Due to advances
in technology, non-knowledge based systems have been created which rely on artificial
intelligence to generate their output [39]. Machine learning is an exciting future strategy
for the implementation of pharmacogenomic based prescribing due to its complexity and
evolving nature. However, additional issues may arise regarding the accountability of
prescriptions if the decision-making processes cannot be followed by the prescribers.
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6. Conclusions

Among healthcare professionals, there is a desire to further the role of pharmacoge-
nomics into clinical practice. Technological advances coupled with educational opportu-
nities across both primary and secondary care will help achieve this. Within this review,
the current pharmacogenomic guidelines have been explored in detail, and a selection of
exciting future targets for pharmacogenomic based prescribing have been discussed. We
have also shown the challenges of integrating pharmacogenomics into everyday practice
and highlighted the work taking place to break down these barriers. It is forgivable to
temporarily lose sight of the patient when evaluating the abundance of data produced
by studies carried out to further the field of pharmacogenomics. One topic that is rarely
mentioned is how we translate our genomic knowledge to the patients putting their trust
in us. Today, patients are integrally involved in their prescribing choices, which is key to
improving medication compliance. Regardless of the future success of pharmacogenomic
integration to primary care, genomic-based prescribing will only ever partly influence the
treatment choice for our patients. Medicines are not prescribed for genes; the pharmacoge-
nomic advances are an exciting piece of the precision medicine picture that ultimately aims
to give the right treatment to the right person at the right time.
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