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Abstract

The use of multiple medications is growing at an alarming rate with some reports documenting
an average of 12 to 22 prescriptions being used by individuals =50 years of age. The indirect
consequences of polypharmacy include exacerbation of drug-drug interactions, adverse drug
reactions, increased likelihood of prescribing cascades, chronic dependence, and hospitalizations
- all of which have significant health and economic burden. While many practical solutions

for reducing polypharmacy have been proposed, they have been met with limited efficacy. This
highlights the need for a new systematic approach for fine-tuning dispensing of medications.
Pharmacogenetic testing provides an empirical and scientifically rigorous approach for guiding
appropriate selection of medicines, with the potential to reduce unnecessary polypharmacy while
improving clinical outcomes. The goal of this review article is to provide healthcare providers with
an understanding of polypharmacy, its adverse effects on the healthcare system and highlight how
pharmacogenetic information can be used to avoid polypharmacy in patients.
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Introduction

The use of multiple medications, polypharmacy, is growing at an alarming rate, with some
reports documenting a range of 12 to 22 prescriptions prescribed to individuals =50 years
of age [1]. From a clinical perspective, polypharmacy is often necessary to treat multiple
illnesses and comorbidities. Prescribing multiple medications creates a conundrum. While
the goal of polypharmacy is to improve patient quality of life and longevity, excessive

use of medications has adverse health effects and creates substantial financial burden

for patients and the healthcare system. Patients with polypharmacy are more likely to
experience drug-drug interactions (DDIs) and adverse drug reactions (ADRS), associated
with increased morbidity and mortality and require more hospital admissions [2]. Few
strategies exist for managing polypharmacy and lack of their utility is shown by the
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ever-rising incidence of this condition [3-5]. In this review we focus on evidence that
supports the notion that unnecessary polypharmacy is a national healthcare problem, and
how implementing pharmacogenetic (PGx)-testing into everyday practice could provide a
sustainable solution. We start by reviewing the definition of polypharmacy, root causes and
its adverse consequences. We then review the fundamental basics of PGx and PGx-testing.
We then focus on evidence that supports the implementation of PGx testing as a solution
to the polypharmacy conundrum, and the needs to incorporate the use of pharmacogenetics
information into everyday prescribing practice.

Part 1: Polypharmacy as a Healthcare Problem

Defining Polypharmacy

Polypharmacy is commonly defined as the simultaneous use of multiple medications, but
polypharmacy studies often have their own criteria for what classifies as “polypharmacy”,
making it difficult to interpret and integrate findings from different groups. In general,
there are two working definitions of polypharmacy. One definition is based solely on the
number of medications taken by an individual, referred to as the “quantitative definition”.
This definition does not take into consideration adverse effects that arise with excessive
drug use, nor does it settle on a “numerical threshold” for what classifies as polypharmacy.
Hajjar et al. analyzed 21 polypharmacy studies, and indicated there was no consensus on
the number of drugs used to define the term with a range of 2-9 drugs per person per day
[6]. The definition of polypharmacy is further complicated by the time frame for which
polypharmacy is defined (e.g., the number of drugs taken per day, per month, etc.) [6].

Polypharmacy can also refer to the administration of more medications than clinically
indicated [6]. This is a functional definition that separates “unnecessary” or “excessive”
polypharmacy from “necessary” polypharmacy, and accounts for improper use of drugs.
Using this definition, Lipton et al. showed that 60% of patients in their study were taking
medications that were either suboptimal for the patient’s clinical condition, or lacked

an indication altogether [7]. Furthermore, 16% of people in this study had therapeutic
duplication in their medication list. Regardless of the definition one chooses, polypharmacy
is an iatrogenic condition causing harm to patients and placing economic burden on the
healthcare system. In order to understand polypharmacy as a health problem, we must first
recognize the inherent drivers of this condition.

Drivers of Polypharmacy

There are many drivers of polypharmacy. Here we focus on the influence of aging and the
influence of a market-driven approach to healthcare [2,6,8].

Effects of aging—As of 2017, the overall age-independent prevalence of polypharmacy
in the United States was 10%, but the rate of polypharmacy in people >65 years old is
30-40% [6,9]. This three-fold increase of polypharmacy in aged patients may be attributed
to the general trend that with aging, people are more likely to develop multiple health
conditions. These comorbid conditions include cardiovascular disease, chronic kidney
disease, cancer and metabolic diseases (Figure 1) [10,11]. Not surprisingly, common classes
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of drugs prescribed to patients =65 years of age correspond well to the comorbidities
frequently encountered in this cohort. These medications include cardiovascular/cholesterol-
lowering agents, diuretics, anti-depressants, and opioids [6]. The effects of these drugs

are highly variable due to aging physiology, and when combined with other medications,
often induce unwanted effects through drug-drug interactions [2,6]. Within this cohort,
depression is a prominent comorbidity. A study conducted by the Veterans Administration
Healthcare System reported that the incidence of polypharmacy was high in subjects taking
antidepressants, and patients = 60 years old on antidepressants had the highest incidence of
polypharmacy [12].

Elderly patients also take over-the-counter (OTC) drugs, producing another source of
polypharmacy that may go largely unnoticed by healthcare providers [6]. A misconception
is that, because these drugs do not require a prescription, they are safe to use without
consequence. Many of these OTC drugs are dietary supplements, which are not regulated by
the FDA for safety and efficacy. Contraindications of OTC drugs are prominent, especially
in combination with prescription drugs. As example, GB is an OTC extract that has several
health benefits, including enhancement of memory in patients with dementia or Alzheimer’s
disease, treatment of vertigo, and other indications in stroke and claudication [13]. However,
the combination of GB with warfarin can increase the risk of bleeding events because GB
itself causes decreased platelet aggregation [13,14]. Using a large database associated with
VA hospitals across the US, Stoddard et al. identified 807,399 patients taking warfarin with
11,003 taking warfarin with GB. Eighteen percent of patients using warfarin alone had an
adverse bleeding event during this longitudinal six-year study and the number of bleeding
events increased to 24% among patients taking warfarin and GB concomitantly [14].

Typically, most studies on polypharmacy are done in aged populations, since the prevalence
of polypharmacy is higher. However, polypharmacy is becoming more prominent in
pediatric populations, although these studies are fewer in number and focus on the use of
psychotropic drugs. In this specific population, polypharmacy is likely driven by the number
of healthcare providers a child sees and the severity of the disease [15]. In a meta-analysis
by Baker et al., the prevalence of polypharmacy varied greatly (22%-54%) depending on
disease severity, methodology used to conduct the study, and the definition of polypharmacy
used [16]. This report indicated that the prevalence of pediatric polypharmacy was 34%
during 2011-2017 in the United States [16]. An earlier meta-analysis from 1987-1996 by
Zonfrillo et al. also showed a wide variation in prevalence of polypharmacy, ranging from
0.7%-42% [17-19]. The discrepancy between these two rates can be attributed to the wide
variation in the type of information collected to infer rates of polypharmacy, the number of
pediatric patients included in each study, and the definition of polypharmacy used [17].

Other populations at risk for polypharmacy include cancer patients and those with
HIV/AIDS - all demonstrating a high level of polypharmacy [20-22]. Prevalence of
polypharmacy in AIDS patients is estimated to be between 30-70%, and HIV infection
independently accounts for a higher prevalence of polypharmacy when compared to HIV-
negative patients [23]. Polypharmacy in oncology patients can be as high as 75%, and

the rate is doubled in cancer survivors compared to age-matched, non-cancer patients [20—
22,24].
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Market-driven Healthcare—Direct-to-consumer (DTC) marketing and pressure from
patients on their healthcare providers are two additional drivers of polypharmacy. Both
drivers stem from commercial efforts by the pharmaceutical industry to advertise their
products.

In 1997, the Food and Drug Administration made it easier for companies to legally
broadcast prescription drug advertisements [25]. According to one estimate, after this FDA
policy change, televised advertisement spending by pharmaceutical companies increased,
peaking at 3.3 billion dollars in 2006 (16). Furthermore, DTC advertisements comprised
approximately 13% of total promotional spending in 2012[26,27]. This increase in spending
was met with an increase in prescription drug sales [28].

A study by McKinlay and summarized by Fain and Alexander provides evidence that patient
requests that stem from DTC advertisements affect physician prescription practices [29-32].
A randomized cohort of 192 primary care physicians from six states were presented with
clinical scenarios depicting patients with symptoms of sciatica or chronic osteoarthritis.
Each scenario consisted of two patient requests - either an active request for a specific
medication or passive request for pain relief. One in five physicians (20%) reported they
would prescribe oxycodone for the sciatic patient actively requesting the drug, compared

to just 1% of physicians whose patients made a passive request for pain relief. More than
half (53%), of physicians reported they would prescribe Celebrex to patients with diagnosed
osteoarthritis requesting the drug, while only 25% reported they would prescribe the drug
for patients making a passive request for pain relief [30,31]. The effects of patients’ active
requests for oxycodone is particularly noteworthy, given the reported epidemic of opioid-
related morbidity and mortality in the United States, as well as the common prescribing of
opioids in the elderly population and to patients that have polypharmacy [30,33]. Kravitz et
al. also reported that patient requests for antidepressants based on DTC advertisement had a
profound effect on physician prescribing [34]. In the context of polypharmacy, prescription
of a drug due to request rather than taking the time to determine the best drug for the
patient may mean the drug is less efficacious and may require further prescription of

other medications to improve efficacy. Furthermore, the patient may be at risk for adverse
side effects due to alterations in pharmacokinetics and drug response that are not taken

into consideration before the drug is prescribed, leading to increased risk for drug-drug
interactions or adverse drug reactions.

In conclusion, several drivers are responsible for polypharmacy. Some of these drivers can
be controlled, especially the influence of DTC advertising and patient pressure on physicians
to prescribe specific drugs. Aging and associated comorbidities are unavoidable and require
different management approaches. Regardless of the driver, polypharmacy puts patients at
risk for severe clinical consequences.

Clinical Consequences of Polypharmacy

Polypharmacy affects patient quality of life by increasing the risk of adverse drug reactions
(ADRs), drug-drug interaction (DDIs), and initiation of prescribing cascades (prescribing
other medications to treat a side effect of another drug). Having an ADR or a DDI can
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increase the risk of future events such as frequent hospitalizations, emergency room visits,
and need for outpatient consultations, as well as increased risk of morbidity and mortality.

Adverse Drug Reactions (ADRs)—ADRs are defined as unfavorable medical events
that are the direct result of either the correct or incorrect use of a medication [2,35,36].
ADRs account for 3-23% of all hospital admissions, and identification of risk factors

may be a strategy to reduce the number of ADRs [37,38]. Classification of patients as
“high-risk” for an ADR would mean that extra attention would be paid to all drugs
prescribed [38]. Proposed risk factors for ADRs include age, gender, polypharmacy, renal
and hepatic insufficiency, alcoholism, and alteration in drug metabolism [37,38]. Indeed,
several analyses of risk factors have implied connections between polypharmacy and known
pharmacogenetic alterations in drug metabolism [37-41]. Genetic polymorphisms are known
to increase risk of adverse events when other risk factors are present - especially with use

of multiple medications [37,42]. Polypharmacy is an independent risk factor for ADRs.
Nguyen et al. found that there was a positive correlation between the use of =9 medications
and risk of having an ADR even when other factors such as age and gender were eliminated
between the control (<9 medications) and case groups [41].

Although ADRs are a common reason for hospital admission, they are not often explored
as a cause-of-visit when a patient arrives for emergency care. The failure to screen for
ADRs can increase the risk for a patient to be prescribed additional drugs while hospitalized
that may cause additional ADRs, exacerbate the patient’s current ADR, or lead to the
initiation of a prescribing cascade [2]. As a result, ADRs often prolong hospital stays and
are associated with increased morbidity and mortality [40]. Carmona-Huerta et al. showed
that polypharmacy was directly related to the length of the hospital stay for psychiatric
patients, resulting in an average of 6.56 days in the hospital for each additional prescription
medication [43]. Patients with polypharmacy (=5 medications) who underwent elective
surgeries had a 3% 90-day mortality rate, and this was significantly increased compared

to patients who did not meet criteria for polypharmacy even after multilevel, multivariable
adjustment [44]. Additionally, polypharmacy was also associated with increased number of
readmissions and increased cost of stay which could have been further attributed to the
increased likelihood of an in-hospital complication [44].

One approach to reducing risk associated with ADRs is by implementing better screening
techniques. Hohl et al. defined an ADR as unwanted effects of a drug, adverse event
associated with drug noncompliance, and drug withdrawal reactions [40]. In a cohort of
282 patients >65 years of age who presented to the ER, 90.8% were taking one or more
prescribed or OTC medications upon arrival to the ER, with an average of 4.6 medications
per person [40]. Approximately 10% of these patients were classified as having an ADR,
which were most frequently caused by NSAIDS, antibiotics, diuretics, and anticoagulants-
all medications commonly seen in cases of polypharmacy. None of the patients taking only
one medication experienced an ADR - further drawing the link between polypharmacy and
ADRs [40].

Drug-Drug Interactions (DDIs)—In order to have a DDI, a patient must have
polypharmacy as a drug-drug-interaction (DDI) is defined as a change in a drug’s effect,
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absorption, or metabolism when two or more drugs are administered simultaneously
[2,45,46]. Like polypharmacy, the true prevalence of DDIs is not well-established and ranges
from 9-70% depending on the population being studied and the methods used to identify
DDIs [47]. In most circumstances, these interactions are associated with increased risk

of toxicity and substantial ADRs. Approximately 3% of all hospitalizations are attributed

to a DDI, resulting in over a billion dollars in added healthcare cost for a year [48]. In

some instances, interaction between drugs can also enhance a drug’s effect and improve
efficacy. In psychiatry, for example, DDIs are necessary as they are reported to improve
brain functioning, boost the desired effect of an anti-psychotic, or speed up the onset of the
desired drug effect [12].

The presence of polypharmacy correlates to increased risk of developing a DDI. In a study
by Guthrie et al., data on age, gender, socioeconomic status, residence, and number of
medications (including classes of medication) were collected from 300,000 people from the
Tayside region of Scotland in 1995 and again in 2010 [49]. The main predictor for a DDI
was the number of drugs prescribed - as the number of drugs increased, so did the risk

of having a DDI. A large portion of people who received =15 medications had a potential
DDI (80.8%), while only 10.4% of those taking 2—4 drugs had a potential DDI. This study
corroborates with data from Haider et al. that indicated the prevalence of polypharmacy in
Sweden increased from 1992-2002, and coincided with a greater exposure to a potentially
serious DDIs [46].

In general, identifying DDIs is difficult. Although software programs can identify some
DDils, the quality of evidence for clinical utility of an electronic approach is low [48].
Another strategy implements medication review and screening by pharmacists for DDIs.
However, this approach largely depends on memorization of DDIs [48]. More recently the
idea that individual differences in drug-metabolizing enzymes can not only explain DDIs,
but can also be used as a way to identify potential drug-interactions has gained momentum
[48]. While the interaction between two or more medications may increase or decrease the
efficacy of a medication of interest, unrecognized genetic polymorphisms - described later in
this article - can affect the magnitude by which a drug interaction occurs [48]. Identifying
DDls using information based on drug-metabolizing status requires pharmacogenetic (PGX)
testing, and presents a potential area for improvement in management of DDIs.

Prescribing Cascades—Prescribing cascades occur when a drug’s side-effect or an
ADR is identified as a new health condition for which additional medications are prescribed,
creating a cycle for increasing the risk for an additional ADR, DDI, and further driving
polypharmacy. This process is exacerbated when the goal is to treat symptoms rather

than the underlying disease, which is often the case for psychological disorders where

the pathophysiology is poorly understood [12]. Many of the same drugs associated

with ADRs are commonly found in prescribing cascades, including drugs for dementia,
antihypertensives, sedatives, opioids, NSAIDs, seizure medications, and nausea medications
[50]. Although the risk factors for prescribing cascades are not clearly defined, any risk
factor for ADRs are likely to promote prescribing cascades, including age and polypharmacy
[50].
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The phenomenon of the prescribing cascade is clearly demonstrated by Nguyen et al.,

who reported on a 71 year-old female with a history of high blood pressure, asthma,
hypothyroidism, depression, osteoarthritis, and Meniere’s disease who presented to the
hospital after a fall leading to a fracture [51]. Four months before her hospital admission,
the patient had been prescribed amlodipine to lower her blood pressure by her cardiologist.
She developed edema as an ADR associated with amlodipine, but edema was subsequently
misinterpreted as a new condition contributed to heart failure. For the edema, an urologist
prescribed furosemide and another diuretic. Urinary incontinence then developed, and an
antimuscarinic agent was prescribed by a third doctor. The antimuscarinic effect caused
dry mouth that was further exacerbated by furosemide. Finally, anetholtrithion was given
to the patient to treat her dry mouth. After admission to the hospital, a clinical pharmacist
was able to identify the prescribing cascade, and even attributed the patient’s fall to the
combination of drugs [51]. Upon identification of the prescribing cascade most of the
patient’s medications were discontinued. A week after discontinuation, the patient no longer
suffered from edema, urinary incontinence, or dry mouth [51]. This case study highlights
how polypharmacy can initiate a prescribing cascade, and how this phenomenon can cause
unnecessary polypharmacy.

A more general example of the prescribing cascade occurs in patients who take
cholinesterase inhibitors for dementia, as they often develop the side effect of urge
incontinence that requires additional medications for treatment [52]. A population-based
retrospective study in Canada followed 44,884 adults with dementia over a four year
period [52]. In this group, approximately 21,000 people received a cholinesterase
inhibitor for dementia. Over the course of the four year study 1,662 patients (8%)

were prescribed anticholinergic drugs to alleviate their incontinence [52]. Anticholinergic
drugs themselves have severe ADRs including cognitive decline and delirium, which can
be further exacerbated in patients with dementia. Thus, prescription of anticholinergics

is contraindicated for use with cholinesterase inhibitors [52]. This high-risk prescribing
cascade in a large population emphasizes the severity of the prescribing cascade problem,
and how it can lead to unnecessary polypharmacy.

Economic Burden Associated with Polypharmacy

The cost of therapeutic drugs comprise a large portion of the total health expenditure in
many countries [53]. Increases in drug expenditure are often explained by the increase in
cost of drugs, the volume of drugs on the market, and the variety of drugs available. An
additional explanation is polypharmacy, resulting in unnecessary healthcare expenditures
associated with increased cost from the number of prescribed medications and costs
associated with hospitalizations for ADRs, DDIs, and prescribing cascades [6,36,53].

Drug expenditures in countries that are part of the Organization for Economic Cooperation
and Development (OECD) have increased 50% in the past ten years [53]. Approximately
25% of the population in Sweden have polypharmacy (=5 prescribed drugs), and this group
of people contribute to 80% of the total acquisition costs for prescription medications - a
major component of the total prescription expenditure [53,54]. To analyze the total impact
of polypharmacy on Sweden’s costs for medications, Hovstadius et al. utilized a registry
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of the entire population to determine the prevalence of polypharmacy and its associated

cost. In general, prescription drug expenditure increased 4.8% over a five-year period, and
this increase in was higher in the subset of patients with polypharmacy (6.2% increase)

[53]. During this same time frame, the prevalence of polypharmacy increased 1.6% and the
proportion of the prescription drug expenditure related directly to polypharmacy (acquisition
costs) also increased [53]. These data indicate that as the prevalence of polypharmacy
continues to increase, so will its associated costs and contribution to total healthcare
expenditure.

In the US, the highest prevalence of polypharmacy is seen in the long-term care setting,
with reports indicating polypharmacy in approximately 40% of these patients [55]. As

such this population is commonly used for polypharmacy studies, especially those relating
to economic outcomes [36,55]. Kojima et al. screened 70 long-term care residents with
polypharmacy (=9 medications) for potential high-risk medications using Beers Criteria
and the Epocrates online DDI program. For each resident, recommendations were made to
either continue or discontinue high-risk medications, or medications with potential DDIs.
An average of three recommendations were made per resident, and these recommendations
resulted in an overall decrease in the number of medications. In a secondary analysis, cost
savings from these recommendations were calculated. A total savings of $6300 a month
was recorded, averaging $90 per resident [36,55]. This study demonstrates that reducing the
number of medications has a direct impact on reducing costs associated with polypharmacy.
While this is only one component of total drug-related costs, it is one area that can be
controlled simply by reducing the number of prescriptions.

Potential Solutions for Reducing Polypharmacy

Significant economic burden and poor patient outcomes resulting from polypharmacy
highlight the need for a solution to this ever-increasing health problem. Traditional solutions
have focused on: (1) improving communication between the patient and their healthcare
provider, and (2) reviewing prescribed medication lists for medical necessity, potential
high-risk medications, and other contraindications. The goal of these approaches is to assist
clinicians in determining prescription appropriateness for their patients.

Improving Patient-Physician Communication—A proposed solution towards
reducing polypharmacy is to improve prescriber and patient communication [56]. This has
the potential to reduce the number of medications a patient is prescribed by eliminating
drugs that have similar functions or drugs that show poor efficacy, while at the same

time decreasing risk of an adverse outcome associated with potential DDIs. This approach
can be particularly useful when patients are taking OTC medications, which may not be
recorded in the patient’s medical record [56,57]. Furthermore, the prescriber may not be
informed of medications that have been prescribed by other specialists and rely on the
patient to provide that information. This is important because the number of prescribers a
patient has seems to correlate to an increase in the number of medications a patient takes
[12]. Despite the advantages of this approach, patient-physician communication may not
always include conversations related to medications. Stevenson et al. recorded 62 physician/
patient conversations regarding medication use, and found that only 19 patients volunteered
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information to their physician about their OTC medication or herbal remedy use, and five
patients did not report their OTC use at all, even though they were using at least one OTC
drug [56].

In the context of polypharmacy, Schéfer et al. conducted a year-long study to determine if
a narrative-based approach could reduce polypharmacy in patients from 55 care facilities in
Germany and ultimately improve quality of life [58]. Before the study started, patients were
taking seven medications and had three chronic conditions on average. The intervention
consisted of 30 minute sessions prompted by general practitioners to understand the
patients’ personal prescription needs. At the conclusion of the study, the average number

of medications did not change, and quality of life was nor improved [58]. The studies
highlighted here show the limited efficacy of a narrative-based approach for addressing
polypharmacy.

Review of Patient Medication Lists—Beers Criteria have been used to avoid
prescribing medications where harm outweighs the potential benefits. These criteria are used
only for patients =65 years old in the ambulatory, acute, and institutionalized care settings.
The first iterations of Beers Criteria, focused on drugs that were considered high-risk drugs
due to changes that occur with physiological aging. Over time, this has been expanded and
in 2015, categories were added for potentially harmful DDIs, as well as drugs with severe
ADRs associated with particular diseases [59]. While the use of Beers Criteria may be a
good starting point for physicians to identify “high-risk” medications, their clinical utility

is limited [59] [60]. For one, Beers Criteria uses a population-risk assessment approach,

and cannot account for individual differences in drug metabolism and effect which may put
certain patients at higher risk or lower risk of adverse outcomes with respect to the drug of
interest. Secondly, Beers Criteria do not provide a comprehensive list of medications that
may be contraindicated in the elderly population [60]. As drugs are added to the list, others
may be removed depending on whether or not the risk is unique to the geriatric population
[61]. Despite their limitations, Beers Criteria are commonly used in polypharmacy studies to
review medication lists and provide a guide for reducing harmful polypharmacy.

Tamura et al. conducted a study in a nursing home facility to determine if medication review
could decrease the number of medications [5]. Data on 74 patients with polypharmacy

(=9 medications) were collected for medication start date, frequency of administration, and
therapeutic indication. Records were then reviewed for high-risk medications as described
by Beers Criteria, as well as potential DDIs [5]. Medical personnel then consulted with

the primary care physician and made recommendations to continue, discontinue, or taper
medications for each patient. Seventy-one percent of patients had therapeutic regimens
altered after medication review [5]. According to the published study there was a statistically
significant change (although small) from 16.64 to 15.50 drugs/person on average, but risk
reduction associated with polypharmacy was not examined in this study [5].

Other studies using physician review of medication lists have shown mixed results with
regards to decreasing polypharmacy, and few examine actual risk reduction. In Sweden,
a study focused on identification of unnecessary medications through medication review
indicated there was no change in the total number of medications compared to patients
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who did not receive medication review [4]. In an Australian nursing home setting, the
number of medications trended downward after patient medication lists were discussed at
interdisciplinary case conferences, but this trend was not significant [62]. Hanlon et al. also
reported a non-significant decrease in the total number of medications taken by patients
when a clinical pharmacist reviewed medication lists and provided recommendations to the
primary care physician over a three month period [3].

In summary, improvement of patient-physician communication, as well as review of patient
medication lists by qualified healthcare professionals are practical solutions, but are limited
in their efficacy for decreasing number of medications, and studies on risk prevention

by identification of ADRs, DDIs, and prescribing cascades are limited [3,56,62]. This
highlights the need for a new, systematic solution that may establish more rigorous and
defined criteria for which medications may be contraindicated, are likely to precipitate
ADR, or have little or none clinical benefit. This need has the potential to be addressed by
fine-tuning prescribing using a pharmacogenetics approach.

Part 2: Pharmacogenetics as a Potential Solution to Polypharmacy

Genomic medicine, the concept of using genetic information to diagnose and guide
therapy, has multiple applications. Of relevance to polypharmacy are the principles of
pharmacogenetics which incorporate the concepts of precision and personalized medicine
to improve therapeutic efficacy. Using pharmacogenetics to target appropriate medications
has the potential to decrease the number of prescriptions and reduce risks associated with
polypharmacy.

Individualizing Therapy

For most patients with disease, appropriate treatment is largely based on disease-specific
guidelines. However, these guidelines are not efficacious when patients have multiple
comorbidities or polypharmacy, and in some cases, following the guidelines may actually
induce more harm than good [63]. As a result, guidelines have been developed to aid

in treating this more complex population. In a meta-analysis of polypharmacy-related
guidelines, individualization of therapy was one of the most common recommendations
made [63]. In particular, these recommendations called for choosing strategies that
optimized patient benefit, minimized harm, and enhanced quality of life [63]. This goal
aligns with the goals of pharmacogenetics- to improve efficacy of medications while
minimizing toxicity.

Deficits in individualizing therapy to maintain ideal therapeutic efficacy while decreasing
risk of adverse outcomes can be seen even before drugs are available on the market. The
efficacy and toxicity of a drug are determined by large clinical trials, where the recruited
population may not be representative of the individual who ultimately is prescribed the
medicine. Most people recruited for clinical trials are relatively healthy, having only the
condition of interest that is being studied in the trial, and are likely to be on few, if any,

other medications [12]. This is in stark contrast to the “normal” patient seen in the clinic,
who often has multiple comorbidities and polypharmacy. Thus, efficacy and toxicity findings
from clinical trials for a given medication may not translate well into everyday practice.
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As example, the highest-grossing drugs prescribed today are reported to only be effective
in approximately 1-in-4 to 1-in-25 of the patients that take them (Table 1)[64]. As a result,
“N-of-1" trials have been proposed as an alternative to traditional clinical trials “N-of-1”
trials have been commonly practiced in a basic sense - many physicians will place a patient
on a drug regimen and monitor their response before ultimately making a decision to keep
the patient on the current drug or switch to an alternative [64]. However, this approach is
based on trial and error, putting the patient at risk for toxicity or other adverse effects.

Application of pharmacogenetics to this concept could prove effective in individualizing
therapy for the everyday patient. This is exemplified by the fact that several of the highest-
grossing, yet most ineffective drugs are associated with genetic polymorphisms (Table 1).
To appreciate pharmacogenetics and its role in individualizing therapy, it is important to
understand basic principles of pharmacology, and how genetic changes can alter these
principles.

Basic Principles of Pharmacology and Pharmacogenetics

Pharmacogenetics is the study of how alterations in genes can affect the metabolism of

a drug (pharmacokinetics) and ultimately the patient’s response to the drug of interest
(pharmacodynamics). Pharmacokinetics (PK) describes the processing and transport of
drugs by a living organism, including the rates of absorption, distribution, metabolism, and
excretion- commonly referred by the acronym ADME [65]. Pharmacodynamics (PD) is the
effect of the drug on the body and is based on principles of the receptor occupancy theory.

Pharmacogenetics can be used to account for differences in both PK and PD via control

of their respective proteins (Figure 2). The functionality and amounts of PK and PD-
associated proteins are affected by genetic variants, referred to as polymorphisms. A
genetic polymorphism occurs as a structural change to the gene, and includes nucleotide
substitution, complete gene deletion, gene duplication, and genetic translocation (portions
of similar genes are combined creating a new gene hybrid) [66]. The most common genetic
polymorphism is a single nucleotide polymorphism (SNP), in which the nucleotide sequence
at one specific position is changed by substitution, translocation, insertion, or deletion [67].
Each change in the gene structure introduces a variant form of the gene into the population,
and is designated as a variant allele of the original gene [67]. Two copies of the same

allele yield a homozygous genotype and any combination of two different alleles yields a
heterozygous genotype [66].

Genetic polymorphisms are classified by their resulting influence on protein expression and
phenotype. Polymorphisms resulting from gene deletion or translocation invariably lead to
partial or complete loss of protein function. In contrast, gene duplication leads to increased
expression of the protein and a hyperactivity phenotype [67]. The location of SNPs can also
result in various changes in protein function depending on where the polymorphism occurs
in the gene [67]. SNPs in the coding exons only influence function if there is a resulting
amino acid change that alters the protein’s function [67]. On the other hand, SNPs within the
intron regions are typically silent unless the SNP alters a nucleotide critical for splicing of
the RNA during maturation, leading to loss or decrease in protein function [67].
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Pharmacokinetics (Metabolic and Transport Proteins)—PK is defined as the
“metabolism of the drug”, or “what the body does to the drug”. Focusing on drug
metabolism, PK is further divided into Phase | and Phase Il metabolism. Although these
numerical categories suggest that Phase | metabolism occurs prior to Phase Il metabolism,
Phase Il metabolism can occur on its own [68]. Phase | drug metabolism involves
cytochrome P450 (CYP) enzymes. In terms of pharmacogenetics, the main polymorphism
type associated with CYPs are SNPs.

CYPs are a superfamily of heme-containing, drug-metabolizing enzymes that catalyze the
conversion of lipophilic substances into hydrophilic molecules that can be excreted by the
kidneys and removed from the body [69]. These enzymes metabolize both endogenous

and exogenous substrates through various reactions, including epoxidation, N-dealkylation,
O-dealkylation, S-oxidation, and hydroxylation [70]. Importantly, more than half of all
drugs are cleared by the CYP system [69]. Of the CYP enzymes, CYP2D6, 2C9, and

2C19 enzymes play a role in the metabolism of more than 40% of all prescription

drugs, and pharmacogenetic (PGx) testing of these CYPs has clinical application (Table

2) (47, 49, [71]). CYP2D6 metabolizes many of the drugs associated with polypharmacy,
including medications for depression, cardiovascular disease, schizophrenia, attention deficit
hyperactivity disorder (ADHD), prevention of nausea and vomiting for patients undergoing
cancer chemotherapy, prevention of symptoms associated with allergies, and even the simple
cold (1, 25, 26, 49).

SNP variations in CYPs result in four metabolizing phenotypes: (1) ultra-rapid
metabolizers (UMs), (2) normal metabolizers (NMs), (3) intermediate metabolizers
(IMs), and (4) poor metabolizers (PM) (Table 3). As a caveat, the term “extensive”
metabolizer has been routinely used to indicate “normal” metabolism, but the Clinical
Pharmacogenetics Implementation Consortium (CPIC) guidelines have largely eliminated
“extensive metabolizers” as a phenotypic category [72].

Genetic polymorphisms and resulting phenotypes in CYP2D6 can be exemplified by codeine
and nortriptyline metabolism. Codeine is a prodrug that requires CYP2D6 activity for its
conversion to morphine - a powerful analgesic (5). People who are classified as CYP2D6
NMs are typically able to convert 10% of codeine to morphine, which is sufficient for a
therapeutic effect. PMs will not be able to achieve a therapeutic response if given the same
dose of codeine as a NM. Even more concerning is the safety of using codeine in UMs -

a higher conversion of codeine to morphine can lead to unintentional overdose and death
(5). In contrast, nortriptyline is a widely used tricyclic antidepressant and unlike codeine,
nortriptyline is inactivated by CYP2D6. Thus, PMs will accumulate nortriptyline leading to
anticholinergic toxicity and the potential for a life-threatening ADR. UMs will often require
a higher dose of nortriptyline for proper therapeutic efficacy (5).

Phase Il metabolism utilizes enzymes to conjugate drugs with acyl, sulfate, or glucuronyl
groups [68]. Similar to Phase | metabolism, the outcome of conjugation is readying

drugs for elimination from the body. Although genetic polymorphisms are less commonly
described in Phase Il metabolism, those that do occur have an obvious effect on drug
metabolism. Thiopurine S-methyltransferase (TPMT) is involved in the inactivation of 6-
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mercaptopurine (6-MP) [68]. 6-MP and azathioprine (a prodrug metabolized to 6-MP) are
commonly used for the treatment of acute lymphoblastic leukemia. In hematopoietic tissue,
TPMT is the only viable inactivation pathway for these drugs. Thus, genetic alterations in
TPMT can put patients at risk for severe toxicity [68].

In addition to metabolic enzymes, proteins for drug transport across membranes can also
be affected by genetic polymorphisms. These proteins play a role in both the distribution
of drugs and drug availability. An example of a transport protein affected by genetic
polymorphism is OATP1B1, an organic anion transport protein that is involved in the uptake
of statins into the liver. OATP1BL1 is encoded by the SLC01B1 gene, and variations in this
gene can affect the therapeutic efficacy of statins, as well as risk of toxicity [73,74]. Data
indicate that the rs4363657 C allele is associated with an elevated statin concentration due
to increased uptake of simvastatin into the liver compared to the G allele. Thus, people
with a C allele have an increased risk of developing statin-associated myopathy [73]. Other
studies have found that other genetic variants of SLC01B1 are associated with increased
LDL cholesterol levels due to decreased efficacy of statins [74].

Genetics and Pharmacodynamics (Receptors)—PD describes the effect of the drug
on the body and is based on the receptor occupancy theory, which is central to understanding
drug action [65]. PD involves the ability of a receptor on the cell surface or within the cell

to recognize the drug of interest. Genetic variants (i.e., polymorphisms) in the promoter
region of the receptor gene may reduce transcription of that gene, and ultimately the number
of receptors. Genetic variants in the coding region may affect the structure of the protein,
altering the affinity of the receptor for the drug [69]. The overall effect of a drug is
influenced by the number and affinity of the receptors, as well as the drug concentration at
the receptor site.

Of the 94 dosing guidelines by the Pharmacogenomics Knowledgebase (PharmGKB),

only 14% are related to the genotype of a PD-associated gene [75]. Glucose-6-phosphate
dehydrogenase (G6PD) deficiency has been indicated as one of the major PD genes

of interest for toxicity. In particular rasburicase, a common drug used for treatment

of hyperuricemia, is contraindicated in patients with G6PD deficiency as it increases
susceptibility of organ damage due to ineffective protection against reactive oxygen species
[75].

Application of Pharmacogenetic Testing is Fundamental to Pharmacotherapeutics

Information on how genetic polymorphisms can alter drug metabolism and drug effect

can be applied to pharmacotherapeutics through PGx testing. PGx testing allows effective
selection of appropriate medications as well as the optimal dosing for an individual. The
goals of being able to predict therapeutic dosing and drug response are to minimize potential
ADRs/toxicity, reducing the number of adjustments made to dosing, optimize drug efficacy,
and avoid DDIs - all of which can help address the adverse risk of polypharmacy [76,77].
Based on these goals, the best time to incorporate PGx testing would be before any drugs are
prescribed. This approach is referred to as the pre-emptive approach, and is contrasted to the
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reactive approach which relies on PGx information to explain an adverse event rather than
predict it (Figure 3)) [78].

The pre-emptive approach can be used to incorporate PGx information into a “drug response
profile” for each individual patient, which is then used to guide initial selection and dosing
of a medication (Figure 4) [65,79]. It is through this approach that many of the adverse
effects of polypharmacy could be avoided.

For warfarin, there is a well-defined set of genetic variants for both the metabolizing enzyme
(CYP2C9) and warfarin’s target for inhibition (VKORC1) (Figure 5), making it an ideal
candidate for a drug response profile. When combined into a functional algorithm, this
information can be used to select the starting dose and the optimal schedule for maintaining
steady-state, thus preventing unwanted swings in the International Normalized Ratio (INR),
a measure of warfarin efficacy. Using a PGx-based algorithm for VKORC1 and CYP2C9,
Reynolds et al. demonstrated a decrease in time to reach steady-state INR and a reduction

in the number of changes to the maintenance dosing regimen [80]. Ultimately, this would
mean that the patient would have decreased risk of warfarin toxicity and improved warfarin
therapeutic effect. Several other studies have shown similar advantages of using both PK
and PD genetic information-based algorithms, resulting in an increased amount of time spent
in the therapeutic range for warfarin, and a decrease in the number of patients who were
exposed to initial warfarin over-dose [81,82].

In contrast, some reports using PGx status to guide warfarin therapy do not indicate an
advantage to using this approach. In the Clarification of Optimal Anticoagulation through
Genetics (COAG) trial, there was no difference in the amount of time spent in the
therapeutic target range between individuals who had been genotyped for VKORC1 and
CYP2C9 versus those whose dosing was based solely on a developed clinical algorithm
for warfarin dosing [83]. Differences in the COAG clinical trial findings compared to
other PGx-based warfarin studies could be attributed to the fact that most studies compare
PGx-guided dosing to standard clinical practice, rather than a developed clinical algorithm.
In addition, only 55% of patients had their PGx information available prior to the first dose
of warfarin in the COAG study, thereby making it difficult to draw conclusions on overall
benefit from warfarin therapy as PGx testing for warfarin is usually most useful in guiding
the initial dose of the drug [83,84].

Although warfarin may be the “poster-child” for including PGx testing in clinical decision-
making for medication use, several other drugs and their respective diseases show benefit
from incorporating PGx testing as well. Clopidogrel is an antiplatelet therapy widely
prescribed to prevent stroke or transient ischemic attack (TIA), especially after a patient

has already sustained a prior stroke/TIA [85,86]. Clopidogrel is a prodrug metabolized to

its active form by CYP2C19. For people with CYP2C19 PM Status, standard dosing of
clopidogrel may not be efficacious, putting them at higher risk for having a stroke/TIA. One
of the major drawbacks in assessing the value of CYP2C19 genetic testing for determining
proper clopidogrel treatment is that the efficacy of clopidogrel itself is not well-defined.
The Clopidogrel versus Aspirin in Patients at Risk of Ischaemic Events (CAPRIE) trial
found that alone, clopidogrel had no significant risk reduction for stroke/TIA of 7.3%. When
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clopidogrel was combined with aspirin in the Clopidogrel in High-Risk Patients with Acute
Nondisabling Cerebrovascular Events (CHANCE) trial, total risk reduction for an ischemic
event was 22% [85].

Another potential limitation of PGx testing for clopidogrel is that application may be
population-dependent. East Asians have an increased rate of stroke/TIA and increased
prevalence of CYP2C19 PM status compared to the USA or European populations [85,86].
Thirty percent of Caucasians have at least one loss-of-function allele for CYP2C19, and
only 2-3% are classified as PMs for clopidogrel [85]. However, the frequency of a loss-of-
function allele in East Asian populations is closer to 50%, with 10-12% being classified

as PMs [85]. In order to account for these differences and determine both the efficacy of
clopidogrel and the utility of CYP2C19 genetic testing, Pan et al. conducted a meta-analysis
and systematic review of 15 publications, encompassing 4,762 test subjects who had a

prior stroke/T1A that were being treated with clopidogrel [86]. Of the studies included

in the meta-analysis, 12 studies were conducted on East Asian populations, two on US
populations, and one conducted worldwide. After carefully reviewing all studies, Pan et

al. indicated that genetic testing for CYP2C19 metabolizing status was clinically valuable
[87]. People who had at least one loss-of-function allele had an increased risk of stroke/TIA
when taking clopidogrel compared to those who had normal CYP2C19 function. Although
more people were of Asian descent in this meta-analysis, Pan et al. concluded this effect
was comparable in Asian and Caucasian populations, regardless of the increased prevalence
of loss-of-function alleles [86]. Thus, CYP2C19 loss-of-function alleles were associated
with decreased response to clopidogrel, and genetic testing to determine metabolizing
status was advisable to personalize antiplatelet therapy [85,86]. As such, clopidogrel is

one of the few drugs on the market for which the FDA label explicitly states that the
effectiveness of the drug depends on phenotype status of CYP2C19, and references the
utility of pharmacogenetic testing to aid in determining optimal therapeutic strategy.

Part 3: Application of Pharmacogenetic Testing to Polypharmacy

PGx and Adverse Patient Outcomes

The application of PGx testing to polypharmacy is still not well established in the literature,
although available data on both polypharmacy and PGx separately have steadily increased
since 1990 (Figure 6). Polypharmacy is multi-factorial in its causes and outcomes, making it
unclear what the best approach may be for addressing this condition. As discussed, aging is
a risk factor for polypharmacy, and many medications that are contraindicated in the elderly
per Beers Criteria also have PGx recommendations (Table 4).

Examining just the aged population, there is considerable difference in hospitalization

rates, even when disease severity is similar among all patients [88]. Finkelstein et

al. hypothesized that variation in ADR- related hospitalization rates in a seemingly
homogeneous population of patients with polypharmacy could be explained by differences
in genetic polymorphisms[88]. This nested, case-control study included patients =65 years
old who were taking =5 medications and to control for disease, only patients with
cardiovascular disease were enrolled. The cohort was then separated into a case group (those
with a high rate of hospitalization defined by =3 admittances to the hospital within the past
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two years), and a control group (patients with “3 hospitalizations in two years). Due to the
strict parameters put on evenly distributing age, gender, and comorbidities between the case
and control groups, only 12 patients were included in this pilot study. All 12 patients were
subjected to PGx testing for detection of variant alleles for CYP2C19, CYP2C9, VKORC1,
CYP2D6, and CYP3A4/3A5. Finkelstein et al. reported an average of 2.8 gene-drug
interactions in the case group, and each case had at least one polymorphism that resulted in
a PM or UM status [88]. This coincided with an average of 4.8 hospitalizations per person
per year. In comparison, no gene-drug interactions were reported in the control group. This
study, although limited in cohort size, documents a retrospective correlation between drug-
based genetic polymorphisms and polypharmacy-based hospitalizations, providing evidence
for the need to incorporate PGx testing into clinical practice to address polypharmacy.

The major limitation of the study by Finkelstein et al., aside from cohort size, was that

it demonstrated a correlative rather than causative effect, demonstrating the need for large-
scale, prospective research to show that application of PGx testing can directly impact
polypharmacy and its associated risks.

In a case study by Isidoro-Garcia et al., a 74-year-old female with congestive heart

failure and chronic renal failure developed psoriasis after being prescribed a set of drugs

for her multiple ilinesses. For the psoriasis, the patient was prescribed prednisone and
hydrocortisone, which caused euphoria and disorientation and initiated a prescribing cascade
[89]. To combat these adverse effects, the patient was further prescribed alprazolam, which
caused extreme drowsiness. As the patient’s psoriasis worsened, she was given methotrexate
and folic acid further worsened her condition [89]. Isidoro-Garcia et al. then utilized PGx
testing to better understand why the patient was suffering severe toxicity with minimal
efficacy for drugs prescribed. PGx test results indicated deficient CYP3A4 and CYP3A5
metabolizing capacity. Both of these CYPs are heavily involved in metabolism of prednisone
and hydrocortisone. Numerous DDIs based on the patient’s specific drug-gene related
polymorphisms were also identified [89]. Adjusting the dose and medications prescribed
based on PGx findings, the patient experienced remission from psoriasis, amelioration of
digitalis toxicity, and a decrease in liver transaminase levels [89]. This study shows how
PGx information can be used to understand an individual’s PK for medications, but also
shows the complexity of the interplay between gene-drug interactions and DDIs. Finding
better ways to incorporate and interpret this kind of data is one of the major limitations for
implementation of PGx testing into everyday practice, and will be discussed later.

The impact of PGx testing on reducing risks associated with polypharmacy was
demonstrated on a larger scale by Saldivar et al. In a long-term care facility, 132 male

and females =245 years of age were subjected to PGx testing. Polypharmacy was defined as
patients taking =5 medications a month, and to control for potential comorbidities, people
with chronic renal dysfunction, abnormal hepatic function, and malabsorption syndrome
were excluded [90]. In total, 17 genetic polymorphisms related to drug metabolism were
assessed, and interpretation of the PGx data was performed using a proprietary algorithm.
This algorithm provided recommendations for how to alter participants’ current medications
to decrease the potential for drug-gene interactions, DDIs, and unnecessary medications.
These recommendations were then assessed by a pharmacist [90]. One-half of the patients
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enrolled in the study had replacement or consolidation of 1-3 medications, and most
recommendations to alter medications was based on gene-drug interactions [90]. While there
is still much to be learned, preliminary evidence supports using PGx data to reduce use of
unnecessary medications, reduce risk of adverse events, and improve patient outcomes.

PGx and Economic Burden

One of the arguments made against the wide use of PGx testing is that the potential

clinical utility does not offset the cost of testing, especially in a healthcare system where
financial resources are already limited. As with other tests, PGx testing is only favourable
to common practice if it demonstrates cost-effectiveness. Many of the economic studies
related to using PGx testing focus specifically on an individual drug, rather than the use of
multiple medications. However, an abstract by Mayhew et al. indicated that application of
PGx testing reduced the number of medications used by psychiatric patients, and this was a
driver for medication-related cost savings of $4,114 per patient per year [91].

Verbelen et al. conducted a literature review to determine the value of using PGx
information and included studies that utilized several different cost evaluation techniques
[92]. A total of 44 articles were selected, covering a wide variety of drugs related to
oncology, infectious diseases, psychiatry, and cardiovascular disease- many of which are
indicated as common medications associated with polypharmacy [92]. “Cost-effectiveness”
was defined as the PGx testing being more effective compared to the standard treatment
regimen, but with extra cost added. “Cost-saving” was defined as PGx testing being

more effective and costing less than the standard treatment. Twenty two publications were
economically favourable for PGx testing, with 27% being defined as “cost-saving” and 30%
as “cost-effective” [92]. PGx testing pertaining to metabolism of azathioprine, abacavir,
clopidogrel, and irinotecan was the most economically favourable overall. Verbelen et

al. concluded that if testing was available at negligible cost, 75% of the studies in the
literature review would favor using PGx information over the standard treatment option [92].
However, this study did not provide a specific target cost that would need to be met for this
testing to be preferred over the standard treatment option for any drug prescribed.

Several studies have highlighted that PGx testing can improve the economic burden
associated with ADRs that may result from polypharmacy. Johnson et al. utilized a
theoretical cohort of 1,000 patients with acute coronary syndrome (ACS) to estimate

the financial impact of using CYP2C19 genotyping to determine metabolizing status of
clopidogrel [93]. Patients with ACS who have an IM or PM status for clopidogrel are at
higher risk for nonfatal myocardial infarction, stroke, and bleeding. These adverse outcomes
result in increased use of already limited healthcare resources and more frequent and
extended hospital stays - all of which are associated with increasing cost of healthcare
[93,94]. Johnson et al. found that theoretical genotyping of all 1,000 patients for CYP2C19
status would result in a savings of $444,426 annually, based on corresponding USA-based
Medicare reimbursement rates for diagnosis-related group codes associated with ACS [93].
It was estimated that the average cost for PGx testing was only $315 per person, and the
cost of this testing was completely offset by the estimated total savings accrued from adverse
events related to ACS.
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In the context of polypharmacy, Saldivar et al. indicated a reduction in the number of

drugs per patient and decreased risk of adverse events using PGx testing results to make
recommendations about appropriate drug use [90]. These recommendations resulted in a
yearly savings of $671 per enrolee [90]. Brixner et al. hypothesized that better health
resource utilization and lower costs could be achieved by calculating the sum effect of DDIs,
drug-gene, drug-drug-gene interactions, and modifying patient’s drug regimens accordingly
[95]. In this observational study, 205 patients received PGXx testing and data was analyzed
using a clinical decision support tool that performed analysis of a patient’s medication
record and their genetic profiling using a proprietary algorithm to predict changes in

dosing [95]. Patients receiving PGXx testing were compared to an age-matched cohort of
patients who were not tested, but also met the definition of polypharmacy (=3 prescribed
medications). The primary goal of this study was to determine the resource utilization from
hospitalization, number of ER visits, and outpatient care between the two cohorts [95].

The overall total utilization improved for patients that were tested, meaning that healthcare
resources were being more efficiently utilized. A cost-analysis revealed an average savings
of $1,132 per patient in the test group, which was enough to fully cover the cost of the

PGx testing and analysis with a net savings of $218. These studies indicate that PGx
testing, when used to address polypharmacy, not only decreases adverse patient outcomes
but decreases associated economic burden as well.

Part 4: Current limitations for implementing PGx testing to address

polypharmacy

Despite evidence that shows PGx testing may reduce the risks associated with
polypharmacy, as well as some of the costs, PGXx testing is not commonly used in clinical
practice. The limitations for pharmacogenetics in practice have been detailed elsewhere, but
here we focus on the lack of ways to use and interpret pharmacogenetic information in a
clinically-applicable manner [96,97]

At the forefront of pharmacogenetic testing is the clinical laboratory- the vehicle for
providing PGx-related services to the medical community. These services include access

to testing, selecting appropriate testing profiles and, among other responsibilities, providing
the evidence required to formulate decisions based on medical applications often through
the use of algorithms (37). While evidence suggests that a targeted application of
pharmacogenetics could aid in addressing polypharmacy, this area remains early in its
development (37). However, the number of clinical laboratories providing PGx testing
services have blossomed in recent years. According to the 2018 survey from the College

of American Pathologists, 254 labs participated in the PGX-B mailing list alone (46).
Routinely, large reference laboratories perform PGx testing. These laboratories provide test
panels focused on the most prominent genes known to have a clear indication in altered drug
metabolism or response.

Despite a growing number of laboratories available to perform PGx testing, there is still a
lack of implementation into everyday clinical practice. This delay can be attributed to lack
of formal clinical practice guidelines regarding the utility of these tests and that practitioners
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often lack knowledge and tools for interpreting and utilizing PGx information that could

be incorporated into every day practice [97]. This highlights the need for informatics-based
clinical decision support systems (CDSS) to advance the use of genomic information in

the context of drug prescribing. CDSS combine technology and healthcare knowledge to
provide physicians with a tool to aid in clinical decision-making. A survey of physicians

in Sweden highlighted some areas for improvement for developing a CDSS in prescribing
medications [98]. Physicians agreed that in order for this type of CDSS to be useful it would
have to: (1) indicate whether a drug of interest was appropriate for a patient in terms of
efficacy and safety, (2) prevent prescribing mistakes, and (3) provide up-to-date drug and
dosing recommendations as new drugs enter the market [98]. Incorporating pharmacogenetic
information could address many of these points. Pharmacogenetic information would
provide a first-step guide to ruling out medications that would not be efficacious based

on a patient’s metabolizing status for the drug of interest, as well as flag medications

that would put the patient at risk for serious adverse effects. Furthermore, as the field of
pharmacogenetics continues to expand, new information added to the CDSS could remain
current as new recommendations and drugs are introduced.

A recent study by van der Wouden et al. showed that pre-emptive PGx testing and
incorporation of this information into a CDSS was feasible and had an actionable impact
on future medications prescribed [99]. PGx testing was performed on patients already
taking medications, but the PGx information was then added to patient’s medical record

so that it would be available to guide future prescribing practices in conjunction with

the Dutch Pharmacogenetics Working Group (DPWG) clinical guidelines. Overall, 24.2%
of newly initiated prescriptions had actionable drug-gene interactions, and resulted in
pharmacotherapy adjustment for patients [99]. One of the limitations of this study was

that DPGW guidelines do not apply to all medications, and so only 41 medications were
examined in this study. To aid in the development of useful CDSS for polypharmacy;,

a good starting point would be to develop an easily accessible database that combines
pharmacogenetic information, information on DDIs, and information on medications
deemed “high-risk” based on age, sex, or comorbidities. Not only would a database of

this kind help clinicians make informed prescribing decisions, but the combination of

this information would go a long way in reducing a patient’s exposure to adverse effects
associated with polypharmacy. Although a database of this caliber does not yet exist, the
basic components are in place. Beers Criteria, although not comprehensive, provide a good
starting point for assessing high-risk medications, specifically in elderly patients [59,60].
DDI databases are readily available online and provide drug interaction checkers where

a patient/healthcare provider can enter a full medication list and all pertinent DDIs will

be displayed and organized based on severity of the DDI. However, information in the
databases these websites use may not cover all possible DDIs, and many of the sites make a
disclaimer that they are to be used for informational purposes only and should not be used to
make clinical decisions.

Databases for pharmacogenetic information are also available, but are not as user-
friendly.Often the information provided requires further interpretation, and may only provide
information on genetic variants, but not the effect these variations have on drug handling.
The Pharmacogenetics of Membrane Transporters (PMT) database and the Transporter (TP)
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database provide information on sequence variations in transporter genes, but no information
on resulting phenotype [100]. The PharmaADME database provides a compilation of

genes associated with the PK of drugs, but this information is aimed at pharmaceutical
companies involved in clinical trials and drug development to provide a way to screen for
potential variability in the safety and/or efficacy of drugs being developed [100,101]. The
Drug Gene Interaction database (DGIdb) allows users to type in either drugs or genes of
interest to find all potential drug-gene interactions [102]. However, this database is more for
research purposes rather than clinical practice. The most comprehensive pharmacogenomic
database available is PharmGKB [103]. This database provides clinical annotations for many
genetic variants, dosage suggestion guidelines when available, publications on drug-gene
interactions, and PGx-related FDA warnings for drugs [103].

One of the areas that could benefit the most from CDSS tools incorporating PGx testing
profiles, DDIs, and comorbidities is the treatment of major depressive disorder (MDD)
[12]. There are many anti-depressants available, all with differing mechanisms of action
that are not well understood, making it difficult to proactively select appropriate therapy
for individual patients. Instead, this practice relies heavily on trial and error. Approximately
one-third of patients will not respond to treatment even after multiple, dissimilar-acting
drugs are tried [104]. The variability in response to anti-depressants can be attributed to

a number of factors including age, gender, renal/hepatic function, and adherence to the
therapeutic regimen [104]. Recent reports suggest that 42% of the variance in response

to anti-depressant therapy can be explained by polymorphisms in genes responsible for
anti-depressant PK/PD [104]. To determine the efficacy of PGx-testing for guiding MDD
treatment selection, Rosenblat et al. reviewed current literature focusing on using PGx
information in patients with mild to severe MDD [104]. In total, only five studies were
identified and analyzed for utility. Three used the same commercially available PGx profiles
that assessed both PK and PD-associated genotypes. In one study, a small, non-randomized,
non-blinded cohort of people were subjected to PGx testing [104]. After testing was done,
patients were divided into “unguided” (physicians did not receive PGx test results), and
“guided” (physicians received results and made recommendations on treatment based on
these results) groups. Patients in the guided group has a 30.8% decrease rating on the
HDRS-17 scale- a scale commonly used to diagnose the severity/presence of MDD [104].
Patients in the unguided group had only an 18.2% improvement [104]. While this study
suggested that PGx data helped improve clinical outcomes, it was hindered by a small
sample size, and the study was not random or blinded. To improve on this, a follow-up study
was conducted with a larger sample size. This study confirmed findings of the smaller pilot
study- 46.9% of patients in the guided group showed an improved HDS-17 score compared
to only 29.9% in the unguided group [104].

Polypharmacy is the rule rather than the exception in the treatment of depressive disorders
[12]. While PGx testing may provide a basis to identify individual drugs that are likely

to work for an individual patient, interpreting this information while patients are using
other medications may be difficult. In this regard, a multidimensional CDSS integrating
PGx data on toxicity and efficacy, potential DDIs, and other high-risk medications could
provide a systematic approach for understanding what drugs will work and which ones
should be avoided[12]. Although this approach may not necessarily decrease the number
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of medications taken by the patient, and some may argue that polypharmacy may become
more common with this approach, it does mean that there will be less “unnecessary”

or inappropriate prescribing, resulting in more effective therapy with minimized risks of
toxicity [12].

Conclusions

Polypharmacy is a growing, iatrogenic condition precipitated by both medical necessity
and external pressures. While the intention is to improve patient quality of life and
longevity, there are potential adverse effects to unnecessary and inappropriate use of
medicines. Patients experiencing polypharmacy are more likely to have an ADR or DDI
events requiring hospital admission, increased length of stay and increased mortality/
morbidity. These adverse outcomes place economic burden on patients and hospitals alike
resulting in underutilization of already limited hospital resources, thus highlighting the
need for an effective solution. Improving communication between patients and physicians
and medication list reviews by clinical pharmacists present two practical approaches for
preventing polypharmacy. However, these approaches have shown mixed or at best modest
efficacy in minimizing the use of medications or decreasing the risk associated with
polypharmacy. Use of Pharmacogenetics-based testing presents a more logical, empirical
approach to polypharmacy with the potential to alleviate both economic burden and adverse
effects. The limiting factor for implementation of this approach in clinical practice is not the
lack of availability of PGx testing, but rather the need for a CDSS that incorporates PGx
information with other important clinical factors.
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Figure 1.
Common comorbidities associated with polypharmacy. COPD, rheumatoid arthritis,

depression, diabetes, and hyperlipidemia are the most common comorbidities in the elderly.
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Figure2.

PHARMACOGENOMICS

Effect
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receptors
Receptor affinity

Relationship between PK, PD, and pharmacogenetics. Once a drug is administered, PK
affects the concentration of that drug that reaches the bloodstream. The amount of drug that

ends up at the desired site of action is largely dependent on the distribution component of
PD. Both PK and PD can be altered by pharmacogenetics variants, ultimately resulting in
changes in concentration and desired effect. Modified from [105].
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Figure3
.Pre-emptive versus explanatory approach to PGx testing. In the past, testing was performed

after a drug had been given. With the new, pre-emptive approach PGx testing is performed
first, and provides guidance for drug and dosage selection. Modified from [78].
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Figure 4.
Drug response profile. A drug response profile consists of information on the status of

metabolic, transport, and receptor proteins that are responsible for drug metabolism, uptake,
and activity. The genotype for these proteins is an important aspect of the drug response
profile that can be obtained through PGx testing.
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Figure5
.PGx testing for warfarin treatment. For warfarin, a pre-emptive PGXx testing approach is

used to develop a drug response profile, focusing on CYP2C9 and VKORC1.
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Publications for polypharmacy and Pharmacogenetics (data obtained from PubMed; 1990-
2018).
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Table 1:

Effectiveness and pharmacogenetic contraindications of the 10 highest-grossing drugs [64,103]

Highest Grossing Effectiveness | Isthereapharmacogenetic Recommendation [103]

Drugs[64] contraindication?

Abilify 1in 5 people Yes CYP2D6 poor metabolizers should have their dose
decreased 33%

Nexium 1in 25 people | Yes CYP2C19 ultra-metabolizers require a 50-100%
increase in dose for the treatment of H. Pylori

Humira 1in 4 people Not yet determined N/A

Crestor 1in 20 people | Yes SLCO1BL1 alterations may affect metabolism

Cymbalta 1in 9 people Not yet determined N/A

Advair Diskus 1in 20 people | Not yet determined N/A

Enbrel 1in 4 people Not yet determined N/A

Remicade 1in 4 people Not yet determined N/A

Copaxone 1in 16 people | Not yet determined N/A

Neulasta 1in 13 people | Not yet determined N/A
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Table 2:

Cytochrome P-450 (CYPs) and drug metabolism
Gene Role Drug(s) Affected
CYP2D6 Metabolism of 25% of all drugs Antidepressants, antipsychotics, beta blockers, opioids
CYP2C9 Metabolism of 10% of all drugs Warfarin, NSAIDs, sulfonylureas, phenytoin
CYP2C19 Metabolism of 10-15% of all drugs Clopidogrel, proton pump inhibitors, citalopram, diazepam
CYP1A2 Metabolism of 9% of all drugs Clozapine, olanzapine, theophylline, caffeine
CYP3A4/3A5 Metabolism of 50% of all drugs Statins, benzodiazepenes, antibiotics, antipsychotics
SLC6A4 Serotonin transporter SSRIs
OPRM1 Mu opioid receptor Hydromorphone, morphine, oxymorphone, other opioid agonists
VKORC1 Vitamin K clotting cascade Warfarin (sensitivity)
SLCO1B1 Transport of statins in liver Statins
Factor V (Leiden) | Clotting factor V Oral contraceptives
COMT Dopamine and norepinephrine degradation | Stimulatory therapies
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Table 3:

Phenotypic categories as determined by PGx testing for CYP enzymes

Metabolism Status

Effect

Poor metabolizers (PM)

Individuals have a deficiency in drug metabolism. Individuals are at risk for adverse effects due to diminished
drug elimination, or lack of therapeutic effect resulting from failure to generate the active form of the drug.

Intermediate metabolizers
(IM)

Individuals may require lower than average drug dosages for optimal therapeutic response.

Normal metabolizers
(NM)

Individuals have two active genes producing the drug-metabolizing enzyme and therefore can metabolize the drug
normally. Individuals with an NM phenotype can be dosed using standard practices.

Ultra-rapid metabolizers
(Um)

Individuals with the UM phenotype have three or more active genes producing the drug- metabolizing enzyme
and have increased metabolic capacity.
Individuals may require an increased dosage because of higher than normal rates of drug metabolism.
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High risk medications in elderly patients per Beers Criteria with an associated pharmacogenetic
contraindication [59,103]

Drug Rationalefor inclusion in Beers Criteria [59] Gene(s) associated with altered
phenotype [103]
Dabigatran Increased risk of gastrointestinal bleeding ABCB1, CES1
Rivaroxaban Increased risk of gastrointestinal bleeding F5, ABCB1

Prasugrel

Increased risk of bleeding

CYP2C19, CYP2B6, CYP2C9, CYP3AS5,
PEAR1

Carbamazepine

May cause/exacerbate hyponatremia or SIADH

HLA-A, HLA-B

Mirtazapine

May cause/exacerbate hyponatremia or SIADH

CYP2D6, CYP2C19

Oxcarbazepine

May cause/exacerbate hyponatremia or SIADH

HLA-B

Tramadol May cause/exacerbate hyponatremia or SIADH CYP2D6, SULT1A3
Dextromethorphan/quinidine Increased risk of fall; concerns for drug interactions CYP2D6
Trimethoprimsulfamethoxazole | Increased risk of hyperkalemia when used with ACE inhibitors | G6PD, NAT2
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