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Preface

Psychiatrists have followed developments in the rapidly expanding field of pharma-
cogenetics and pharmacogenomics with great interest. Methods for making drug
treatment more effective have been the central focus in psychiatric medicine in recent
years (‘the right drug for the right patient’). However, improvements in drug efficacy
and tolerability and finding of the optimal dosage can only be realized if in vivo
mechanisms of drug action (pharmacodynamics) and ADME (absorption, distribu-
tion, metabolism, excretion) processes (pharmacokinetics) of psychopharmacological
agents are better understood. The urgent need for further progress in this field is ob-
vious.

A number of comprehensive multicenter studies have shown that, in terms of ef-
ficacy and tolerability, the pharmacological treatment strategies presently available
for common psychiatric diseases are still far from satisfactory. For example, in the
tirst level of the Sequenced Treatment Alternatives to Relieve Depression (STAR*D)
trial, only about 30% of patients were in remission after follow-up of 12 weeks’ drug
therapy using a selective serotonin reuptake inhibitor [1]. There is also a substantial
body of evidence available indicating that even amongst antidepressant responders
residual symptoms are common and associated with poorer psychosocial functioning
as well as increased relapse rates [2]. As far as schizophrenia is concerned, pharmaco-
logical treatments which block the dopamine system are usually effective for delu-
sions and hallucinations, but less so for disabling cognitive and motivational impair-
ments [3, 4]. The Clinical Antipsychotic Trials of Intervention Effectiveness (CATIE)
study showed, among other things, that non-compliance to prescribed medication is
a major clinical problem in antipsychotic therapy. For instance, Lieberman et al. [5]
reported that the majority of patients in each of several study groups receiving differ-
ent antipsychotics discontinued their assigned treatment owing to inefficacy or intol-
erable side effects or for other reasons.



In this volume of Advances in Biological Psychiatry, current progress and perspec-
tives in pharmacogenetic testing of drug-metabolizing enzymes, drug transporters
and other drug targets involved in the response to psychotropic agents are described
extensively. There are great expectations that in the near future pharmacogenomics
will provide us with the means of identifying subgroups of patients which are at risk
of therapeutic failure or more vulnerable to certain adverse effects of psychopharma-
cological agents. To mention just two examples from recent years: an association has
been detected between treatment-emergent suicidal ideation in individuals receiving
citalopram therapy and polymorphisms near the cyclic adenosine monophosphate
response element binding protein (CREB-1) gene [6]. In another example, data from
a study conducted by Opgen-Rhein and Dettling [7] suggest that certain groups of
patients carry a genetically determined proneness to clozapine-induced agranulocy-
tosis (as described in this volume by Buckley et al.). Of course, these findings have to
be replicated and further research will be necessary in these areas.

Although polymorphisms of genes are useful markers to explain interindividual
variability in ADME processes and drug response, the early enthusiasm about the
promise of individualized therapy in psychiatric diseases and personalized medicine
in general has been tempered by the complexity and multifactorial character of drug
responses [8]. Impressive developments in a number of genomic profiling approach-
es — such as microarray technologies, genome-wide association studies and most re-
cently the next-generation sequencing technique — have given rise to the hope that
more comprehensive information about a patient’s genomic profile will be available
in the near future for improvements in patient care in psychiatric medicine. More-
over, epigenetic mechanisms (i.e. DNA methylation, histone modification and regula-
tion by miRNA), which may result in individual modification of gene expression and
phenotype without affecting the DNA sequence, need to be considered as important
players in the complex interactions between the multiple genes and environmental
factors shaping a distinct phenotype.

This volume presents a timely overview of what has been achieved up to now in the
field of psychiatric pharmacogenomics and some promising directions and perspec-
tives for future research that could ultimately lead to substantial improvements in
treatment.

We gratefully acknowledge the continuous support and advice of Gunhild Wolf-
Hinderling and Gabriella Karger of Karger Publishers, Basel, during the preparation
of this book.

Matthias Schwab, Stuttgart/Tiibingen
Wolfgang P. Kaschka, Ulm/Ravensburg
Edoardo Spina, Messina

Preface VI



References

1

Vi

Trivedi MH, Rush AJ, Wisniewski SR, Nierenberg
AA, Warden D, Ritz L, Norquist G, Howland RH,
Lebowitz B, McGrath PJ, Shores-Wilson K, Biggs
MM, Balasubramani GK, Fava M; STAR*D Study
Team: Evaluation of outcomes with citalopram for
depression using measurement-based care in
STAR*D: implications for clinical practice. Am J
Psychiatry 2006;163:28-40.

Papakostas GI, Fava M, Thase ME: Treatment of
SSRI-resistant depression: a meta-analysis compar-
ing within- versus across-class switches. Biol Psy-
chiatry 2008;63:699-704.

Keefe RS, Bilder RM, Davis SM, Harvey PD, Palmer
BW, Gold JM, Meltzer HY, Green MF, Capuano G,
Stroup TS, McEvoy JP, Swartz MS, Rosenheck RA,
Perkins DO, Davis CE, Hsiao JK, Lieberman JA;
CATIE Investigators; Neurocognitive Working
Group: Neurocognitive effects of antipsychotic
medications in patients with chronic schizophrenia
in the CATIE trial. Arch Gen Psychiatry 2007;64:
633-647.

Van Os J, Kapur S: Schizophrenia. Lancet 2009;374:
635-645.

Lieberman JA, Stroup TS, McEvoy JP, Swartz MS,
Rosenheck RA, Perkins DO, Keefe RSE, Davis SM,
Davis CE, Lebowitz BD, Severe J, Hsiao JK; Clinical
Antipsychotic Trials of Intervention Effectiveness
(CATIE) Investigators: Effectiveness of antipsy-
chotic drugs in patients with chronic schizophre-
nia. N Engl ] Med 2005;353:1209-1223.

Perlis RH, Purcell S, Fava M, Fagerness ], Rush JR,
Trivedi MH, Smoller JW: Association between
treatment-emergent suicidal ideation with citalo-
pram and polymorphisms near cyclic adenosine
monophosphate response element binding protein
inthe STAR*D study. Arch Gen Psychiatry 2007;64:
689-697.

Opgen-Rhein C, Dettling M: Clozapine-induced
agranulocytosis and its genetic determinants.
Pharmacogenomics 2008;9:1101-1111.
Kirchheiner J, Schwab M: Heterogeneity of drug re-
sponses and individualization of therapy; Wald-
man SA, Terzic A: Pharmacology and Therapeutics:
Principles to Practice. Philadelphia, Elsevier, 2008,
pp 225-238.

Preface



Schwab M, Kaschka WP, Spina E (eds): Pharmacogenomics in Psychiatry.
Adyv Biol Psychiatry. Basel, Karger, 2010, vol 25, pp 1-11

One Tablet or Two? Towards the
Development of Pharmacogenomically
Informed Drug Dose Individualization
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Steve Hodgkinson©

2Institute of Pharmacology of Natural Products and Clinical Pharmacology and Departments of
bPsychiatry and Psychotherapy Ill and Psychiatry and Psychotherapy I, University of Ulm, Ulm, Germany

Abstract

Over 50 years of pharmacogenetic research have produced many examples of how inherited vari-
ability in drug metabolism can influence individual responses to psychotropic drugs. However, this
knowledge has largely failed to be translated into broadly applicable strategies for improvements
in individual drug treatment in psychiatry. One important argument brought against the wide-
spread adoption of pharmacogenetics as a clinical tool is the lack of available evidence showing its
influence on contemporary clinical praxis and its potential role in improving the risk/benefit ratio
for the patients. Individual drug-metabolizing capacity is assessed by genotyping drug-metaboliz-
ing enzymes. The information gained from genotyping patients may be used to adjust initial and
maintenance drug doses according to genotype. However, even where the consequences of geno-
type on pharmacokinetics are significant and well-known, as in the case of many tricyclic antide-
pressants and several selective serotonin reuptake inhibitors, there is still considerable controversy
as to whether the adjustment of dosage (based upon genetic information) to improve therapeutic
efficacy and/or to reduce the occurrence of adverse events is of any practical importance in clinical
practice. Pharmacogenetic studies can improve our understanding of the functional consequence
of a genetic variant in the clinical setting, and the use of intermediate phenotypes instead of broad
outcome parameters (such as drug response or remission) mightimprove our knowledge regarding
the clinical response of an individual with a specific genotype to a specific drug. Here, we review
the potential impact of adopting an integrated approach to patient treatment, which combines the
use of intermediate phenotypes that arise from common genetic polymorphisms in drug metabo-
lism enzymes, the monitoring of the therapy progress, and the possibility of pharmacogenetic-
based response prediction in depression. Copyright © 2010 S. Karger AG, Basel



Need for Individualized Therapy in Psychiatry

The response of individual patients given the same dose of the same drug varies con-
siderably. Some patients exhibit the desired clinical improvements associated with a
particular drug, whilst others exhibit little or no improvement. A proportion of these
patients may suffer from well-documented adverse drug reactions and, very rarely,
individual patients will die as a result of these side effects. In the field of psychiatric
drug treatment, it is particularly difficult for physicians to prescribe the optimal drug
in the optimal dose for each patient, since the prediction of a patient’s response to any
specific drug is seldom possible.

To understand why individual patients respond differently to drugs, it is useful to
consider the progress of a particular drug from its initial administration to its ob-
served clinical effect. The clinical effect of a drug is dependent on: (1) its systemic
concentration and (2) its concentration at the drug target site. The systemic concen-
tration of a drug depends on a number of pharmacokinetic factors such as age, body
mass index and sex. The potential influence of these factors should be taken into ac-
count when determining the dosage for an individual patient. In addition, hereditary
variation in drug-metabolizing enzymes and drug transporters may also exert con-
siderable influence on drug concentrations. Many enzymes involved in drug me-
tabolism carry genetic variants (polymorphisms) which can decrease enzyme activ-
ity or, in certain cases, even lead to the complete inactivation of the enzyme in ques-
tion [1]. Heterozygous carriers of drug-metabolizing enzyme genetic polymorphisms
have enzyme activity levels intermediate to both homozygous and wild-type carriers.
Such variation can lead to differences in pharmacokinetics of the drug, such as high-
er or lower blood or tissue concentrations of a drug and its metabolites during the
so-called phase I reactions. These initial steps in the biotransformation of the drug
are small molecular modifications, such as oxidations and reductions, and are most-
ly mediated by the cytochrome P450 (CYP) enzyme family. For example, the
CYP2D6 enzyme is known to be involved in the metabolism of many psychotropic
drugs, such as antidepressants and antipsychotics. CYP2D6 has been found to ex-
hibit high individual variability in catalytic activity mainly caused by genetic poly-
morphisms [2]. The phenotype determined by CYP2D6 genotype arises from a num-
ber of functional CYP2D6 alleles, so the presence of two, one or no functional
CYP2D6 gene copies results in rapid or extensive metabolizer, intermediate metabo-
lizer and slow or poor metabolizer phenotypes, respectively [3, 4] (www.cypalleles.
ki.se). Furthermore, inheritance of three or more functional alleles by gene duplica-
tion gives rise to the ultrafast metabolizer phenotype showing higher-than-average
enzymatic activity [3-6].

The clinical importance of genotyping is most obvious in drug therapies with a
high and poorly predicted rate of non-responders, as well as in drug therapies with
narrow therapeutic indices, where severe side effects can occur. For example, in de-
pression 30% of patients do not respond significantly to psychopharmacological
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therapy, and the clinical efficacy of therapy can usually only be evaluated after at
least 2 weeks of drug administration. Here, additional factors that help to predict
individual drug response are of potential clinical significance (such as the actual
metabolic activity measured by therapeutic drug monitoring, previous treatment
success, and the influence of genetic factors). Genetically caused differences in
drug-metabolizing enzyme activity may be one important point to consider when
striving to optimize treatment strategies. However, the categorization of clinical
phenotypes by genotype still does not account for the wide variations in individual
patient risk.

Considering Individual Drug Metabolism: Rationale behind the Development of
CYP2D6 Testing

Genetically caused variability in drug metabolism is reflected in differences in
clearance, half-life and trough plasma concentrations. These pharmacokinetic dif-
ferences are highly replicable and can be used for genotype-based dose adjustments
if a direct correlation with clinical outcomes is demonstrated. Methods for extract-
ing dose adjustments from genotypes have been developed and published elsewhere
[7-12].

Differences in pharmacokinetic parameters such as oral clearances may be over-
come by adjustment of the drug dose. These dose adjustments make sense for those
drug therapies where there is a predictable association between plasma concentration
and clinical efficacy (such as antibiotics and proton pump inhibitors). However, for
some drugs (such as antidepressants), recorded plasma concentrations correlate poor-
ly with clinical efficacy.

Where the systemic concentration or target tissue exposure in psychiatric drug
treatment is not directly accessible, the drug plasma levels might not correlate well
with target tissue exposure, with the consequence that pharmacokinetics is thus not
the ‘rate-limiting step’ in achieving drug efficacy. The correlation between plasma
concentration and clinical efficacy depends on how the pharmacological action of the
drug is influenced by the kinetics of the interaction between drug and receptor and
on other downstream effects or disease mechanisms.

In addition, clinical assessment instruments in psychiatry are rather crude and
cast little light on the underlying etiology. It is therefore important to note that dif-
ficulties in the prediction of individual drug response originate not only in our lack
of knowledge of individual patient factors, but also in the nature of the clinical end-
points used in research and therapeutics [13, 14].

As a consequence, empirical dose-finding strategies based on clinical observation
may be used to obtain optimal response and to avoid adverse drug effects.

In figure 1, the differences in mean oral clearance between carriers of none, one,
two and more active CYP2D6 genes are expressed as percent of dose adjustments for

Pharmacogenomics of Drug Dosing 3
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Fig. 1. CYP2D6-genotype-dependent quantitative changes in pharmacokinetics of antidepressant
drugs expressed as percent dose adaptations. CYP2D6 poor metabolizer (white), intermediate me-
tabolizer (light gray), extensive metabolizer (dark gray) and ultrafast metabolizer (black). Reprinted
with permission from Kirchheiner and Seeringer [44]. Dose adaptations were calculated based on
published pharmacokinetic data in dependence on the CYP2D6 genotype as described in Kirch-
heiner et al. [45]. Dose adaptations are based on an average dose of 100% and are targeted at the
Caucasian population. Data from studies in Asian or African or other populations were not incorpo-
rated, since poor metabolizer data were lacking.

antidepressants. In this figure, a significant variation is seen between the extent to
which different substrates are cleared by the CYP2D6 copy number variants. Hence,
the decision regarding whether a genotype-based dose adjustment might be clini-
cally important or not is dependent on the extent to which CYP2D6 metabolizes a
particular substrate. The involvement of multiple elimination routes in the metabo-
lism of a particular substrate and substrate interaction with other metabolic en-
zymes will decrease the importance of a single-gene polymorphism. However, if the
systemic concentration of the parent drug or metabolite is critical for reasons of
drug safety, polymorphic drug metabolisms might alter the individual risk of side
effects. In this case, genotyping might suggest using an alternative drug. This
approach has proven useful for drugs like venlafaxine and risperidone where
CYP2D6-mediated metabolism produces equally potent metabolites. In this exam-
ple, the risk of side effects in poor CYP2D6 metabolizers is higher than that of fast
CYP2D6 metabolizers even when the sum of the parent drug and metabolite con-
centrations was the same [15-18].
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Limitations of Pharmacogenetic Dose Adjustments

When calculating pharmacokinetic-dependent dose adjustments, several important
issues must be considered. Often, metabolites are produced that are also pharmaco-
logically active, and this might influence therapeutic efficacy or the chances of ad-
verse effects. Hence, the existence of significant circulating concentrations of metab-
olites should be taken into account in the dosing adjustments. This may be achieved
either by adding drug and metabolite(s) to get a total active moiety, or by recommend-
ing a change in drug choice (if metabolites are generated which have potential for ad-
verse drug effects). The fate of these metabolites generally depends on other (some-
times also polymorphic) enzymes, and therefore the individual risk of side effects
might also vary.

Of the existing studies available that have considered drug-metabolite(s) augmen-
tation, only those based on large samples have the precision required to provide rec-
ommendations for dose adjustments. However, in the majority of cases, information
is available only from small-size trials in healthy volunteers, and is derived from only
a handful of homozygous carriers of a particular drug-metabolizing genetic variant.
Furthermore, it is important that the dose range used in these kinds of studies should
be set in the clinical range. Often, this is not the case, with many studies using healthy
volunteers and low drug doses. However, dose recommendations cannot be extrapo-
lated automatically to the dose range used in patients.

A large sample size is required to estimate whether the influence of a genetic vari-
ant on drug metabolism and benefit/risk ratio is significant, or whether it is just one
of a number of additional factors that contribute to drug efficacy. For example, co-
medication has to be taken into account, since genotypic variation can also lead to
differences in target drug efficacy. Of course, the enzyme activity of a genetic poor
metabolizer cannot be effectively increased or decreased by substances which are in-
ducers or inhibitors of the enzyme as it is absent. However, extensive or ultrarapid
metabolizers can be ‘converted’ to the poor metabolizer phenotype by strong enzyme
inhibitors. Other pharmacogenetic variants may also influence the effects of the
CYP2D6 variants. Drug transport [19] or genetic variability in drug targets might
confound the effects caused by CYP2D6 variants and modify the dose selection in the
individual patient.

In order to reduce the ‘noise’ in any study seeking to elucidate the relationship
between plasma concentration and impact on benefit/risk, pharmacological interac-
tions that involve the drug in question and known inhibitors which indirectly alter
drug efficacy might be useful. However, one problem in this respect is that inhibi-
tors are often unspecific and affect more than one metabolic pathway. Therefore,
interactions between known inhibitors and drug-metabolizing enzymes might not
completely represent the pharmacokinetics/dynamics of a genetically poor metabo-
lizer.

Pharmacogenomics of Drug Dosing 5



Prospective validation of genotype-based dose adjustments is necessary, and sev-
eral studies are now being performed that compare therapy with pharmacogenetic
diagnostics with standard therapy in a randomized controlled fashion. These pro-
spective trials and other trials will only be useful in routine clinical practice if they
demonstrate the validity, utility and cost-effectiveness of pharmacogenetic testing
[20].

Pharmacogenetic Study Designs Validating Predictive Markers for Drug Response

Randomized controlled studies provide the most stringent proof-of-concept for
pharmacogenetically based optimization of drug therapy. Such studies on pharma-
cogenetic diagnostics are rather expensive and usually involve some form of multi-
center design. A controlled pharmacogenetic prospective trial is usually suitable for
evaluating common drug therapies and where there are rather frequent genetic
variants. At the moment, several international multicenter trials on the prospective
evaluation of genotype-specific dosing are in progress in several fields of drug ther-
apy, for example, oral anticoagulants, tamoxifen, abacavir, isoniazid, proton pump
inhibitors and azathioprine. In the field of psychotropic drug treatment, no ran-
domized prospective pharmacogenomic study on genotype-specific dosing has yet
been published. This is probably due to two reasons: the lack of correlation between
dose and drug response (a problem affecting antidepressant drug therapy), and the
feasibility of a clinical study requiring a large sample size of patients in mono-
therapy.

Classification and Integration of Biomarkers as Surrogate Endpoints in Clinical
Efficacy Trials

As noted, the importance of genotypic variation in psychiatric practice may be lim-
ited by the lack of a clear association between plasma drug levels and clinical efficacy.
This lack of association may be due to the existence of a large number of intermediate
factors affecting the efficacy of treatment. If this is the case, a strategy based on de-
signing clinical studies monitoring treatment outcome may not be advisable. If the
underlying mechanisms are complex enough, the detection of the multiple factors af-
fecting a qualitative outcome (such as response or emergence of adverse effects) can-
not be achieved by observing statistical correlations alone.

An alternative strategy would aim at elucidating the biochemical processes gener-
ated by antecedent genetic polymorphisms, especially those that give rise to the out-
come measures (fig. 2). The rationale for this strategy is based on the assumption that
these intermediaries may correlate with the clinical endpoint, and are representative
of the net effect of the genetic polymorphism on the clinical efficacy endpoint. Spe-
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Translational pharmacogenomics for treatment of mood disorders

In vitro Panel studies on Testing Patient-tailored
functional drug effects in intermediate drug therapy using
analysis of different genotype | | phenotypes of pharmacogenetic
genetic carriers; drug effects; tests
variants healthy neurocognitive

volunteers’ tests;

database and neuroimaging

biobank for paradigms

clinical studies

Fig. 2. Progression of studies, from basic to applied, in translational pharmacogenomics. Consider-
ation of the most valid rational study designs for different situations in drug therapy might lead to
a more effective translation of pharmacogenetics into clinical practice.

cific surrogate markers for drug response which are related to the function of a gene
of interest have been called intermediate phenotypes or endophenotypes [21]. The use
of endophenotypes as an outcome parameter in clinical pharmacogenomic studies
directly serves the aim of individualizing drug therapy.

Numerous potential biomarkers or intermediate phenotypes exist that could influ-
ence a diffuse clinical phenotype, such as depression, and there is a need to qualify a
potential biomarker for use in clinical practice. Biomarker qualification involves the
collation of evidence linking a biomarker with disease biology and the clinical end-
point. The qualification process includes several general phases, leading from explo-
ration to demonstrations, further characterization and, finally, to the evaluation of
the substitute character of a biomarker for a clinical endpoint [22].

One example demonstrating the potential of intermediate phenotypes for under-
standing the relation between disorder subtypes, individual genetic makeup and
psychopharmacological interventions is given by depression [23]. Although not the
sole abnormality found in depression, alterations in monoaminergic function are
likely to play a key role in the pathogenesis of this disorder, as demonstrated by the
reliability and specificity of the induction of depressive symptoms by tryptophan
depletion [24, 25]. Current interest has focused on studies linking monoaminergic
function with areas of the brain specifically involved in the processing of emotions
and dispositional mood. Examples in this respect are the roles that dopaminergic,
serotonergic and noradrenergic systems play in processing reward salience [26],
adaptability (in conditions such as reversal learning [27]) and memory for emotion-
ally salient events [28], respectively. Neuroimaging combined with genetics repre-

Pharmacogenomics of Drug Dosing 7



sents a potentially powerful approach for closing the genotype-endophenotype-
phenotype circle [29].

Neuroimaging studies of depression have already identified a number of brain re-
gions showing differential changes in patients versus controls when at rest and when
processing emotional stimuli [30, 31], and studies of familial and melancholic sub-
types of depression have found rest perfusion and metabolism in the amygdale to be
elevated in patients versus controls [32-34], a part of the limbic system that processes
emotionally salient information [35]. Furthermore, the amygdala was found to react
more strongly to emotional stimuli in depressed individuals [36, 37]. Neuroimaging
studies provide some evidence that the amygdala and the ventromedial prefrontal
cortex might have a role in the neurobiology of depression. These two brain structures
are thought to constitute feedback circuits in which the reactivity to emotionally rel-
evant stimuli is modulated by control signals elaborated in the prefrontal cortex, and
which may be altered in depression [38, 39].

However, it has to be said that the data emerging from neuroimaging studies of
endophenotypes in depression is not consistent. The absence of control groups, lack
of randomization, failure to adjust data to take account of differing response rates,
use of uncorrected significance levels and the absence of some valid assessment in-
strument for inferring differences between groups have all added to the incoherence
of the neuroimaging data.

Drug target exposure is central to the assessment of clinical drug-related response.
To date, most of the available clinical studies have not included such an assessment.
Neuroimaging techniques, in particular PET, can provide evidence for the relation-
ship between target exposure, response and genotype. However, PET is not a suitable
instrument for monitoring course of illness or clinical response in the longer term,
and recent studies have instead used functional MRI to correlate changes in areas as-
sociated with depression to candidate (functional) genetic polymorphisms [40, 41].

Data is starting to emerge from neuroimaging-molecular genetics studies of de-
pression which suggests that such approaches have a significant role to play in under-
standing the etiology of this complex disorder. However, as with all studies of asso-
ciations that combine semi-qualitative outcome variables with quantitative geno-
types, careful study design is needed if these studies are to be used to underpin better
therapeutic interventions.

More work is needed to develop perfusion techniques with sufficient precision [42]
and to develop neuroimaging statistical techniques that quantify deviations from
normative values [43]. Beyond the use of endophenotypic biological markers, longi-
tudinal data such as hospitalization time (episodal course), quality of life, disability
or survival are warranted in order to finally estimate the cost/benefit ratio of phar-
macogenetic testing.

8 Kirchheiner - Seeringer - Viviani - Hodgkinson



Conclusion

Currently, pharmacogenomic testing in psychiatry is characterized by a lack of reli-
able biomarkers predicting individual drug reactions. As a result, prescribing is often
based on a ‘trial and error’ approach. Whilst the poor predictive value of genes might
be seen as a consequence of the lack of understanding of how different etiologies and
organic changes contribute to the complex syndrome depression, new approaches
that combine genetics with endophenotypes show some promise.

Currently, genotyping psychiatric patients for CYP2D6 variants represents the
only example of a pharmacogenetic test widely accepted and more or less used in
clinical psychiatric practice. However, this genotype only allows the prediction of
drug metabolism kinetics. Genetic predictors of drug response have been searched
for intensively, but, to date, none have shown any predictive value. Accurate predic-
tions of treatment response in multifactorial diseases are likely to require an under-
standing of the contributions made by a number of intermediate phenotypes towards
the etiology of the disease state. Functional neuroimaging studies show promise in
the detection of endophenotypic markers in psychiatric disorders such as depression,
but are not at the stage where they can be applied in clinical practice.

To achieve the translation of pharmacogenetic data into clinical practice, a variety
of clinical studies with different study designs are required. Integrative approaches to
data analysis are necessary to obtain the broad critical mass of evidence needed to
convince clinicians and healthcare providers to use and pay for pharmacogenetic di-
agnostics as a tool to improve and individualize patient treatment in psychiatry.
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Abstract

Whenever a new form of biotechnology is introduced, there is often uncertainty around its intend-
ed and unintended impacts on science, medicine and society. Past experiences with genetically
modified organisms, stem cell research and other health technologies have taught us some impor-
tant lessons — that it is not just scientific and technical factors that are important to the uptake of
innovative technologies. In the case of pharmacogenomics, a field of inquiry that aims to discern
the genomic basis of individual and population differences in drug effects, there has been much
written on the attendant promises and limitations. Since the completion of the Human Genome
Project in 2003, we are, however, in the postgenomics era. This brings some of the ‘old questions’
that remained unaddressed in pharmacogenomics to the forefront, e.g. race-based therapeutics.
Moreover, ‘new questions’ in postgenomics medicine - such as privacy and confidentiality in hy-
pothesis-free genome-wide association studies, and regulation of direct-to-consumer personal ge-
nomics tests — require critical reexamination of the established practices in both biosciences and
bioethics. While other chapters in this book aim to address the technical and scientific factors, the
present chapter presents an analyses of the old and new social, ethical and policy issues that can
impact the uptake of pharmacogenomic innovations and their future trajectory in postgenomics
medicine. Copyright © 2010 S. Karger AG, Basel

Historical Context and the Knowledge Gaps to Be Addressed

Pharmacogenomics has its origins in the 1950s with the early observations on mono-
genic variations in drug metabolism. This long history is closely intertwined with
psychiatry. First, a technical factor that catalyzed the advances in both pharmacoge-



nomics and psychiatric drug therapy was the introduction and availability of modern
high-performance chromatography methods (e.g. HPLC), particularly in the 1970s.
Arguably, HPLC was then akin to the high-throughput genome sequencers of the
present day pharmacogenomics laboratories. These technical breakthroughs allowed
the measurement of drug and endogenous metabolite concentrations in biological
fluids, e.g. in the plasma and the cerebrospinal fluid, and thus for the first time of-
fered insights into the intermediary steps between psychiatric drug administration
and the appearance of a therapeutic or toxic drug effect [1-3]. Prior to adoption of
such laboratory methods, mechanistic steps in drug disposition essentially remained
as a ‘black box’ to most clinical psychiatrists. These quantitative pharmacokinetic
measures also provided the much needed pharmacological phenotypes for associa-
tion studies using human genetic variation data. This led to recognition of the fact
that the dispositions of some drugs display polymorphic distributions, raising the
possible influence of genetic factors. Many of the subsequent studies in pharmacoge-
netics dealt with the hereditary basis of person-to-person differences in psychiatric
drug disposition, response and toxicity [4]. Second, the ‘biological turn’ in psychia-
try — instead of psychoanalytical approaches - in the second half of the 20th century
and the launch of the Human Genome Project (HGP) in the early 1990s coincided
with a shared emphasis on biological determinants of drug effects. These events col-
lectively contributed to convergence of the two fields as psychiatric pharmacogenetics
over the past decade.

In addition to these shifts in research priorities and technical advances over the
past five decades, both psychiatry and pharmacogenomics have been further shaped
by a growing interest and concerns for the ethical, legal and social issues (ELSIs)
emerging from the HGP [5]. The US Department of Energy and the National Insti-
tutes of Health allocated 3-5% of their annual HGP budgets toward studying the EL-
SIs surrounding the availability of genetic information. Enabled in part by this marked
funding support, the ELSI program has rapidly gained momentum since the 1990s.
The US ELSI program had a number of priority areas, such as fairness in the use of
genetic information (e.g. by insurers and employers), privacy and confidentiality of
genetic information, societal impacts and stigmatization due to human genetic dif-
ferences, adequate informed consent, clinical genetic testing and commercialization
of products [5, 6]. In Europe, a similar transdisciplinary program on the ethical, legal
and social aspects (ELSA) was established by the European Commission in 1994 [7].
Unlike the US ELSI framework, the European ELSA program aimed to address not
only genetics/genomics but the broader field of life sciences and technologies [7].

The professional scope of bioethics as an integral component of the HGP, whether
in the form of ELSI or ELSA activities, began to increasingly overlap with and extend
into science governance, public policy, health technology assessment, and the study
of innovation processes in the larger context of knowledge-based national economies.
These newer roles and responsibilities assigned to bioethics — in addition to the previ-
ous traditional focus on protection of research subjects and rules governing the doc-
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tor and patient relationships — make it obvious that bioethics is a subject that cannot
be neglected in discussions of new technologies and scientific innovations. As noted
later in this chapter, this also calls, however, for greater empiricism and provision of
evidence regarding the claims made in and by bioethics (i.e. evidence-based ethics)
and importantly, study of the social, political, economic, scientific and technical con-
texts and the ‘fault lines’ that shape and are shaped by the emerging bioethics issues
[8-12]. Without a firm empirical grasp of the latter contexts in which bioethics is ‘em-
bedded’, it is difficult to conceive, develop and test evidence-based policy options to
address the real-life bioethics issues actually impacting the individuals and popula-
tions.

When the ideals or norms prescribed by the traditional philosophical bioethics
principles (see the following section) do not coincide with the actual realities of sci-
entific practice, there is a certain degree of responsibility to work towards effective
solutions and interventions, e.g. in the form of public policies or regulatory oversight,
in order to remedy disconnects between ethical standards and scientific or clinical
practice. Hitherto, this has not materialized appreciably in part because bioethics
analyses tended to lack an empirical study of the lived contexts associated with the
ethical issues; furthermore, bioscientists have not pursued empirical bioethics re-
search in large enough numbers to form a critical mass to allow the discernment of
scientific and technical nuances that have bioethics significance. These dilemmas,
resource limitations and methodological conflicts within the bioethics field itself re-
main largely opaque to the pharmacogenomics and genomics research community, a
knowledge gap that the present chapter aims to address. The personal view of this
author is that scientists tend to perceive bioethicists as being engaged in primarily
philosophical inquiries, with incomplete recognition of the marked heterogeneity in
bioethics decision-making processes and the attendant need for an empirical and
evidentiary basis to bioethics. This idea is in part supported by recent qualitative re-
search that posits that genomics scientists, while considering bioethics as an impor-
tant function, tend to delegate this role to the bioethicists rather than extending the
scope of their self-governance in scientific practice to bioethical reasoning as well [13].

As we move towards an era of genome-wide association studies that demand hy-
pothesis-free research and informed consent for future unspecified use of biological
samples while ensuring research subjects’ protection in psychiatry and the prolifera-
tion of public and private stakeholders in personalized medicine with divergent and
often conflicting interests that are not always immediately obvious, can we afford to
be passive and simply extend the previous practices of bioethics to the postgenomics
era? Alternatively, has the time come for a critical reexamination of both pharma-
cogenomics science and bioethics to bring about further transparency and better in-
tegration of these knowledge domains in psychiatry?

Keeping in mind these overarching challenges from within the practice of phar-
macogenomics science and bioethics, and the tension zones at their intersections, the
present chapter has 3 primary aims:
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(1) To introduce the reader to the principle-based approach that dominated bioethical
reasoning in clinical research and practice, particularly in North America, and
explain why the context in which a bioethical issue is embedded also matters.

(2) To present a synopsis of the old and new social, ethical and policy issues associ-
ated with the practice of pharmacogenomics science in postgenomics medicine.

(3) To examine a long-standing unresolved socio-ethical and policy controversy;, i.e.
race-based pharmacogenomics. Because race has often been used as a stratification
axis in clinical psychopharmacology and psychiatric pharmacogenomics, this is a
crucial issue that needs in-depth evaluation in the postgenomics era.

A clear understanding of the above dimensions is essential for the readers to in-
dependently and critically evaluate the socio-ethical and policy issues as they
emerge in the practice of psychiatric pharmacogenomics in the postgenomics era.
Importantly, throughout the chapter, we present a future outlook and the ‘next-
generation questions’ within bioethics and, in particular, considerations for ‘ethics
of bioethics” by recognizing the history, processes and values associated with the
choice of philosophical principles used in bioethics decisions, the role of bioscien-
tists and social scientists in identifying the regional and global contexts — whether
they be scientific, technical, social, economic or political - that can decisively im-
pact the future practice of evidence-based bioethics in psychiatric pharmacoge-
nomics.

20th Century Biomedical Ethics and the Principle-Based Approach to
Decision-Making in Bioethics

Before one can critically examine the ethical implications of pharmacogenomics
raised by several recent transdisciplinary committee reports [14-17], we need to recall
the brief history and background on the dominant decision-making processes used
in biomedical ethics in the 20th century. This is essential in order to discern the
strengths and shortcomings of the previous bioethics analyses on an increasingly glo-
balized pharmacogenomics research.

Biomedical ethics and research ethics rose to prominence in the second half of the
20th century as a response to crimes against humanity and the abuse of human sub-
jects in medical research [18, 19]. In the Tuskegee syphilis study (1932-1972), 600
African-American men were enrolled to investigate the racial differences in the natu-
ral course of untreated syphilis. This ethical breach culminated in the Belmont Re-
port issued by the US National Commission for the Protection of Human Subjects of
Biomedical and Behavioral Research [19]. Since then, decision-making in the field of
biomedical and research ethics has primarily relied on the theme of ‘protection” and
normative analyses using moral principles such as autonomy, beneficence, nonma-
leficence and justice [20]. This approach is also known as the ‘four principles ap-
proach’ and has its basis in the Belmont Report [19] and the works of Childress and
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Beauchamp first presented in their textbook Principles of Medical Bioethics in 1979

[20]. These four principles have been frequently used as guidance for setting the bio-

ethics norms in both research and clinical practice:

« respect for autonomy: respecting the decision-making capacities of autonomous
persons;

« beneficence: balancing benefits against the risks and costs;

« nonmaleficence: avoiding the causation of harm;

o justice: distributing benefits, risks and costs fairly.

As it might be already clear to the reader, bioethics analyses have tended to con-
centrate on norms and standards concerning how things (e.g. a certain scientific or
clinical practice) ‘ought to be’ drawing from moral theories and philosophical prin-
ciples, but did not always adequately recognize how ‘things actually are’ in practice,
or the social, political, economic, scientific and technical contexts in which the bio-
ethics dilemmas emerge. This asymmetry in bioethics, i.e. greater recognition of the
idealized norms over their practice and the attendant social context in a real-life set-
ting, however, isolates bioethics from the actual practice of science and medicine [8,
9,11, 12,21, 22]. The intent of this critique is not to say that the above four principles
are not useful — they are — but neglecting the real-life context of science and medi-
cine results in a prescriptive and top-down hegemony in bioethical reasoning, and
eliminates the possibility of designing effective policy interventions to bring togeth-
er the lived practice of science and medicine with the bioethics norms when the
practice and theory are not aligned (and often they are not). It is therefore not sur-
prising that the words ‘evidence and data’ still remain as exotic and unfamiliar
terms within the field of bioethics, but they need consideration if evidence-based
bioethics will make a contribution to bridge the gaps between the theory and the
practice of bioethics.

As we note in the next section of this chapter, there is little population-based em-
pirical data on the actual range and impact of the social, ethical and policy issues
within the field of pharmacogenomics. This author therefore contends that there is a
need for a new subfield of pharmacogenomics dealing with ‘ethics epidemiology’.
This is not a far-fetched idea as already the rationale for ‘pharmacogenomics epide-
miology’ has been presented elsewhere [23]. The latter new hybrid field assesses the
range of responses to pharmacologic agents in relation to genetic variation in popula-
tion groups [23, 24].

In contemporary bioethics analyses, one often reads statements classifying a be-
havior or practice as ethical or unethical, but the process for this decision-making is
not always clearly stated and nor do the bioethics principles utilized to draw such
conclusions operate in a vacuum. That is, bioethics principles may often compete and
conflict with each other (e.g. consider the principles of ‘autonomy’ and ‘solidarity’).
In western bioethics practice, autonomy has come to prevail over-and-above other
bioethics principles, particularly in the USA [22, 25]. This can be problematic as
pharmacogenomics research is now truly global in nature, crossing national, politi-
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cal, geographical and cultural borders. Many countries in the Asia-Pacific region are
becoming powerful contributors to genomics and personalized medicine science.
While autonomy may be appealing when viewed from a western context, other prin-
ciples may be more important in different societies and contexts. This is not to ad-
vocate for moral relativism, but instead to merely express that the context matters in
a bioethics analysis. Moreover, different principles may be necessary in research con-
cerning different communities. For example, in the process of collection of genetic
samples from the South Pacific island of Tonga, the individual informed consent
procedure was met with opposition for failing to address the traditional Tongan role
of the extended family in decision-making [26]. As we look further into the future,
more complex scenarios will likely emerge when conducting research with immi-
grant populations living and working in diaspora who often have to sustain their
existence in cultures and value systems vastly different than their native countries.
The lesson for our purposes is that even though the concept of ‘harmonization’ is
intuitively appealing from a laboratory or technical process standpoint, there will be
local and regional ethical principles operational in different communities in the face
of an increasingly globalized genomics research. Hence, caution and in-depth con-
siderations are necessary when using the term ‘harmonization’ in reference to the
bioethics principles, in contrast to well-justified technical harmonization necessary
in scientific experiments.

In pharmacokinetic calculations, it is customary to expressly indicate which
pharmacokinetic model is employed in derivation of the system parameters, such
as drug clearance or volume of distribution. In the case of traditional philosophi-
cal bioethics reasoning, there is also a moral significance attached to which par-
ticular bioethics principles are chosen over others, or how different principles are
weighed and compared to each other when they compete or conflict. Even though
on first glance the world of pharmacokinetic modeling and bioethics reasoning
may appear entirely unrelated, they indeed share the need for transparency and ac-
countability in being explicit about such ‘upstream factors’ in decision-making pro-
cess, i.e. the choice and weighing of different normative bioethics principles instead
of stating merely that a scientific practice or health technology is ethical or unethi-
cal.

Finally, it is worth emphasizing that the philosophical bioethics that prevailed thus
far can only benefit from engagement with social scientists and bioscientists (and vice
versa). Theoretical and reasoned discussions in bioethics are also important, but they
need to be grounded in the nuances of scientific and medical practice as noted above.
This can help to achieve a more contextualized and lived moral reasoning in bioeth-
ics, whether it concerns pharmacogenomics or other new omics technologies that will
soon appear on the horizon.
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Old and New Social, Ethical and Policy Issues at the Junction of Pharmacogenomics
and Postgenomics Medicine

Past experience with genetically modified organisms, stem cell research and other
health technologies have taught us some important lessons - that it is not just scien-
tific and technical factors that are important to the uptake of innovative technologies.
There has been recognition early on that the course of development and implementa-
tion of pharmacogenomics will also depend on identifying and addressing the social,
ethical and policy issues. Several reports aimed to address such factors that are crucial
for a productive and just direction in pharmacogenomics or genomic medicine [14—
17, 27, 28]. We herein focus on the report by the Nuffield Council on Bioethics [15],
which was among the first to attempt to define the ethical, social and policy issues
that pharmacogenomics might raise; these are applicable to both developed and de-
veloping countries [29]. We also discuss some of the newer relevant issues in postge-
nomics medicine and refer the reader to other pertinent literature.

The Nuffield Council on Bioethics usefully framed the social, ethical and policy
issues on pharmacogenomics around 4 categories:

Category I: Information

This is also the category that attracted considerable attention in bioethics literature,
including concerns over informed consent, privacy, confidentiality, anonymity, dis-
closure of genetic information and potential for discrimination. The nature of phar-
macogenomics information has been first evaluated with respect to the concept of
‘genetic exceptionalism™ the view that genetic tests are categorically distinct from
medical tests that do not concern DNA, and that they therefore raise different ethical
issues. The Nuffield Council on Bioethics recognizes that both genetic and non-ge-
netic tests can be rich in information, and thus ‘there is no reason to assume that ge-
netic information, including pharmacogenetic information, is qualitatively different
from other medical information’ [15].

Category 2: Resources

This involves the economic impacts on drug development and healthcare delivery.
Pharmacogenomics may impact the various dimensions of the process of drug dis-
covery, development and marketing. These effects can result in increased or decreased
development costs and drug prices with the net effect being hard to calculate without
empirical research.

Category 3: Equity

This ultimately relates to the ethical decisions and consequences associated with
stratified/personalized health interventions [24]. In a context of pharmacogenomi-
cally guided drug prescription and disease diagnosis, medical treatments may sig-
nificantly improve for some subpopulations, but this may occur in the face of inequi-
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ties because drugs may not be developed for certain groups who represent a small
market for the pharmaceutical industry or a large but poor population. The existing
genomics gap between developed and developing countries may potentially be exac-
erbated with the introduction of pharmacogenomics [29].

A point that is not discussed in-depth in the Nuffield Council on Bioethics Report
is the ethics of decisions that are not made. In other words, the recognition of the no-
tion that one is responsible not only for the decisions made (ethics of commissions)
but also for decisions that are not made (ethics of omissions). When a drug is not de-
veloped for a small population that represents an inadequate financial incentive, this
may remain as a silent issue as ethics of omissions tend to attract less attention.

Category 4: Control

Who should decide whether a patient should take a pharmacogenomics test? What
happens if a patient does not want to undergo pharmacogenomics testing, but still
wishes to access the relevant personalized medicines? Moreover, the availability of
direct-to-consumer personal genomics tests call for appropriately targeted regulatory
oversight. A simple extension of the regulatory risk assessment mechanisms from the
genetics age (of monogenic diseases) is unlikely to be successful and in fact, mightlead
to underprotection of subjects and/or misdirected precaution (fig. 1). Prainsack et al.
[30] aptly observed that ‘a genome scan reveals information that is medical, genea-
logical and recreational, and those who scan and interpret the data are not distinct
bodies of experts, but instead, novel configurations of geneticists, customers, ethi-
cists, bioinformatics experts and new media executives’. There is therefore a need to
rethink the outdated models of regulation in the postgenomics era [11, 30]. Increas-
ingly blurred boundaries between experts and lay persons as well as public and private
institutions in genomics research also demand a ‘political science lens’ to discern the
motives and values that drive the direct-to-consumer availability of genomics tests in
parallel to normative bioethics reasoning [11].

The above 4 categories are not mutually exclusive but overlap considerably in real-
life applications of pharmacogenomics. In the recently available report on ‘genomic
medicine’ by the Science and Technology Committee of the UK House of Lords, it is
indicated that the Nuffield Council on Bioethics is due to report in 2010 on the results
of its study on the ethical issues raised by new technologies that involve more person-
alized healthcare. While this upcoming report is not available at the time of the writ-
ing of the present book chapter, the reader is encouraged to consult with the Nuffield
Council on Bioethics in 2010.

Despite the valuable points raised by the Nuffield Council on Bioethics early on
pharmacogenomics, it has been suggested that it does not go far enough in acknowl-
edging the scientific uncertainties of pharmacogenetics research or putting it into the
broader context of pharmaceutical research and drug development [31]. Importantly,
the Nuffield Report is based largely on anticipated future scenarios, but there is a need
for further discussion of the actual contexts and the ethical and policy issues impact-
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Fig. 1. Preventing misdirected precaution and designing regulatory oversight mechanisms that ap-
propriately reflect and target the realities of postgenomics medicine. Reprinted with permission
from Macmillan Publishers Ltd. [30].

ing pharmacogenomics research. One notable contentious point that is not men-
tioned in the Nuffield Report is the concern over DNA biobanks in the pharmaceuti-
cal industry. As noted by Corrigan [31]: “The report fails to acknowledge the extent of
the current routine practice of collecting and storing DNA samples and data during
clinical drug trials. Research currently being undertaken by social scientists, such as
myself, suggests that thousands of DNA samples are being collected during clinical
drug trials and stored by the industry daily, and indeed most pharmaceutical com-
pany sponsored clinical drug trials now involve the collection of samples as routine.’
This is consistent with the reports from the industry that DNA archives and biobanks
are indeed established by the pharmaceutical companies [32]. From the broader angle
of empiricism necessary in bioethics reasoning, this provides yet another example of
the need to ground the bioethics debates in the practice of science and technology, so
that they focus on and best reflect the actual lived experiences as discussed earlier in
this chapter.

The voluntary nature of consent to participate may be compromised if pharma-
cogenomics testing is a condition of enrollment and when the clinical trial is the only
means of having access to a particular treatment. It has been recommended that to
protect the privacy of participants in research, the greatest degree of anonymity
should be imposed on samples, compatible with fulfilling the objectives of the re-
search [15]. A distinction was made between ‘narrow’ and ‘broad’ consent by the
Nuffield Council Report. In the case of broad consent, it acknowledges that it may not
be possible at the time of consent to specify in any detail the future use of patients’
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samples. The Nuffield Council Report predicts, however, that future studies will usu-
ally but not always be within the same broad areas of research as the initial project.
We contend that this prediction made in 2003 is no longer tenable in the postgeno-
mics era particularly in reference to the genome-wide association studies conducted
for hypothesis generation with a systems biology orientation. There is growing inter-
est from researchers in genomics data sharing and utilizing subjects’ DNA and other
biological samples for associations with a host of phenotypes that may be vastly dif-
ferent from the original study goals or end points that are defined a priori. These re-
search interests and the move towards systems biology in genomics present a trade-off
with individual privacy protection and protection of subjects against potential harm
that may arise from data sharing or open-ended use of biological samples for explor-
atory research. When participants in genetic research were asked about their perspec-
tives on DNA data sharing and the above trade-off between the scientific and clinical
utility of data sharing and individual privacy protection, most participants generally
wanted control over decisions about data sharing and expressed an interest in receiv-
ing information [33]. There was wide variation in their judgments about the trade-off
between protecting privacy and promoting scientific and clinical utility of the data
[33]. The latter study [33] underscores the need for empirical assessment of how best
to define the thresholds for advancing science in the postgenomics era while ensuring
protection of research subjects.

Insofar as discrimination due to disclosure and availability of genetic information
is concerned, the Genetic Information Nondiscrimination Act (GINA) of 2008 ex-
tends important protection against discrimination in health insurance and employ-
ment [34]. Further fieldwork is necessary to evaluate the effectiveness of GINA in
protecting individuals and populations from discrimination. Moreover, critiques
note that GINA offers only a piecemeal policy solution to health inequities and risks
of discrimination [35]. For example, GINA does not offer protection for other factors,
such as findings on a colonoscopy that predispose individuals to illness. An insurance
company can potentially discriminate against such persons in coverage and pricing
because of the increased risk they represent. As we move towards predictive medicine
using large-scale genomics, proteomics or other laboratory tests, it would be essential
to devise policy options that broadly protect individuals who carry susceptibility
markers, whether such markers are genetic or not.

A more fundamental problem emerging from large-scale genomics research and
correlated genotype-phenotype datasets is whether and to what extent the anonym-
ity, privacy or confidentiality of persons’ information can be guaranteed. A technical
factor that is often overlooked in previous bioethics debates is that advances in bioin-
formatics and genealogical analysis can re-identify individuals. A bioinformatics pro-
cedure known as k-anonymity has gained popularity to protect individuals’ privacy;
this was used in the Hippocratic Database Technology of the IBM [for further discus-
sion, see 36]. It appears, however, that breaches can easily occur; this led to the devel-
opment of a more robust privacy protection criterion named L-diversity [37]. Regard-
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less of these gaps and improvements in bioinformatics technology, it is evident that
absolute privacy is not fully tenable in rich genomics data sets. This neglected techni-
cal context raises the possibility that the current practices of informed consent that
assure strict privacy and confidentiality may result in disingenuous consent with
promises that cannot be delivered by researchers [36]. As a potential solution, an open
consent procedure was proposed based on the moral principle of veracity, i.e. telling
the truth. With open consent, ‘volunteers consent to unrestricted redisclosure of data
originating from a confidential relationship, namely their health records, and to un-
restricted disclosure of information that emerges from any future research on their
genotype-phenotype data set, the information content of which cannot be predicted.
No promises of anonymity, privacy or confidentiality are made’ [36]. Thus, a deep
tension is now emerging within the field of bioethics as the scale and pace of global-
ized postgenomics research and medicine challenge the very notion of the ‘protection
paradigm’ and the hitherto dominance of the autonomy principle in bioethics (and
its history of development as a response to crimes against humanity or scandals over
the second half of the 20th century). Whether this represents an upcoming period of
identity crisis in bioethics or a reflection of growing pains as a field of inquiry lend-
ing a greater role to empiricism remains to be seen.

Race-Based Pharmacogenomics

The relationship between postgenomics medicine and the sociopolitical concepts of
race and ethnicity has to be understood within the complex historical and social con-
text. This is particularly important in psychiatry as race and ethnicity have histori-
cally played a long-standing role (and they still do) in psychopharmacology since the
1950s as a stratification axis in discerning population and individual differences in
drug pharmacokinetics and pharmacodynamics. With the emergence of psychiatric
genetics and pharmacogenomics, this practice, however, contrasts with the dominant
view in anthropological genetics that race is a poor predictor of genotype [38]. The
appropriateness of race as a variable in the present day pharmacogenomics science,
and race-based therapeutics more generally, came under intensive scrutiny with the
regulatory approval of BiDil for treatment of heart failure in African-Americans [39,
40]. Prior to the availability of human genomic variation data from the International
HapMap Project, race has often been considered in pharmacogenomics publications
as a proxy (i.e. a placeholder) for an as-yet undetermined blend of genetic, biological
and environmental contributors to variability in drug treatment outcomes. Other fre-
quently cited rationales for using race in present day practice of pharmacogenomics
include the following:
o the allele frequency differences in pharmacologically significant genetic loci
among human populations, e.g. the frequency of CYP2CI9 poor metabolizers in
Asians (10-30%) is at least 10 times that in Caucasians (1-2%),
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« the already existing use of race by physicians to improve the precision of diagnos-
tic and therapeutic decisions, and by research sponsors, e.g. the US National Insti-
tutes of Health to ensure inclusivity in research participation,

o the unequal distribution of disease-associated alleles for certain recessive disor-
ders such as sickle cell anemia among racially defined populations.

When race is used as a surrogate for the hereditary component of drug response,
there is concern for ‘conceptual drift’ over it becoming a substitute for pharmacoge-
nomics testing in prescription decisions (e.g. BiDil), while reifying the notion of race
as a biological entity. Moreover, once a race-based drug is approved by regulators,
there may be little incentive to carry out mechanism-oriented research by pharma-
ceutical manufacturers due to the risks of market shrinkage from, for example, the
removal of patients who lack the genetic markers that predict a good response.

The US Office of Management and Budget Directive No. 15 (Race and Ethnic Stan-
dards for Federal Statistics and Administrative Reporting) describes the census cat-
egories used for collection of data on racially defined populations. Firmly pointing to
the social construction of race, this directive emphasizes that the racial categories are
not anthropologically or scientifically based [41]. This clarification made by the of-
ficial US federal documents remains, however, in small print and the race-based cen-
sus categories that are not scientifically based continue to be pervasively used as a
proxy for genetic differences in pharmacogenomics studies. Moreover, as aptly noted
by Lee [42], “The nature of these [racial] categories is directly related to the lobbying
efforts of socially identified populations rather than by scientific research that posits
biologically relevant differences between individuals who subscribe to membership
in any of these categories.’

Genetic admixture within and between human populations is another fundamen-
tal reason that precludes the use of race as a genetic proxy for pharmacokinetic and
pharmacodynamic differences. For example, the genetic admixture in the Brazilian
population firmly indicates that genetic heterogeneity in a population cannot be ad-
equately represented by arbitrary ‘race/color’ categories and instead should be dealt
with as a continuous variable [43]. Moreover, empirical research using tagSNPs from
3 pharmacogenetic pathways (irinotecan, 5-fluorouracil and insulin) across 270 indi-
viduals from 4 racial groups, available from the International HapMap Project, re-
cently confirmed that race is not a major contributor to the SNP data variance. These
molecular observations indicate that most genetic variation is determined by indi-
vidual variation, not by racial grouping, and that race is not an adequate surrogate for
individualized therapy [44]. That is, as noted by Suarez-Kurtz [43], ‘each person must
be treated as an individual rather than as an exemplar of a race, and that the notion
of race-targeted drugs is unacceptable, especially in the case of admixed populations’.

Anthropologist Michael Montoya distinguishes the use of race as an appropriate
descriptive quality to identify differences in health and health care (which addresses
issues due to racism and attendant health disparities rather than race as a biological
construct) from its inappropriate attributive use as a proxy for biological difference
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[45]. Ellison et al. [46] suggest, however, that ‘the use of these [racial] categories to
promote equitable participation in biomedical research and to describe variation in
health risk leads to the use of the same crude categories to (mis)attribute causality and
thereby (mis)identify health care needs’.

The issue at hand is not to deny the vast differences among populations in drug
efficacy and safety. Nor is the concern over race-based pharmacogenomics limited to
stigma or imprecision of treatment outcomes when race is used as a predictor variable.
A more fundamental problem with race concerns the impossibility of measuring or
defining it as a variable, and the ‘fluidity’ of the concept. The following empirical re-
search confirms and clearly exemplifies the latter point. First, running against the
popular notions of race as a fixed variable, misclassifications do occur: a study of in-
fants who died in their first year showed that 37% of infants with an entry as Native
American on their birth certificates were classified as a member of another race on
their death certificates [47]. Second, self-identified race and ethnicity can change over
time and context. In a study conducted in the USA, one third of the study sample
chose a different ethnicity when asked 2 consecutive years [48]. However, in other
situations, such as individuals who face forced migration at militarized conflict zones
or persecution due to human rights breaches in their native countries, people may
exercise their ‘exit rights’ to identify with a community or ethnic group that is differ-
ent than the one traditionally assigned to them by descent. Third, visual identification
of race and ethnicity is notoriously inaccurate. A study that compared the ethnicity
determined based on visual identification by police officers with that by analysis of
the short tandem repeat loci found that those genetically assessed to be ‘Middle-East-
ern’ were visually classified as such only about one third of the time [49]. Returning
to our discussion on race-based therapeutics in the clinic, it then becomes obvious
that if a patient decides to switch to a new family doctor and if each doctor visually
identifies the same patient as a member of a different racial group, their ‘race-based’
prescriptions will also change! This can seriously jeopardize optimal therapeutics
and introduce an undesirable and entirely unscientific arbitrary element in prescrip-
tion decisions in the clinic. It is interesting to note that the discourse on the use of
race in clinical medicine and scientific practice has thus far neglected such plasticity
of human perceptions (including those of doctors) based on the visual characteristics
of other human beings as well as of the variable nature of self-identified race and per-
ceived membership in a given ethnicity. Given the rapidly escalating human migra-
tion/immigration patterns in the face of regional and international conflict zones,
pandemics and globalization, it would be naive to think that individuals - as global
citizens — will subscribe to a singular group identity over the course of their lifetime,
nor will self-identified group memberships be perceived uniformly by others.

Debates already took place several decades ago on the (in)appropriateness of race
as a stratification axis in research fields such as public health and anthropology. Due
to the historically significant role given to racial differences in drug effects since the
1950s, and the present confusion within the pharmacogenomics research commu-
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nity on the relevance of race with the availability of more precise molecular markers
of drug efficacy and safety, race-based pharmacogenomics cannot be left to random
drifts in scientific practice and terminology. Lee and Mudaliar [38, 50] alerted us that
‘the roughly 700 drugs in the development pipeline aimed at African-Americans sig-
nal an emerging landscape of race-based therapeutics and underline the risk of pre-
maturely jumping from genotype to phenotype’. This calls for development of policy
interventions and ethical standards both for the research sponsors and reporting of
pharmacogenomics findings in postgenomics medicine. The significance of dealing
with race-based pharmacogenomics practice in a timely manner becomes more obvi-
ous when considering the patients who may be already multiply marginalized and
vulnerable due to mental health problems.

Personalized Medicine beyond Pharmacogenomics: Approaching Wave of
‘Proteomics Diagnostics’ in Psychiatry and Potential for Disease Mongering

Until the 18th century, individuals had to feel and demonstrate florid (fully devel-
oped) physical findings to be considered as ‘sick’. With the introduction of personal-
ized medicine, the concept of what is considered as being sick is changing rapidly:
there is a growing emphasis on prediction of future disease liabilities and individual
health risks. One can now be considered as sick or a ‘future patient’ based on bio-
marker tests and measurements, in the absence of physical symptoms. A traditional
example is the plasma cholesterol measurements. Personal genomics, too, is influenc-
ing how common complex disease risks are being framed particularly with the intro-
duction of direct-to-consumer whole-genome testing. Personalized medicine is thus
blurring the boundaries of treatable diseases, and causing a ‘temporal shift” in the
folklore of modern medicine and therapeutics — from present to the future. Expand-
ing the limits of what is treatable would make sense in a context of preventive medicine
and early clinical intervention, especially when a given disease is at its prodromal and
preclinical stage. However, this also requires that diagnostic tests for personalized risk
assessment are available with acceptable analytical validity and clinical utility.

The term ‘disease mongering’ refers to artificially expanding or inappropriately
inflating the limits of what is treatable, e.g. as a result of commercial motivations to
increase the sales of health products such as pharmaceuticals. Concerns around dis-
ease mongering have been expressed in psychiatry [51]. Conceivably, the above shifts
in diagnostic medicine including direct-to-consumer personal genomic tests may
have profound effects in the case of clinical psychiatry where persons’ subjective ex-
periences and symptoms may be confounded or shaped by diagnostic tests that lack
an appropriate evidentiary base.

Proteomics is a next-generation high-throughput ‘omics technology’ that aims to
characterize functional variability in cell function in health and disease [for a review,
see 52]. Proteomics has a notable difference in contrast to genotype-based diagnos-
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tics. Proteomics brings about a more dynamic form of ongoing diagnostic testing
within the same individual, to obtain a longitudinal ‘repeated measures’ functional
risk signature — as opposed to between-patient cross-sectional static point estimates
of risks estimated by genotype-based tests. This anticipated further shift in concep-
tualization of ‘health risks’ brought about by proteomics and advances in postgeno-
mics science and technology may have substantial impacts on psychiatric disease no-
sology, boundaries between normal and deviation from normalcy, and what may be
considered as a treatable illness or symptom. With proteomics diagnostics, and phar-
macoproteomics more specifically (i.e. study of human proteome variation in relation
to drug efficacy and safety) [52], disease mongering will need further reflection in
clinical psychiatry.

Concluding Remarks

Postgenomics medicine is characterized by unprecedented opportunities to strength-
en the healthcare systems and services as well as formidable challenges, for example,
an exponential increase in the pace and scale of biomedical research, proliferation of
interest groups with diverse interests that are often competing and conflicting, direct-
to-consumer personal genome testing, genome-wide association studies that demand
recruitment of large cohorts of subjects from diverse populations, a globalized science
facing local and regional nuances in scientific and bioethics practice, to name a few.
Past lessons from the genetically modified organisms and other innovations in the
20th century tell us that biotechnologies have both intended and unintended effects
on science, medicine and society. If these effects are not carefully tended and moni-
tored, they can significantly impede the sustainable and equitable development and
uptake of innovations. With the approaching wave of pharmacoproteomics, systems
biology and other more ‘dynamic’ measures of cell function, complexities and oppor-
tunities in postgenomics medicine will continue to grow. Hence, within the limits of
a concise book chapter, we aimed to highlight why we need to critically examine our
long held views and practices not only in pharmacogenomics but also in bioethics.
Regulatory oversight mechanisms and bioethics frameworks from the genetics age (of
monogenic diseases) are not well equipped to address the complexities and nuances
of postgenomics medicine. As noted in the second section of this chapter, there is a
need for empirical grounding of bioethics reasoning. Traditionally, such calls have
been made to integrate social sciences, such as sociology and anthropology, to provide
an empirical context for traditional philosophical approaches to bioethics. However,
the present chapter proposes that while genomics scientists have long been the ‘sub-
jects’ of bioethics analyses in the past, they can actively take part in the process of
bioethics research by identifying the fault lines in scientific practice that have bioeth-
ics significance; thus, offering a hitherto neglected empirical context for both phi-
losophers and social scientists engaged in bioethics.
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Still, such calls for transdisciplinary engagement are easier said than done. The
Norwegian-American sociologist and economist Thorstein Veblen referred to ‘trained
incapacity’ [53] where one’s own disciplinary expertise results in blind spots to per-
ceive the strengths of other disciplines or ‘ways of knowing’, a human condition that
is applicable to all of us. Yet neglecting the need to focus bioethics analyses and rea-
soning within scientific, technical, social, political and other contexts strips the prac-
tice of bioethics from the lived realities of science and medicine, nor does it leave room
for effective policy interventions.

On his trial for heresy for encouraging his students to challenge the accepted be-
liefs of the time, Socrates said, ‘the unexamined life is not worth living’. This notion
applies to the modern day practice of individual disciplines and professional expertise
as well. At this critical juncture when pharmacogenomics and related biotechnology
innovations are beginning to diffuse into the ‘postgenomics clinic’ in psychiatry, it is
time to reexamine the old and new social, ethical and policy issues [54-56], but with
due attention to the decision-making processes and methodologies used to arrive at
conclusions in both pharmacogenomics and bioethics [57]. This evidence-based ap-
proach is ultimately crucial to design effective and appropriately targeted real-life
bottom-up (instead of top-down) policy interventions when the bioethics theory and
the practice of science and medicine are not aligned.
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Abstract

CYP2D6 polymorphismis related to absent (poor metabolizers, PMs) and normal/decreased (exten-
sive metabolizers, including ultrarapid metabolizers) metabolism of clinically important drugs.
Moreover CYP2D6 is also involved in the metabolism of endogenous substrates in the brain which
appear highly important for psychological functioning that may be related to normal and abnormal
behavioral tendencies or psychopathology. Although there are contradictory results, a lot of sup-
port has been given to the role of CYP2D6 activity on behavioral and mental functions. PMs have
been consistently associated with a personality profile characterized by impulsive- and anxiety-
related features. Despite these psychological features often being linked to psychopathology, there
also appears to be evidence suggesting that PMs could present some protective features against
the development of mental disorders. In keeping with this notion, PMs were found to perform bet-
ter in a sustained attention cognitive task, which is impaired in different syndromes characterized
by high vulnerability to stress and impulsivity such as schizophrenia or attention-deficit hyperactiv-
ity disorder, etc. In conclusion, there are data supporting the view that CYP2D6 may influence not
only variability of drug response but also psychological functioning, and hence may be related to
vulnerability to psychopathology. Copyright © 2010 S. Karger AG, Basel

Cytochrome P450 CYP2D6 is one of the most important enzymes involved in the
metabolism of a large number of drugs used worldwide, although its role in endoge-
nous metabolism has not been fully clarified [1, 2]. Multiple allelic variants of the
CYP2D6 gene have been identified which are associated with absent or increased en-
zyme activity in individuals who are termed, respectively, poor metabolizers (PMs)
and extensive metabolizers (EMs), including ultrarapid metabolizers (UMs) [3]. The
present review is an update of research on the impact of CYP2D6 polymorphism on



‘personality traits’. We shall first review evidence about the location of CYP2D6 in
the brain, as well as its potential impact on the endogenous metabolism of neurotrans-
mitters and hormones. Then we shall discuss the relationship of CYP2D6 with ‘per-
sonality’ and psychopathology.

CYP2D6 in the Brain

In general, investigations of the localization, expression and function of CYP2D have
mostly focused on the rodent brain. Six isoforms of the CYP2D subfamily have been
identified in rats, namely CYP2D1 through CYP2D5 and CYP2D18 [4]. Among them,
CYP2D4 and CYP2DI (the gene corresponding to human CYP2D6) are thought to
be fairly abundant in the CNS [5-7]. It has been demonstrated that CYP2D1 mRNA
is widely distributed and constitutively expressed in neuronal and glial cells in diverse
brain areas such as the cerebral cortex, hippocampus, dentate gyrus, caudate, puta-
men, hypothalamus and thalamus [8]. Conversely, a more recent study failed to detect
CYP2DI in the rat brain using immunohistochemical techniques [9].

Knowledge of CYP2D6 in the human brain is still limited. An investigation showed
metabolism of dextromethorphan to dextrorphan in human brain microsomes [10].
CYPD6 protein and messenger RNA expression appear to be specific to neurons in
the human cerebral cortex, hippocampus and cerebellum [11]. CYP2D6 was first
identified in brain tissues by immunoblotting [12]. Additional evidence was provided
by McFadyen et al. [13] showing CYP2D6 expression in midbrain. In particular, Gil-
ham et al. [14] revealed a more precise localization of CYP2D6 within this brain area
by using in situ hybridization, and showed that pigmented neurons corresponded to
the substantia nigra, which plays an important role in movement and in reward seek-
ing and learning.

In another study, Siegle et al. [15] analyzed the regional and cellular expression of
CYP2D6 transcripts and proteins in postmortem brain tissues of 3 individuals. A
combination of in situ hybridization coupled with immunohistochemistry on adja-
cent sections allowed simultaneous detection of CYP2D6 mRNA and protein. How-
ever, discrepancies existed in the results indicating that the mRNA was more widely
distributed in the brain areas analyzed compared to the protein. Neuronal cells, as
well as glial cells, showed labeling for mRNA in such brain regions as the substantia
nigra, caudate nucleus, putamen, globus pallidus (nuclei of the basal ganglia rich in
dopaminergic neurons), hippocampus, hypothalamus, thalamus, cerebellum and
neocortex. In contrast, CYP2D6 protein was primarily localized in large principal
neurons, such as pyramidal cells of the hippocampus and cortex, and Purkinje cells
of the cerebellum. In glial cells, CYP2D6 protein was absent.

A different study examined the regional and cellular expression of CYP2D6 mRNA
and protein by RT-PCR, Southern blotting, slot blotting, immunoblotting and im-
munocytochemistry in humans. A significant correlation was found between mean
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mRNA and CYP2D6 protein levels across 13 brain regions. In hippocampus, this was
localized in CA1, CA2 and CA3 pyramidal cells, and dentate gyrus granular neurons.
In cerebellum, it was localized in Purkinje cells and their dendrites [11]. The above
studies provide evidence of CYP2D6 expression in certain regions of the CNS and
may indicate a role of CYP2D6 in specific psychological functions.

CYP2D6 and Endobiotic Metabolism

The CYP enzymes, beyond their contribution to detoxifying foreign chemicals such
as xenobiotics and drugs, are involved in the biotransformation of endobiotics. They
are also involved in the metabolism of endogenous substances, which may influence
both normal and altered physiological processes. In our earlier study on the result-
ing association between CYP2D6 and some personality traits (see below), we sug-
gested a role of CYP2D6 in the metabolism of endogenous psychoactive substrates
or products, hypothesizing its participation in the metabolism of a neuroactive
amine [16].

Different studies have been performed to elucidate the role of CYP2D6 in endog-
enous metabolism. In vitro studies have found that CYP2D6 is involved in the bio-
transformation of tyramine to dopamine (DA) [6, 17]. CYP2D6 has been also found
to be involved in the O-demethylation of the 3-carbolines harmaline and harmine
[18] and the regeneration of serotonin (5-HT) from 5-methoxytryptamine [18-20].
These studies suggest the potential influence of CYP2D6 polymorphism in the bal-
anced functioning of the DA and 5-HT endogenous systems. In keeping with this,
Kirchheiner et al. [21] tested whether PMs presented lower 5-HT concentrations in
platelets than UMs and EMs at 2 different moments, and found positive results. Also,
Ozdemir et al. [22] presented evidence for an explanatory model on the potential re-
lationships between CYP2D6 polymorphism and 5-HT and DA activity, where PMs
would present lower 5-HT levels but higher DA tone in the pituitary [23]. Interest-
ingly, alterations in 5-HT receptors or transporters in the brain causing a hyposero-
tonergic tone have been shown in humans to contribute to deficits in affect regulation
that can predispose to anxiety or stress-related disorders [24] or to different aspects
of impulsivity [25]. Therefore, the implication of CYP2D6 in personality could be
mediated by the influence of this enzyme activity in the serotonergic tone.

CYP2De6 is also implicated in the metabolism of other endogenous compounds
such as anandamide, the endogenous ligand to the cannabinoid receptor CB1 [26].
Other studies suggest the possibility that CYP2D6 may be involved in the regulation
of endogenous neuroactive steroids such as progesterone and its derivatives in brain
tissues [27, 28], which may also play a role in behavioral processes and psychological
traits.
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CYP2D6 and Psychological Functioning: Relevance of Personality Traits

CYP2D6 and Personality: Earlier Studies and Hypotheses

The first hypothesis postulating that CYP2D6 could have an endogenous neuroactive
substrate or product such as a biogenic neurotransmitter amine was put forward in 1993
by Llerena et al. [16]. After a series of studies, they presented the first evidence for the
potential impact of CYP2D6 on personality on the basis of preliminary observations
about the idiosyncratic personality profile of PMs by Bertilsson et al. [29]. This was the
tirst study using a psychological measure to establish differences between PMs and EMs.
In a population of healthy Swedish individuals who were also studied phenotypically,
PMs were reported as presenting lower psychasthenia than EMs [29]. Contemporane-
ously, Llerena et al. [30] found a greater frequency of CYP2D6 PMs among unrelated
volunteers involved in a clinical trial. Later, Llerena with Bertilsson, Shalling (who de-
velop the Karolinska Scales of Personality, KSP, used to evaluate personality) at the Ka-
rolinska Institute in Sweden, and other collaborators analyzed whether these differenc-
es were replicated in a large and independent population of unrelated healthy volunteers
from the University of Extremadura in Spain [16]. To this end, they compared previ-
ously phenotyped PMs with different groups of EMs classified according to their
CYP2D6 debrisoquine hydroxylation activity on the same psychological measure (KSP)
which, by then, had already been translated into Spanish [31, 32]. Again, PMs were shown
to present differences with respect to all groups of EMs. PMs in this population present-
ed higher levels of psychic anxiety and lower levels of socialization than all EM groups.

A second hypothesis based on the role of CYP2D6 in endogenous 5-HT metabo-
lism [19] postulated the existence of a hyposerotonergic/hyperdopaminergic tone in
PMs [22, 23, 33]. This proposal may well help to clarify the interpretation of findings
about the CYP2D6-personality relationship. A balance characterized by low levels of
5-HT and as a consequence by high levels of DA has been related to a cluster of be-
havioral traits, including impulsivity and anxiety, that have been found in CYP2D6
PMs [16, 34, 35]. Nevertheless, the relationship between CYP2D6 and personality in
different populations and cultures has yielded results associated either with low or
high levels of anxiety- or with impulsivity-related traits. This suggests that other im-
portant factors may be influencing the expression/direction of personality traits and
therefore may bias this relationship. Among such factors the most important one ap-
pears to be illness. In keeping with this, we have separated the studies according to
whether they were carried out on healthy or clinical samples to better discuss their
results in the light of current hypotheses.

The original studies on the role of CYP2D6 in metabolizing endogenous sub-
strates and the potential effects on behavior motivated a line of research that contin-
ues to the present. However, the apparent conflictive nature of some of these findings
and the new ones has, on occasions, led more to confusion rather than to under-
standing. We will review most of the studies designed to explore the relationship
between CYP2D6 and personality with the aim of clarifying the existing data.
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CYP2D6 and Personality Studies in Healthy Volunteers

As mentioned above, several studies have compared CYP2D6 PMs versus EMs in
healthy volunteer populations. Three of those studies used the same phenotyping
method as determined by debrisoquine hydroxylation capacity, and the same person-
ality measure (KSP) in Sweden, Spain, and Cuba [16, 29, 34, 35]. This relationship has
also been analyzed in healthy volunteers from Germany and Japan. However, those
studies were characterized by using a different methodological approach for CYP2D6
activity and personality [36-38].

In the first study in Sweden [29], PM participants presented lower ‘psychasthenia’,
a trait that is associated with lower fatigability, greater motivation and greater emo-
tion communication. Its measure is clearly linked to approach-focused behaviors in-
stead of to approach-avoidance ones, which is why some authors have related it to
‘novelty seeking’ or impulsivity [22, 35]. However, in the other 2 studies that followed
the same methodological approach, the results differed. In Spain [16], PMs versus an-
other 3 groups of EMs (classified according to their CYP2D6 activity) were found to
score higher in ‘psychic anxiety’ and impulsivity-related traits such as ‘low socializa-
tion’. In the third study in Cuba [34], designed to replicate the Spanish one, the same
results of ‘psychic anxiety’ and ‘low socialization’ were found among PMs. The fact
that these last 2 studies found the same pattern of responses appeared to point to a
biological phenomenon: that CYP2D6 variability relates to behavior regardless of the
environment. They were carried out in 2 different countries, with a time lag between
them of more than a decade, at different latitudes, and with different economic and
social development. However, there were other factors that were clearly shared by the
2 populations: a Latin background, language, cultural and historical factors, educa-
tion, age, etc. Also, the 2 studies used the same design and methodological approach.
On the contrary, the Swedish population appeared more heterogeneous and with a
greater mean age. This divergence in characteristics with regard to the sample com-
position and the differences in cultural and other aspects may have made participants
interpret the items to complete in the self-report questionnaire differently in Cuba
and Spain versus Sweden.

The relationship between CYP2D6 and personality in healthy volunteers has also
been analyzed in Germany and Japan. These studies were characterized by using a
different methodological approach. Firstly, they did not analyze the phenotype by
administering a probe drug such as debrisoquine or dextromethorphan. Instead, they
estimated the phenotype by genotyping. Secondly, they used different personality
measures, which makes comparisons across studies even more difficult. Thirdly, in
Germany, PM versus EM individuals were recruited in the community by newspaper
advertisement [36]. In that study, differences were only found between PM and EM
women. PMs were characterized by greater ‘consciousness’ in the NEO Personality
Inventory (NEO-PI) [39], which measures responsibility, orderliness and an aim for
achievement through perseverance. This trait has been consistently associated with
hard-working, perfectionist and reliable individuals, who show good performance
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across all job categories in several meta-analyses combining all kinds of studies using
the NEO-PI in different continents [40]. Indeed, the perfectionist and hard-working
characteristics measured by the ‘consciousness’ scale of the NEO-PI are personality
features linked to the functional or efficient effects of optimum anxiety levels, where-
as the pursuit of unrealistic standards would be linked to a lack of consciousness and
to affective and anxiety disorders. Therefore, all the above results may be interpreted
under the common label of functional psychic anxiety or perfectionism that may al-
low PMs to anticipate all potential outcomes in order to prepare themselves with the
result of increased performance and efficiency.

In Japan, 2 other studies on healthy volunteers [37, 38] also determined only the
CYP2D6 genotype, and personality was measured with the Temperament and Char-
acter Inventory (TCI). Neither study found any association between CYP2D6 vari-
ability and personality. The main problem with these studies was the very low num-
ber of PMs together with the very little CYP2D6 variability. Indeed, in the first study
by Suzuki et al. [37], there were no PMs given that they only analyzed differences be-
tween those individuals homozygous or heterozygous for the CYP2D6*10 variant
(with decreased but not null activity) and those with functional or wild-type alleles.
Therefore, no differences could be said to be found between EMs (¥*1/*1) and indi-
viduals with *10/*10 and *1/*10 genotypes. However, those with reduced CYP2D6
activity appeared to present a tendency to higher impulsivity (novelty seeking).

Similarly, in the second study [38], PMs were represented by just 1 subject with 2
null alleles (*5/*5). This PM was compared with the remaining 341 participants who
were separated into 3 groups of: ‘intermediate’ metabolizers with either 2 reduced
activity alleles or 1 reduced activity allele and 1 non-activity allele (e.g. *4/*10, *5/*10,
*10/*10), EMs with 1 or more wild-type alleles (e.g. *1/*1, *1/*2, *1/*5, *1/*10), and
UMs considered to be those with more than 2 copies of wild-type (e.g. *I/*IXN,
*1/*2XN). Despite there only being one PM (n = 1), this individual presented a higher
score on impulsivity (novelty seeking) than the mean, minimum, and maximum
scores found within EMs, intermediate metabolizers, and UMs, with the UMs being
the group (n = 4) that scored lower than the rest in this dimension. This PM also
scored lower on harm avoidance (a dimension considered a marker of depression and
other affective disorders) than the other groups’ scores (minimum and maximum) in
this dimension.

Controversy in Personality Studies in Healthy Volunteers

As noted above, personality trait studies in CYP2D6 PM versus EM healthy volun-
teers have yielded mixed results [16, 29, 34]. While in the first study in Sweden [29],
PM participants presented lower ‘psychasthenia’ (associated with lower fatigability
and greater motivation and emotion communication), PMs from Spain [16] and Cuba
[34] scored higher in ‘psychic anxiety’ and impulsivity-related traits such as ‘low so-
cialization’. The sources of variability in the CYP2D6 activity-personality relation-
ship in these healthy volunteer studies might be due to recruitment procedures (as
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discussed above) and the participants’ differences in education or other environmen-
tal factors including culture. The studies in Spain and Cuba used the same method-
ological approach, and identical recruitment procedure and participant type (univer-
sity students and staff in hospitals and medical schools, of about the same age). How-
ever, the recruitment in Sweden was different, and the population was more
heterogeneous and older. Thus, the characteristics of healthy volunteers related to
cultural, educational and recruitment factors, among others, might be linked to a
population selection bias, which may be the cause of differing results across studies
in the relationship between personality and CYP2D6.

Differences found in the other studies analyzing the relationship between
CYP2D6 genetic polymorphism and personality in Germany [36] and Japan [37, 38]
may additionally be related to different sources of variability related to the study’s
methodological approach. Firstly, the evaluation of CYP2D6 hydroxylation capacity
was extrapolated from the genotype, since the actual enzyme hydroxylation capacity
(phenotype) was not studied. Therefore, differences in the relationship between
CYP2D6 pheno- and CYP2D6 genotype may affect the results. Secondly, differences
in personality evaluation may occur since NEO and TCI were used in Germany and
Japan, respectively, whereas KSP was used in Sweden, Spain, and Cuba. Thirdly, there
were the differences in the kinds of participants who were recruited.

In conclusion the sources of variability in the CYP2D6 activity-personality rela-
tionship in healthy volunteer studies might be due to participant differences in factors
such as age, sex, ethnic background, culture, and education due to recruitment pro-
cedures and population characteristics. Differences may also be due to CYP2D6 and
personality evaluation procedures. Furthermore, there might also be a personality-
linked population selection bias concerning all healthy volunteers participating in
biomedical studies that involve an invasive procedure as well as responding to a psy-
chological measure protocol. This self-selection bias aspect will be analyzed in more
detail below.

CYP2D6 and Personality Studies in Clinical Settings

There are 2 studies that have evaluated personality differences between PMs and EMs
detected in clinical populations. The first of these was carried out on ‘healthy’ Ma-
laysian individuals who were in hospital to undergo orthopedic surgery [41]. These
Asian participants were compared regarding personality on the basis of their geno-
types. Again, no PMs were detected, but the researchers clustered all those with null
or reduced activity alleles under the label of ‘slow’ (*4/*10; *5/*10; *10/*10; *10/*17),
and those with at least 1 null or reduced activity allele under the label of ‘intermedi-
ate’ (¥1/*4, *1/*5; *1/*9; *1/*10), and compared them with those that they considered
normal (*1/*I). Participants were evaluated on a measure of ‘type A personality’, a
behavioral pattern characterized by tenseness, impatience, urgency and aggressive-
ness, which often results in stress-related disorders. Both groups including partici-
pants carrying alleles with reduced or null activity (the ‘slow’ and ‘intermediate’
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groups) scored lower on ‘type A personality’ or on the vulnerability to develop a
stress-induced disorder [41].

The other study included patients suffering from major depressive disorder in New
Zealand [42]. PMs in this group (n = 8) versus EMs (n = 113) were found to score sig-
nificantly lower on anxiety-related traits. These genetically determined CYP2D6 PMs
versus EMs scored lower on the TCI-R ‘harm avoidance’ and all its subscales, ‘“fear of
uncertainty’, ‘fatigability’ and ‘shyness’, with the exception of ‘worry/pessimism’, a
trait closely related to psychic anxiety and perfectionism [42]. Curiously, the overall
score on these ‘harm avoidance’ scales, in which PMs scored lower, is proposed as an
endophenotype or marker for the development of depression. Furthermore, these
PMs scored higher on impulsivity related traits (novelty seeking score), although this
association did not reach significance. These data seemed to suggest that PMs recruit-
ed in clinical samples or settings, who are exposed to more stressful conditions, report
personality features that are often negatively associated with severity and duration of
psychopathology [43]. Since these studies did not report on the history of psychopa-
thology or clinical evolution, it is difficult to draw conclusions about the potential
effects for the development of pathology in PMs.

CYP2D6 and Personality Studies: Population Selection and Evaluation Bias

The aforementioned differences in the relationship between CYP2D6 and personal-
ity may be due to a population selection bias, where self-proclaimed healthy volun-
teers may include not only healthy but also ‘clinical’, ‘subclinical” or individuals vul-
nerable to psychopathology, or experiencing episodic distress. It is known that a per-
centage of subjects participating in studies including personality measures present
disordered personality features related to mental disorders [44-50]. This bias may be
reduced by including a psychopathological screening of the participating healthy vol-
unteers.

Therefore, in order to evaluate this potential bias, we have analyzed the relation-
ship between CYP2D6 and personality in healthy volunteers, controlling for their his-
tory of psychopathology and psychological status as explained in the following [35].
Firstly, participants underwent a general psychiatric interview in order to detect his-
tory of any psychiatric problem or psychotropic treatment (psychopathology). Sec-
ondly, once we selected those free of psychiatric disorders, general episodic distress
was evaluated with the Symptom Checklist-90-Revised (SCL-90R) [51] at the moment
of the evaluation. Personality was evaluated with 2 of the most frequently used mea-
sures, the KSP and TCI [35].

Consistent with the aforementioned studies, a group of participants who consid-
ered themselves healthy volunteers were found to present a history of psychiatric dis-
orders or psychopharmacological treatment. Thus, it appears that if healthy volunteer
studies do not include a psychiatric interview, disordered people may be considered
to be healthy, thus biasing the results.
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Furthermore, when psychological status was evaluated in those without psychiat-
ric problems, interestingly all PMs scored below the cutoff score suggestive of distress
(‘positive affect’). However, EMs were found both below and above the cutoff point
(‘positive’ and ‘negative’ affect, respectively). This is important because experiencing
positive or negative mood at the moment of evaluation may also influence the evalu-
ation of personality. In order to evaluate the potential relevance of psychological dis-
tress for assessing personality, KSP and TCI were compared between subjects with
‘positive’ versus ‘negative’ affect within the EM group. Most KSP subscales (with the
exception of monotony avoidance and impulsivity) and TCI scales (with the excep-
tion of novelty seeking and reward dependence) were different between those groups
[35]. These results clearly indicate that general distress at the moment of evaluation
may bias the resulting relationship between CYP2D6 and personality.

These findings appear also to be pertinent for another potential bias about an over-
representation of certain personality features among participants in biomedical re-
search. It has been reported that they usually present higher than normative scores
on impulsivity and related features (novelty or sensation seeking, monotony avoid-
ance, etc.) [52, 53]. In keeping with that, we found an over-representation of CYP2D6
among healthy volunteers participating in a clinical trial [30].

To further explore how distress at the moment of personality evaluation could bias
personality results, we decided to compare the mean KSP scores obtained for the
whole population in our 2 previous studies in Spain [16] and Cuba [34] with mean
KSP personality scores obtained in the groups with distress and without distress from
this population [35]. We found that there were no differences in any subscale between
mean KSP scores from the study in Spain [16], Cuba [34] and the group with distress
of the last Spanish study [35]. Again, consistently with the ‘impulsivity’ bias found in
biomedical research participants, the above 3 groups presented differences in all KSP
personality scales from the positive affect group in the last Spanish study [35], with
the exception of the scales of ‘impulsivity’ and ‘monotony avoidance’

Personality Characteristics of PMs: Current Knowledge and Scientific Bases

PM Personality in Healthy Volunteers

In our latest study [35], we found that genotypically inferred PMs scored higher than
EMs on impulsivity in both the KSP and TCI personality measures. Furthermore,
when comparing PMs versus EMs on SCL-90R, all PMs were found to score below the
cutoff score suggestive of distress. Then PMs versus the subgroup of EMs who scored
below the cutoff point (those without distress and presenting ‘positive affect’) scored
higher not only in impulsivity but also in perfectionism on the TCI. Impulsivity can
be functional in the absence of emotional distress, but dysfunctional when used to
deal with it. Perfectionism is one of the subscales of the temperament trait of persis-
tence. It can also be functional and increase behavioral performance if not associated
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with pathological affective disorders, in which case it would measure the pursuit of
unrealistic standards and reduce performance. These results suggested that psycho-
logically healthy PMs versus EMs present greater impulsivity and perfectionism in
the absence of distress. As previously discussed [35], these findings also suggested the
relevance of controlling for psychopathology even in healthy volunteer studies be-
cause psychopathology may bias results on personality. In particular, the analysis of
differences in the personality of those EMs who scored below and above the cutoff
point for distress showed that these 2 groups displayed differences in all KSP scales
except impulsivity and monotony avoidance.

According to present knowledge, some of the results seem to allow us to hypoth-
esize about the main personality characteristics of CYP2D6 PMs, which seem main-
ly related to impulsiveness and anxiety-related traits (e.g. perfectionism). These re-
sults will be discussed in the light of the hypothesized potential hyposerotonergic/
hyperdopaminergic balance in PMs. The relevance of other neurotransmitters and
receptors will also be discussed.

Impulsiveness with Anxiety/Perfectionism’ and 5-HT/DA Balance

First, a wide variation in impulsive responses has long been observed in relation to
5-HT deficits [54]. In particular, it appears that 5-HT deficits influence the cognitive
processing of emotional cues, with unexpected cues being changed from rewarding
to punishing. Furthermore, impulsivity has also recently been shown to apparently
be related to both hypo- and hyperfunctioning of the DA system [55, 56], suggesting
an inverted U-shaped relationship between DA and impulsivity. Therefore, it is sug-
gested that impulsivity encompasses a variety of related phenomena that may differ
in their biological bases due to the range of behaviors that the term may describe. In
particular, while impulsivity is part of normal everyday behavior, it can also be asso-
ciated with neuropsychiatric disorders such as attention-deficit/hyperactivity disor-
der and mania which are related to hypo- and hyperdopaminergic tone, respectively
[57-59]. Second, perfectionism and persistence (the temperament trait in which the
TCI includes perfectionism) have been related to increased DA and decreased 5-HT
synthesis. Perfectionism has recently been related to the -521C allele of the promoter
region of the dopamine D4 receptor (DRD4) gene, which increases the efficiency of
the gene expression in comparison with the -521T allele [60]. Since this gene codes
for a protein distributed in brain areas relevant for the regulation/motivation of cog-
nition, emotion and behavior, as does CYP2D6 (frontal cortex, striatum, hippocam-
pus, cerebellum) [11], greater extracellular dopaminergic tone in such brain areas
might influence perfectionism.

On the other hand, persistence (hard-working and perfectionist individuals) was
associated with the presence of homozygosity for catechol O-methyltransferase
(COMT; val/val or met/met genotypes) in conjunction with the short allele of the
5-HT transporter gene (5-HTTLPR) [61]. Another significant interaction with persis-
tence has been found between the dopamine transporter (DATI) and the 102T/C
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polymorphism of the 5-HT,4 receptor gene 5HT2A homo-/heterozygous gene vari-
ants [62]. These data suggest that an interaction between greater DA functioning and
lower 5-HT in healthy volunteers might influence the temperamental personality
traits of persistence and perfectionism.

CYP2D6 PMs and Personality: ‘Psychopathology’ in Healthy Volunteers

The aforementioned results [35] related to greater impulsivity and perfectionism in
PMs have normally been associated with personality psychopathology. However, in
that study these personality features appear in conjunction with low psychopatholo-
gy. Recent accounts suggest that impulsivity is dysfunctional when associated with
negative affect and the ‘urgency’ to dampen this distress through maladaptive coping
[63]. This could be due to the individual’s lack of tolerance and perseverance during
frustration or fatigue. ‘Perfectionism’ in clinical populations is similarly character-
ized by anxiety due to excessively high performance standards and overly critical self-
evaluations [64]. ‘Perfectionism’ in individuals with no psychopathology forms part
of a healthy pursuit of excellence associated with higher academic achievement and
aptitude test performance [65].

These findings appear to be consistent with the personality characteristics found
in PMs compared with EMs adjusted by vulnerability to psychopathology, who
showed greater KSP ‘impulsiveness’, but also greater perfectionism (pursuit of per-
sonal high standards despite fatigue). These results appear also to be in keeping with
animal studies that induced fatigue through sustained exercise, in which fatigue cor-
related with increased 5-HT and decreased DA extracellular concentrations [66].

The 5-HT/DA balance hypothesis may help to make sense of the apparently con-
flicting results of studies analyzing the relationship between CYP2D6 and personal-
ity in healthy volunteers. For instance, lower psychasthenia implies greater energy,
motivation, or functional impulsivity [29], and greater consciousness may reflect a
construct similar to functional perfectionism [36]. Future research needs to address
gene-adverse environment interactions by controlling the effect on personality of
psychopathology or the induction of distress [48, 49, 67], and by controlling 5-HT and
DA levels in PMs versus EMs. It will also need to consider whether there might be
variation in PM personality across populations as a result of the influence of other
genes and environmental factors.

CYP2D6 PMs and Vulnerability to Psychopathology: Studies on Patients

The findings described above on the relationship between CYP2D6 genetic polymor-
phism and personality traits and psychological functioning may help to understand
the involvement of CYP2D6 in psychopathology. CYP2D6 and related 5-HT and DA
polymorphic genes may lead to differences in schizophrenia patients with regard to
their variability in antipsychotic drug response and their constitutive psychophysio-
logical processes and symptoms. We found a lower frequency of PMs among schizo-
phrenia patients [68], consistent with earlier studies which also reported a lower fre-
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quency of PMs in schizophrenic patients than in healthy volunteers [69, 70]. Other
studies, however, found no such differences between the observed and expected fre-
quency of CYP2D6 PMs in schizophrenic patients [71-75]. These other studies need
to be interpreted with caution since they only analyzed 2 or 3 defective variant
CYP2De6 alleles (*3, *4, and/or *10) as causing PM status, and/or used a different con-
trol group, e.g. non-psychotics. To summarize, in the light of the present data, the as-
sociation between CYP2D6 genetic polymorphism and schizophrenia is still contro-
versial. The reported differences in CYP2D6 inactive alleles between patients and
healthy volunteers [68] needs to be replicated.

Given the relationship between the personality characteristic of anxiety in PMs
and the hypothesized lower 5-HT in these individuals, a study tested whether elderly
CYP2D6 individuals carrying 2 null alleles (*4/*4) were more predisposed to anxiety
and depression disorders [76]. However, no such associations were found, although
another study found an increased frequency of UMs among women with late preg-
nancy or post-partum depressive symptoms [77].

CYP2D6 PMs and Neurocognition

Low 5-HT or increased DA in the brain have also been related to alterations in neu-
rocognition. In particular, low 5-HT has been associated with exaggerated aversive
and impulsive cognitive processing of emotional stimuli [54]. Optimal DA function
in brain has been shown to be crucial for motor activity, motivation, and such cogni-
tive processes as attention and memory [78]. Consequently, we decided to explore
whether PMs and EMs presented differences in the control of cognitive functioning
under distress [35]. Participants were evaluated on objective, computerized, non-lin-
guistic, and culturally blind cognitive tests (www.cantab.com). In all the cognitive
functions assessed, PMs were only different from EMs in ‘rapid visual information
processing’ (RVP), a test of sustained attention. When controlling for general psycho-
pathology, PMs also showed better performance on spatial working memory, a cogni-
tive function related to RVP which may also prevent disorders such as schizophrenia
[35]. Good performance in these functions also requires optimal dopaminergic func-
tion [79], but does not appear to depend on 5-HT [80].
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Pharmacogenetics of Schizophrenia:
Bringing ‘Order to Chaos’ in the
Psychopharmacology of Schizophrenia?
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Abstract
The inherent wide interindividual variability in response and tolerability of side effects in the treat-
ment of schizophrenia itself provides a compelling rationale for the great potential of pharmacoge-
netics. Moreover, this potential is consonant with the broader public health directive toward per-
sonalized medicine. Within schizophrenia, the progress thus far has been modest in both the
treatment response and adverse effect domains. This chapter chronicles the progress made in the
quest for pharmacogenetic predictors in the treatment of schizophrenia.

Copyright © 2010 S. Karger AG, Basel

By any measure - and especially with regard to its treatment — schizophrenia is a
highly heterogeneous disorder. A continued debate in our field that is of great rele-
vance to the area of pharmacogenetics is whether schizophrenia is actually etiologi-
cally heterogeneous - that is a collection of several conditions that arise from different
pathobiological bases — or whether schizophrenia is (merely) symptomatically hetero-
geneous [1]. Certainly, every clinician knows well that the presentation and course of
illness varies widely between patients. Irrespective of whether you ascribe this hetero-
geneity to neurobiology or course alone, this variability in schizophrenia itself is the
‘baseline condition’ upon which pharmacogenetic examinations begin. This is an im-
portant consideration.

Clinicians also know that there is wide variability in patients’ response and toler-
ability of any given antipsychotic medication. The advent of second-generation anti-
psychotic medications (SGAs) alongside the first-generation antipsychotic medica-
tions (FGAs) has broadened the treatment options for patients. However, in large part
the dilemma remains the same: at present, the selection of an antipsychotic is more
on a ‘trial and error’ basis rather than based upon any robust rationale.



Table 1. Current contextual issues in the psychopharmacology of schizophrenia

Diagnostic Drug choice Drug profile
- Overlap between schizophrenia - Areolderand new - How do we predict and manage
and bipolar disorder. anti-psychotics really weight gain and metabolic
- Is schizoaffective disorder a different in efficacy? disturbances?
valid and useful nosological - Do SGAs really differ in efficacy - Is dopamine D, receptor binding
entity? among each other? necessary and sufficient for
- Can we really identify - Whatis the best drug to start antipsychotic efficacy?
schizophrenia in its prodromal with? - How do you balance drug
stages? - When should other drugs be efficacy and drug tolerability
used? over the course of illness?
- Does antipsychotic - Can biomarkers help to guide
polypharmacy work? clinical decisions?

Set against both the variability of schizophrenia and its treatment, pharmacoge-
netics at least offers the promise of ‘bringing order to the chaos’ in the psychophar-
macology of schizophrenia [2]. However, ‘promise’ is the operative term, and there
are substantial theoretical and methodological challenges in this emergent field of
pharmacogenetics. Thus, in this chapter we will describe and discuss these impor-
tant contextual issues rather than simply recount findings from disparate pharma-
cogenetics studies. We will also, however, enumerate key studies that provide im-
portant findings for treatment responsivity and medication tolerability in schizo-
phrenia.

Pharmacotherapy of Schizophrenia: Contextual Issues for Pharmacogenetics

In considering pharmacogenetics, the state of pharmacotherapy in schizophrenia
first needs to be briefly reviewed (table 1). Several excellent recent reviews and me-
ta-analyses provide the reader with a more comprehensive evaluation. At the pres-
ent time, our field is hotly debating the relative merits of FGAs versus SGAs [3, 4].
Several large pragmatic studies have been published [5-9] which, when taken col-
lectively, affirm the earlier observation of great inherent variability between pa-
tients so that ‘mapping the right drug to the right patient’ remains challenging. Thus
far, drugs with antipsychotic activity appear to bear at least some relationship to a
blockade of dopamine receptors. Antipsychotic efficacy appears to be tied - at least
to some extent — to dopamine (D,) blockade. Recent enthusiasm that glutamate
alone might be a distinct target has been dampened by the results of a recent trial of
a glutamatergic drug that had shown initial promise [10]. Additionally, these drugs
have highly variable pharmacologic profiles at several other neuroreceptors. This
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has also been an important area of focus in pharmacogenetics (see below). Perhaps
the area of greatest clinical distinction between antipsychotics is in adverse effect
profiles. Extrapyramidal side effects and tardive dyskinesia (TD) are more common
with FGAs than SGAs [11]. Rates of TD are still about 10 times less with SGAs. On
the other hand, SGAs are more associated with weight gain and metabolic distur-
bances [12]. In the large CATIE study, 40% of patients met the criteria for the meta-
bolic syndrome [13]. In a first-episode study (CAFE), 13% of patients met the crite-
ria for the metabolic syndrome [14]. Prediction of weight gain and risk for meta-
bolic syndrome has been a productive area of current pharmacogenetic research (see
below).

Brief Overview of the Genetics of Schizophrenia: Implications for
Pharmacogenetics

Although the genetics of schizophrenia are highly complex, overwhelmingly the evi-
dence from familial, twin, and now a host of association studies collectively points to
a genetic basis for schizophrenia [15-19]. While a comprehensive review of genetic
studies is clearly beyond the scope and intent of this section of the paper [for a syn-
thesis of recent findings, see 15, 17, 19], most notably the study of the genetics of
schizophrenia has advanced alongside traditional familial and twin association stud-
ies to now also become increasingly molecular in focus [18, 20]. There has been a great
deal of interest in polymorphisms in the Val/Met alleles of the catecholamine-O-
methyl transferase gene in explaining frontal lobe functional deficits in schizophre-
nia [21]. Many other studies have shown abnormalities in several genes that code for
neurodevelopment (e.g. dysbindin, neuroregulin, DISC, SNAP-25) and for trophic
factors (e.g. BDNF) [16, 18, 22, 23]. These ‘susceptibility genes’ regulate proteins and/
or biological processes that have also been implicated through other neurobiological
(e.g. postmortem) studies in schizophrenia. For example, dysbindin is a neurodevel-
opmental protein gene that is found on chromosome 6. Decreased levels of dysbindin
mRNA have been noted in the dorsolateral prefrontal cortex in schizophrenia pa-
tients [24], and variants in expression of components of the dysbindin gene have been
reported in patients with schizophrenia [25-27]. Studies of large pedigrees have also
shown a linkage signal on chromosome 10 as well as genetic variations in the gene
that encodes for neuregulin [28, 29] — another neurodevelopmental gene that has been
implicated in schizophrenia [30]. At present, these genetics investigations do not con-
verge in mechanistic approaches that are used to inform pharmacogenetic investiga-
tions. Perhaps some greater confluence may occur as the field of pharmacogenetics
matures further.
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Findings Thus Far from Pharmacogenetic Studies in Schizophrenia

Pharmacogenetic studies of antipsychotic response and adverse effects in schizophre-
nia have examined both the pharmacodynamic and pharmacokinetic attributes of
antipsychotic medications. Research on genetic variations of pharmacodynamic fac-
tors involved in the antipsychotic response has focused on polymorphisms of genes
that code for dopamine, serotonin, histamine, muscarine, glutamate and adrenergic
receptors (neurotransmitters observed to be altered in patients with schizophrenia).
The pharmacokinetic studies have investigated genetic variants in enzymes known to
be involved in antipsychotic metabolism.

Pharmacodynamic Factors

Numerous studies have evaluated the potential of pharmacogenetics to predict the
response to antipsychotic medications [31, 32]. In a first-episode study comparing ris-
peridone and olanzapine, Lenz et al. [33] reported that a polymorphism of the dopa-
mine D, promoter gene (specifically the possession of either the -241C allele or the
-141C Del allele) was associated with an enhanced treatment response during 12
weeks of treatment. There were no differences between either risperidone- or olan-
zapine-treated patients. Lane et al. [34] examined another polymorphism of the do-
pamine D, receptor - in this instance a polymorphism of serine (Ser 311 Cys) — in 123
patients with schizophrenia. Patients with the Ser 311 Cys allele (n = 12) showed a
more robust response to antipsychotics. In a study of Chinese patients with first epi-
sode psychosis, Reynolds et al. [35] found no association between another dopamine
receptor polymorphism - the Ta21A polymorphism of the dopamine D; receptor —
and treatment response in 117 patients treated for 10 weeks with either risperidone or
chlorpromazine.

However, Reynolds et al. [36] did find an association between the polymorphism
(759D C/T) in the 5SHTR2C promoter region that was associated with improvements
in general and negative (but not positive) symptoms. Ellingrod et al. [37] found a re-
lationship between response to olanzapine and another 5SHTR2C polymorphism (Cys
23 Ser) in a study of 41 patients with chronic schizophrenia. Polymorphisms of the
5HT2 A receptor have been shown to be associated with treatment response, most
notably in an initial and influential early study by Arranz et al. [38] which reported
that possession of the 102C allele of the SHT2 A receptor predicted a poor response
to clozapine. Lane et al. [39] reported contradictory findings in relation to treatment
with risperidone.

Yamanouchi et al. [40] found no association between 5SHT2A polymorphisms and
treatment response in a short-term study of 73 patients with schizophrenia. Lane et
al. [34] reported several associations between polymorphisms of the SHTR6 gene and
treatment response. Lin et al. [41] examined treatment response in relation to a poly-
morphism of a gene that codes for P-glycoprotein, which has been shown to transport
certain SGAs across the blood brain barrier. They found that the 3435 genotype pre-
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dicted positive symptom response to olanzapine treatment. Most recently, genotypic
analysis was incorporated into the registration clinical trials for a novel antipsychot-
ic, iloperidone [42]. Here a 6-marker genetic combination was associated with treat-
ment response to iloperidone during a 4-week study. Seventy-five percent of patients
with this genetic combination showed a response to iloperidone, as opposed to the
response rate of 37% among the remainder of patients. Incorporating genetic analyses
into antipsychotic drug development and early clinical trials programs is a substantial
advance for our field. However, to date, pharmaceutical companies have been reluc-
tant to use this approach, particularly as it has the potential to limit or ‘pigeon-hole’
the use of a new compound toward a subset of patients. In contrast, federally funded
treatment studies proved a great opportunity to search for pharmacogenetic markers
of treatment response. In this regard, the results of pharmacogenetic evaluations of
treatment response in the schizophrenia CATIE study are rather salutary [43, 44].
Despite a large sample size and excellent clinical trial methodology, the assessments
and analyses of polymorphism of many of the genes noted above failed to reveal any
robust relationship to treatment response. A later and broad analysis of some 2,767
polymorphisms detected some weak associations, although the authors acknowledge
that this may in part be due to the large number of comparisons in this analysis [44].
In balance then, examining functional polymorphisms of both dopamine and sero-
tonin receptor genes has provided some associations with treatment response, al-
though overall the signal appears weak and no reproducible focus emerges from these
studies.

The relationship of receptor polymorphisms to adverse effects of antipsychotic
medications appears to be more robust - as evident from the literature thus far. Sev-
eral studies have examined polymorphisms of the dopamine D,, D3, and D, receptor
substance and presence of TD. The results of these studies have been largely positive,
with exceptions noted. These associations appear more robust than for 5SHT2A or
5HT2C and the presence of TD. Early on, it was reported that patients of Aschenaz
Jewish ethnicity had a heightened risk of developing agranulocytosis during treat-
ment with clozapine [45]. This relationship was not confirmed in subsequent studies.
However, a commercial genetic test for clozapine-induced agranulocytosis has been
developed [46]. Potentially, this could predict whether a patient might be at risk of
developing agranulocytosis upon exposure to clozapine. Such a test could influence
the selection of patients for clozapine and/or the closer hematologic monitoring of
patients who might be at risk early on during treatment with clozapine.

Although agranulocytosis was the adverse effect of greatest concern to clinicians
when clozapine became available, it soon emerged that weight gain and metabolic
disturbances are more worrisome side effects of this drug - and now this also ap-
pears to be the case for all SGAs [47]. Accordingly, the prediction of weight gain and
metabolic disturbances during treatment with SGAs is a major focus of pharmaco-
genetics in schizophrenia. Reynolds et al. [48] first reported that possession of a T
allele of the 5HT2 receptor was associated with weight gain during treatment with
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either risperidone or chlorpromazine. They found a similar relationship for cloza-
pine therapy, also partly replicated in a study by Miller et al. [49] in a population re-
ceiving 6 months of clozapine therapy. However, studies by Basile et al. [50] and by
Tsai et al. [51] did not replicate this association in clozapine-treated patients. Ellin-
grod et al. [52] did replicate this association in patients who were being treated with
olanzapine.

Several studies have also examined the mechanistic pathways to weight gain and
metabolic disturbances. Polymorphisms in the leptin gene have been associated with
weight gain [53]. Jin et al. [54] provide a comprehensive review of the relationships of
leptin, weight gain, and antipsychotic treatment. Ellingrod et al. [52] evaluated the
relationships between methylenetetrahydrofolate reductase (MTHFR) activity and
indices of the metabolic syndrome in 58 patients with schizophrenia. They observed
a 4-fold increased risk of metabolic syndrome in patients with the 677T allele of
MTHEFR. They also found elevated insulin levels in patients with the 677T allele.
Souza et al. [55] report a meta-analysis of association studies of the GNB3 gene and
weight gain with antipsychotics. Overall, there appears a more consistent pattern of
pharmacogenetic associations for antipsychotic-related side effects than for therapeu-
tic response.

Pharmacokinetic Factors

Various cytochrome P450 (CYP) isoenzymes have been shown to affect the metabo-
lism of various antipsychotics leading to interest in whether mutations in the genes
that code for the enzymes predict response and adverse effects with antipsychotics.
CYP2D6 is the main metabolic pathway of a number of older antipsychotics (chlor-
promazine, thioridazine and haloperidol) as well as several newer antipsychotics (ris-
peridone and aripiprazole). In a naturalistic study of haloperidol treatment, Brock-
moller et al. [56] found a trend towards increased CYP2D6 activity and lower thera-
peutic efficacy and significantly higher ratings of parkinsonism in poor metabolizers
of CYP2D6. The other studies that have investigated CYP2D6 activity have found no
relationship between CYP2D6 genotype and therapeutic effects of the older antipsy-
chotic drugs. Several studies have shown that CYP2D6 variants did not predict re-
sponse to risperidone, but predicted the ratio of the parent drug to metabolite and
adverse effects [57-59]. Another CYP enzyme, CYP1A2, is involved in the main met-
abolic pathway of clozapine and olanzapine. However, CYP1A2 polymorphisms have
not been shown to significantly influence clozapine metabolism [60], but delays in
response to clozapine have been observed in individuals with the ultrametabolizer
phenotype [61, 62]. In addition, the combination of high inducibility CYP1A2 alleles
and smoking has been found to result in reduced clozapine plasma concentrations
[63]. The CYP3A4 enzyme has been shown to be involved in the metabolism of
aripiprazole, quetiapine, risperidone and to a lesser extent clozapine and ziprasidone.
To date, no significant reports of an association of the identified variants of CYP3A4
with antipsychotic variability or response have been published. Likewise no signifi-
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Table 2. Considerations that could impact the therapeutic potential of pharmacogenetics in schizophrenia

Patient variables Measurement variables Treatment variables
- Diagnosis - Definition(s) of treatment responses - Study durations
- lliness onset and duration - Measurement scale(s) used - Druguse
- Clinical heterogeneity — Duration of observation - Presence of concomitant
- Medical and psychiatric - Physiological indices (e.g. insulin medications
comorbidities sensitivity, leptin levels) and their
- Extent of prior treatment- measurement issues
refractoriness - Technical aspects of pharmacogenetic
blood tests

cant response associations have been reported with the polymorphic CYP3A5, an
enzyme reported to contribute to antipsychotic metabolism [64].

Thus at the present time, the use of pharmacogenetics of antipsychotic kinetics
may be clinically useful for predicting dose in special cases and for certain antipsy-
chotics, while their usefulness in predicting clinical response must be further ex-
plored.

There is also a series of studies examining the association between TD and the cy-
tochrome P450 genes CYP2D6 and CYP1A2. The majority of studies found that mu-
tations resulting in reduced 2D6 activity (and presumably in higher plasma concen-
trations of antipsychotic medications) were positively correlated with higher AIMS
scores and the development of TD [65-68]. Conversely, Sachse et al. [67] found that
the CYP2D6 polymorphisms did not predict TD but that CYP1A2 polymorphisms
were significantly associated with TD. Basile et al. [69] reported that patients who
were homozygous for the C allele of the CYP1A2 gene had significantly higher AIMS
scale scores. This finding was not replicated in a study by Schulze et al. [70].

Methodological Considerations in Optimizing Pharmacogenetic ‘Signals’ in
Schizophrenia Research

The extent to which the ‘promise’ of pharmacogenetics might be realized in schizo-
phrenia research - ‘bringing order to chaos’ and heralding the clinical expression of
personalized medicine - is in part dependent on several factors (table 2). Just as in ‘clas-
sical genetics’, the ability to detect any meaningful signal in pharmacogenetics studies
is dependent upon careful diagnostic assessment. This may seem too intuitive to mer-
it attention, yet the trend in clinical trials research today toward large pragmatic trials
may be contributory. These studies include heterogeneous patient populations with
psychiatric and medical comorbidities which might obfuscate pharmacogenetic asso-
ciations, especially if these are weak and/or only observed in combination. The lack of
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robust associations in the CATIE schizophrenia study is noteworthy and this study,
while exceptionally large, did enroll an impressively heterogeneous patient population.

Another very important consideration here is ethnicity of the study population [31,
71]. It is likely that the results in various studies of response and adverse effects may
also be related to ethnicity. This is most evident for investigations of the CYP2D6 cy-
tochrome system which is well known to vary substantially in expression according
to ethnicity.

It is also unclear whether pharmacogenetic associations are likely to emerge as
class related (i.e. weight gain associated with all SGAs) or drug-specific (e.g. 5SHT2
receptor -759C/T association with clozapine-related weight gain but not with other
SGA:s). Clearly, clues in either direction would support a more tailored research focus
in later studies.

It is also important to appreciate that pharmacogenetic studies are subject to the
same methodological issues that conspire against positive therapeutic findings in psy-
chopharmacologic research: Was the right dose of the antipsychotic used for the
study? Was the duration of the study long enough to observe a therapeutic response?
Was this a study population ‘capable’ of showing a therapeutic response or did the
investigators unwittingly choose a more refractory patient sample for this treatment
study?

It is also evident that definitions of treatment response differ substantially across
studies, reflecting the current state of methodology within psychopharmacology. For
example, the study of Arranz et al. [38], which showed an association between symp-
tom response to clozapine therapy and 5HT2C, was based upon scores on the Global
Assessment of Functioning Scale. This is a reasonable approach. However, of course
it should not be a surprise that subsequent studies using the Brief Psychiatric Rating
Scale or other measures did not replicate this initial finding. The conventions for de-
fining treatment response in schizophrenia also vary across studies — some apply a
percent change from baseline ratings, some apply composite measures, and increas-
ingly studies are considering remission and recovery as therapeutic outcomes [72]. In
terms of evaluating the capacity of pharmacogenetics to provide a predictive signal,
this variance in measurement and definition of treatment response is indeed shifting
ground which must surely contribute to the inconsistency in results across pharma-
cogenetic studies. In this regard, it may well be that adverse effect profiles may be a
more tangible measure to advance pharmacogenetic investigations in schizophrenia.

Pharmacogenetics: ‘Bringing Order to Chaos?’
Personalized medicine, while not quite inculcated into current clinical care, is loom-
ing large as the next transformation of healthcare [73-75]. Synderman and Dinan [76]

articulate a fundamental shift from a ‘find it, fix it’ model of care to a ‘personalize it,
predict it’ model (table 3). This is extremely exciting and provocative. Already, we can
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Table 3. Evolution toward personalized medicine

Current approaches Personalized care

- Disease diagnosis - Risk identification and analysis

- Identifying overall risk factors - Delineating personalized ‘risk factor’ profile

— Developing a treatment plan - Constructing personalized care plan

- Algorithm-based care - Personalized individual risk-based care

- Global preventative approaches - Individual wellness and risk reduction management

Derived from Snyderman and Dinan [76].

see glimpses of this potential, as evidenced in the pharmacogenetics of anticoagulant
therapy [77] and in increasingly refined and genetics-guided approaches to cancer
chemotherapy [78]. Psychiatry — and in this instance, the treatment of schizophre-
nia - deserves no less.

If either therapeutic response and/or tolerability to antipsychotic medications have
a neurobiological basis that is genetically regulated, then the promise of pharmaco-
genetics remains considerable. If we could select the initial choice of antipsychotic for
a first-episode psychosis patient based upon his/her genetic profile, this would be
paradigm-breaking for psychopharmacology. If we could predict which patient is go-
ing to develop antipsychotic-induced diabetes mellitus for a given drug, we would
avoid exposure to that agent. If we knew which genes were important to treatment
response with one drug and that they differed between drugs, we could make rational
decisions about which drug to try next when the patient fails on the present antipsy-
chotic. All, or even any, of these advances would represent substantial progress in
psychopharmacology and they would take us well beyond the repeated ‘trial and er-
ror’ of current treatment.
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Abstract

Pharmacotherapy of depression is characterized by poor predictability of individual response. In
addition to pathophysiological and environmental factors, genetic factors appear to play an impor-
tant role in determining differences in treatment outcome of antidepressant drugs (ADs). In recent
years, a number of pharmacogenetic studies have been conducted on ADs, and genetic variations
at the level of drug-metabolizing enzymes, drug transporters and drug targets that may influence
the clinical response have been identified. Hopefully, pharmacogenetics will provide the basis for
individualized pharmacotherapy of depressive disorders in order to maximize the probability of a
favorable response and to minimize the risk of adverse drug reactions. In this chapter, the major
findings related to the pharmacogenetics of genes involved in the pharmacokinetics and pharma-
codynamics of ADs are critically reviewed. Copyright © 2010 S. Karger AG, Basel

Depression is a major psychiatric disorder, predicted to be the second leading cause
of death and disability by the year 2020, which requires long-term, often life-long,
pharmacological treatment [1]. Drugs currently available for the treatment of depres-
sive disorders include older compounds, such as tricyclic antidepressants (TCAs) and
monoamine oxidase inhibitors, and newer agents, such as selective serotonin reup-
take inhibitors (SSRIs), noradrenaline reuptake inhibitors, serotonin-noradrenaline
reuptake inhibitors, noradrenaline-dopamine reuptake inhibitors, and noradrenergic
and specific serotonergic antidepressants [2]. All antidepressant drugs (ADs) target
the monoaminergic systems (serotonin, noradrenaline and/or dopamine) and inter-
fere with the metabolism, release, binding and reuptake of monoamines.

Even though ADs have successfully been used to treat depressive disorders, there
is still substantial need for improvement. Response to AD therapy is often incomplete
with approximately 30-40% not responding at all to the first AD given and about



60-70% not achieving remission [3]. Moreover, AD pharmacotherapy is still ham-
pered by a delayed time of onset of clinical improvement and a variety of adverse ef-
fects. Such shortcomings of AD medication not only lead to personal suffering in both
individuals and their families, but also impose considerable costs on society. There-
fore, in order to reduce the patients’ disability and minimize costs, it would be desir-
able to know in advance whether a drug is likely to be effective and tolerable. Unfor-
tunately, at present, there is no reliable way to predict the individual’s response to a
specific AD before initiation of treatment and clinical and anamnestic variants were
not found to be helpful for this purpose [4].

In recent years, the development of pharmacogenetics has provided more oppor-
tunities for individualized pharmacotherapy of depressive disorders [5, 6]. It is well
known that the large interpatient variability in clinical response to ADs is influenced
by a variety of genetic as well as pathophysiological and environmental factors. So far,
pharmacogenetic studies have investigated genes involved in the pharmacokinetics
and pharmacodynamics of ADs. Genetic variations at level of drug-metabolizing en-
zymes, drug transporters, drug targets and other biomarker genes, possibly influenc-
ing clinical response, have been identified [5-7].

In this chapter, we summarize the major findings related to the pharmacogenetics
of genes affecting response to ADs.

Pharmacokinetics

Genetic variations at level of drug-metabolizing enzymes and drug transporters may
affect the pharmacokinetics of ADs.

Drug-Metabolizing Enzymes

Like most psychotropic drugs, ADs are highly lipophilic agents subject to extensive
biotransformation in the liver. In general, their metabolism includes initial phase I
oxidative reactions, catalyzed by cytochrome P450 (CYP) enzymes, followed by phase
IT glucuronide conjugation.

The human CYP system consists of a superfamily of more than 50 heme-con-
taining enzymes, located in the membranes of the smooth endoplasmic reticulum
in the liver and in many extrahepatic tissues, that are responsible for the phase I
oxidative reactions of many drugs and endogenous substances [8]. The CYP iso-
enzymes playing a major role in the biotransformation of therapeutic agents are
CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4. Minor but clinically relevant
isoforms include CYP2A6, CYP2B6, CYP2C8 and CYP2E1L. The major enzymes
involved in the biotransformation of different ADs are indicated in table 1 [9]. The
metabolic activity of CYPs is genetically determined and mutations or polymor-
phisms in genes coding for CYP isoforms can result in enzyme variants with high-
er, lower or no activity, or occasionally the total absence of the enzyme. Among the
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Table 1. Enzymes involved in the biotransformation of ADs (based on Spina et al. [9])

AD Enzymes involved in biotransformation
Tricyclic antidepressants (demethylation) CYP2C19, CYP1A2, CYP3A4

Tricyclic antidepressants (hydroxylation) CYP2D6

Fluoxetine CYP2D6, CYP2C9, CYP2C19, CYP3A4
Paroxetine CYP2D6, CYP3A4

Fluvoxamine CYP1A2, CYP2D6

Sertraline CYP2C9, CYP2C19, CYP2D6, CYP3A4
Citalopram CYP2C19, CYP2D6, CYP3A4
Escitalopram CYP2C19, CYP2D6, CYP3A4
Venlafaxine CYP2D6, CYP3A4

Duloxetine CYP2D6, CYP1A2

Mirtazapine CYP2D6, CYP1A2, CYP3A4
Reboxetine CYP3A4

Bupropion CYP2B6

Nefazodone CYP3A4

CYP genetic polymorphisms, CYP2D6 and CP2C19 play a relevant role in the bio-
transformation of ADs.

Although it accounts for less than 5% of the total hepatic CYP content, CYP2D6
plays an important role in drug metabolism, being partially or entirely responsible for
the oxidative biotransformation of many therapeutic agents [8]. The gene encoding
for CYP2D6 is located in position 22q13.1, and it spans 4,382 bases. To date, more
than 70 allelic variants have been described, some encoding an inactive or no enzyme
at all, while others consist of a gene duplication. Alleles with duplication or multidu-
plication of a functional CYP2D6*2 gene are associated with increased CYP2D6 ac-
tivity: the frequency of this condition varies from 1-2% in Swedes to up to 7-10% in
Spaniards and Southern Italians. According to the inherited CYP2D6 alleles, indi-
viduals are classified as poor, intermediate, extensive or ultrarapid metabolizers. In
vivo and in vitro studies have documented that many ADs - including TCAs (hy-
droxylation reactions), fluoxetine, paroxetine, fluvoxamine, venlafaxine and mir-
tazapine — are metabolized, at least in part, by CYP2D6 [7, 10]. On the other hand, the
CYP2D6 polymorphism seems to have no major influence on the biotransformation
of sertraline, citalopram, escitalopram, duloxetine, reboxetine and bupropion. A
number of studies have investigated the relationship between the CYP2D6 polymor-
phism, plasma levels and clinical response to ADs that are substrates of CYP2D6 [7,
10]. There is substantial evidence indicating that genetically determined differences
in pharmacokinetics may impact the outcome and risk of adverse drug reactions of
ADs, with anecdotal reports describing an association between CYP2D6 defective
variants and AD drug toxicity [7, 10, 11]. However, some controversy still exists con-
cerning the influence of the CYP2D6 polymorphism on clinical response to ADs, and
further investigation in large studies is required [12]. Specific dose recommendations
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based on CYP2D6 genotypes have even been suggested for some ADs [7, 13, 14]. Based
on the available data, knowledge of the CYP2D6 metabolizer status might be useful
in individualizing dose escalation schemes only for ADs with a narrow therapeutic
index, such as TCAs. On the other hand, metabolizer-status-dependent dose adjust-
ments are presumably not necessary for SSRIs and other newer ADs with a wide
therapeutic window and no evidence of a clear-cut correlation between plasma levels
and clinical response.

The CYP2C19 gene is found in position 10q24.1-q24.3, and it spans 90,636 bases.
CYP2C19 also exhibits a clinically important genetic polymorphism [8]. The most
frequent defective alleles resulting in a nonfunctional enzyme and responsible for the
poor metabolizer phenotype are CYP2C19%*2, the most common among Caucasians
and Orientals, and CYP2C19*3, found at a frequency of about 12% among Orientals,
but almost absent among Caucasians. CYP2C19 is also involved in the metabolism of
some ADs. In particular, it is the major enzyme responsible for the demethylation of
amitriptyline, imipramine and clomipramine, and contributes to the biotransforma-
tion of citalopram, escitalopram and sertraline. As compared to CYP2D6, CYP2CI19
polymorphism appears to have a lower impact on pharmacokinetics and clinical re-
sponse to ADs, so the usefulness of CYP2C19 genotyping procedures as a guide for
individualization of AD dose is obviously limited [7, 13, 14].

In conclusion, the pharmacokinetics of many TCAs, some SSRIs and other ADs
are significantly altered by CYP2D6 and CYP2C19 polymorphisms; however, it is
still controversial whether therapeutic efficacy may be improved and/or adverse ef-
fects can be prevented by the use of genotyping procedures. Appropriate observa-
tional, longitudinal studies are needed to assess more precisely the impact of CYP
polymorphisms on clinical response to ADs. With regard to this, the recent approv-
al by the FDA of a pharmacogenetic test, the AmpliCyp CYP450 Test (Roche Mo-
lecular Systems), which assesses both polymorphic genes CYP2D6 and CYP2C19,
may be of help in validating studies on personalized therapy of depression. On the
other hand, if polymorphic oxidation appears to play a minor role in the clinical re-
sponse to new ADs, the ability of some of these agents to act as inhibitors of CYP
enzymes is of great importance [9]. New ADs differ considerably in their potential
for metabolic drug interactions. Fluoxetine and paroxetine are potent inhibitors of
CYP2D6, fluvoxamine markedly inhibits CYP1A2 and CYP2C19, while nefazodone
is a substantial inhibitor of CYP3A4. Therefore, clinically relevant interactions are
expected when these agents are coadministered with substrates of these CYP isoen-
zymes, especially those with a narrow therapeutic index. Duloxetine and bupropion
are moderate inhibitors of CYP2D6, while sertraline will only cause significant in-
hibition of this isoform at high doses. Other second-generation ADs - including
citalopram, escitalopram, venlafaxine, mirtazapine and reboxetine — are weak or
negligible inhibitors of the different CYP isoforms and are less likely to interact with
other medications.
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Drug Transporters — P-Glycoprotein

P-glycoprotein is an ATP-binding transporter protein encoded by the ABCBI gene
(alternate name MDR1) on chromosome 7q21 [15]. It is a multidrug efflux transport-
er highly expressed in the intestine, brain, liver and kidney, which acts as a natural
defense mechanism against several substrates by limiting their absorption from the
gut and penetration to the brain and promoting their elimination in the bile and
urine. Because of its location at the blood brain barrier, P-glycoprotein may regulate
the concentration of ADs in the brain. In vitro studies and experiments in knock-out
mice devoid of functional P-glycoprotein have documented that the SSRIs citalo-
pram, sertraline and paroxetine, the TCAs trimipramine, amitriptyline, nortripty-
line and doxepine and the serotonin-noradrenaline reuptake inhibitors venlafaxine
are substrates of P-glycoprotein, while this may not be true for fluoxetine, bupropion
and mirtazapine [16]. Several polymorphisms in ABCB1 have been identified and 3
of them, 2 synonymous SNPs (C3435T and C1236) and a non-synonymous SNP
(G2677T), have been associated with altered P-glycoprotein activity. Studies investi-
gating the influence of these functional polymorphisms on AD plasma levels, side
effect profile and clinical response have given contradictory results [17-19]. In a re-
cent study [20], common intronic polymorphisms in ABCB1 were associated with
treatment outcome in patients treated with ADs substrates of P-glycoprotein (citalo-
pram, venlafaxine and paroxetine) but not in patients receiving mirtazapine, a drug
that does not appear to be a substrate of this transporter.

Pharmacodynamics

An increasing number of different AD molecules have been synthesized in the last
decades, whilst the details of the pharmacodynamic events that hold the AD potential
lagged behind. The lack of this knowledge is partially responsible for the incomplete
efficacy of AD pharmacotreatments [3]. Pharmacogenetics holds the potential for a
change: the identification of genes whose variations regulate the AD response may
lead to the isolation of the molecular pathways that underlie the AD mechanisms.
Thus, the set of mutations that are associated with a better or worse response to spe-
cific treatments may help the selection of the best drug for a specific patient, based on
their personal genetic makeup. One of the most important theories of depression
states that depressed mood is a consequence of a non-equilibrated monoaminergic
tone. Consistent with this, evidence has shown that genes involved in the turnover of
monoamines are modulators of the efficacy of AD pharmacotreatment. Serotonin,
dopamine and norepinephrine are relevant monoamines, whose balance is thought
to be disrupted during depressed disorder. Here, we will summarize current knowl-
edge, listing the most relevant findings.
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Monoamine Metabolic Enzymes

Tryptophan hydroxylase (TPH) catalyzes the rate-limiting step in serotonin biosyn-
thesis, and exists in 2 isoforms: TPH1 and TPH2. TPH2 is brain specific [21, 22], and
a correlation with depression and suicidal behavior has been reported [23, 24]. Tzvet-
kov et al. [25] reported that rs10897346 and rs1487278 located in this gene are associ-
ated with a favorable AD treatment outcome.

Catechol-O-methyltransferase (COMT) is involved in the catabolic pathways of
norepinephrine and dopamine, a role associated with remarkable effects on the activ-
ity of ADs [26, 27]. A functional polymorphism consisting of a transition of guanine
to adenine at codon 158 leads to a Val-Met substitution in membrane bound - COMT
(and in position 108 in soluble - COMT) [28], which resulted in diminished activity
of the protein [29, 30], a higher risk of suicidal behavior and personality traits [31],
and a worse response to mirtazapine, paroxetine [32, 33], citalopram [26] and fluox-
etine in male Asian patients [34]. Perlis et al. recently reported that rs165599 located
in the COMT gene accounted for the 3% of variance in AD response after 6 weeks of
treatment with duloxetine [35].

Monoamine oxidase A (MAO-A) catabolizes norepinephrine, dopamine and se-
rotonin. A polymorphism located 1.2 kb upstream of the MAO-A coding sequences
(variable number tandem repeat; VNTR) was reported to affect the transcription of
the MAO-A promoter: alleles with 3.5 or 4 copies of the repeat sequence are tran-
scribed 2-10 times more efficiently than those with 3 or 5 copies of the repeat [36].
Bipolar disorder — as well as suicidal behavior, personality features, aggressive behav-
ior, alcoholism and AD response in females — has been associated with this and other
polymorphisms in the MAO-A gene [37-43]. Moreover, it has been recently reported
that the T941G polymorphism in the MAO-A gene is associated with mirtazapine
response in females [44]. MAO and COMT determine the turnover of some relevant
monoamines.

Monoamine Transporters

Other enzymes assist in the clearing of neurotransmitter from the synaptic cleft in a
more specific way. The serotonin transporter clears serotonin from the neuronal sur-
faces, and it is the principal site of action of many ADs. Heils et al. [45] described an
insertion deletion polymorphism in the promoter region of the gene able to impact
the expression of the serotonin transporter: the long (1) allele has twice the expression
in the basal state than the short (s) form. Moreover, numerous additional variants
within the repetitive region occur [46] that are able to modify the expression of the
gene [47, 48]. This variation was found to be associated with affective symptomatol-
ogy (e.g. depression, bipolar disorder, anxiety disorders, eating disorders, substance
abuse) and with pathological behaviors and personality traits related to anxiety, im-
pulsivity and stress [49]. Moreover, the short allele was found to be associated with a
worse response — including lack of effect and stronger side effects — to AD pharma-
cotreatment [50, 51]. This findings were found to be more consistent in Caucasian
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samples, which could be due to a different prevalence of this mutation in diverse eth-
nicities. Another polymorphism influencing the expression of the serotonin trans-
porter was identified by Ogilvie et al. [53] within intron 2 (STin2) and described as a
17-bp VNTR polymorphism. It has been associated with depressive disorder [52-54]
and suicide behavior [55, 56]. STin2 also affected AD response [57, 58], although not
consistently [51, 59, 60]. rs25531 was also found to impact the response to AD phar-
macotreatment [61, 62].

Norepinephrine transporter clears norepinephrine from the synaptic cleft. A369P,
F528C, G1287A, T128C and N292T were proved to be functional and impact the AD
effect [63-65]. More recently, Uher et al. [66] reported that the variations rs60329 and
rs1532701 located in this gene were associated with a favorable response to treatment
with nortryptyline. However, the results are not unequivocal, and replication studies
are warranted.

Finally, dopamine transporter ends the dopaminergic signal transmission. A 40-
bp VNTR polymorphism in exon 15 of this gene that affects dopamine transporter
expression [67] is associated with a faster onset of AD response when the allelic vari-
ant associated with enhanced expression (10 repeat variant) is present [68].

Monoamine Receptors

Not only the variations located in genes that regulate the turnover of monoamines
were found to be associated with AD response: the sites of action of neurotransmit-
ters may play a relevant role as well. Serotonin-1A receptors (5-HT, ) play an inhibi-
tory role in the serotonin system: its desensitization is thought to be one possible AD
mechanism [69]. A common C(-1019)G single nucleotide polymorphism regulates its
expression rate [70, 71] and impacts the efficacy of AD pharmacotreatment [60, 72—
76]. Gly272 Asp was found to modify the response to treatment as well [77]. Kato et al.
[78] recently reported on the significant impact of rs6295. Serotonin-2A receptors (5-
HT,,) have an activating function in the central nervous system. There is a solid set
of evidence that supports their involvement in the efficacy of AD treatments [79-81].
In particular, 5-HT,, T(102)C and 5-HT, G(-1438)A were reported to be associated
with the efficacy of the AD pharmacotreatment [82-86]. Perlis et al. [35] recently re-
ported that variations rs9534505, rs1923884 and rs276035 were favorably associated
with AD treatment outcome. Consistently, Uher et al. [66] reported that rs7324218,
rs9316233 and rs2224721 were associated with response to AD pharmacotreatment.
Serotonin-6 receptor (5-HTs) is a G-protein coupled receptor which stimulates ade-
nylyl cyclase via G(s) coupling together with 5-HT, and 5-HT;. Recently, the involve-
ment of this receptor in the AD mechanism has been reported [87, 88]; genetically, the
variation T(267)C in the first exon may have a role in the modulation of AD response
[89,90]. A recently identified functional polymorphism in the (3;-adrenergic receptor
G(1165)C leading to the amino acid variation Gly389Arg may play a functional role,
resulting in a better and faster response to AD treatment [91]. Indeed, a recent report
on a large sample of 873 major depressed patients failed to demonstrate the relevance
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of this gene in modulating the response to citalopram treatment [92]. Dopamine re-
ceptor D, is a G-protein-coupled receptor that inhibits adenylyl cyclase activity. A
serine to cysteine change at codon 311 (DRD2 Ser311Cys) [93] may be functional, but
showed no significant influence on AD response in some studies [94-96]. DRD4 has
been extensively investigated as well, but no conclusive reports about its efficacy in
modulating AD response can be formulated, due to the inconsistent findings in lit-
erature [94, 97, 98].

Other Relevant Genes

The monoaminergic theory of depression cannot be considered as comprehensive.
Other theories sustain the role of chronic stress or immune deregulations as pivotal
in determining depressive phenotypes. Consistently, corticotrophin-releasing hor-
mone (CRH) receptor 1 is considered to play a key role in mediating the CRH-elicited
effects in depression and anxiety [99]. CRH receptor 1 (CRHR1) antagonists have
consistently demonstrated AD properties in experimental animals and humans [100-
102]. Some evidence stands for a relevance of CRHRI1 variants and AD response, in
particular an association within rs242941 G/G genotype and homozygous GAG hap-
lotype of the 3 single nucleotide polymorphisms and fluoxetine therapeutic response
[103-104]. Citalopram treatment as well was found to be impacted by the presence of
a variation (rs110402) located in this gene [105]. On the other hand, depressed indi-
viduals show impairment of their immune system [106-109], and interleukin-1 (IL-1)
activity was showed to be altered in mood disorders [110-113]. Consistently, homozy-
gosity for the -511T allele of the IL-1B gene was found to be associated with a trend
towards less severe depressive symptoms and more favorable response to fluoxetine
[114]. Finally, genetic variations located in genes that are involved in different systems
have been reported to impact the effects of AD pharmacotreatment, including angio-
tensin-converting enzyme [115-118], the CLOCK gene [119-121] and the glutamater-
gic system [for a review, see 6].

In conclusion, there is a list of several candidate genes with a putative role in the
regulation of AD response (table 2). Nevertheless, the lines of evidence that have been
quoted here do not provide a conclusive picture of the pharmacodynamics of AD re-
sponse, in that the replication rates are still too low with maybe the only exception of
the short/long polymorphism of the serotonin transporter in Caucasian patients. The
reasons for this substantial failure may rely on the complexity of the field which rang-
es from the phenotype definition to the intricate regulation of the genome [122, 123].
Nonetheless, even though pharmacogenetics appears to be still in its very infancy, it
will likely help explaining how ADs exert their activity.
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Table 2. Overview of genetic association studies on antidepressant efficacy and side effects

Candidate gene Analyzed Number of  Evidence
polymorphism studies’
Serotonin transporter 44 bp Del/Ins 45 e o o O b+
(promoter) T TTTTTTT
8 (SE) SE +++44+ - — -
VNTR Stin2 10 - - ——
2 (SE) SE + -
rs25531 3 ++ -
5-HT ;5 receptor -1019C/G 11 ++++++++ - — —
272Gly/Asp 2 +-
rs10042486C/T 1 +
rs1364043G/T 1 +
5-HT,, receptor -1438G/A 7 4+ ----
4 (SE) SE +++ -
102T/C 5 +--—-
2 (SE) SE + -
-1420C/T 1 +
rs7997012A/G 3 ++ -
rs6314C/T 2 + -
rs3125C/G 2 + -
rs1923882C/T 2 +-
rs1923884C/T 2 ++
rs9534505A/G 1 +
rs2760351C/T 1 +
rs9316233C/G 1 +
rs2224721A/C 1 +
5-HT3, receptor 178C/T 3 +
SE--
195C/T 2 SE--
5-HTsg receptor 129Tyr/Ser SE + -
-100 to -102AAG +
Del/Ins SE + -
Tryptophan 218A/C 9 HH+---——-
hydroxylase 1 1 (SE) SE -
-7180T/G 1 +
-7065T/C 1 +
-5806T/G 1 +
rs1800532A/C 1 -
Tryptophan rs1843809G/T 1 +
hydroxylase 2 rs1386492A/G 1 +
rs1487276A/G 1 +
rs10897346C/T 1 +
rs1487278C/T 1 +
rs2171363C/T 1 +
rs1386494A/G 1 -
1463G/A 1 — (treatment resistance)
1487C/G 1 - (treatment resistance)
1578T/G 1 - (treatment resistance)
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Table 2 (continued)

Candidate gene Analyzed Number of  Evidence
polymorphism studies’

Noradrenaline G1287A 2 ++

transporter (NET) T-182C 1 +
rs36029 1 -
rs1532701 1 -

Dopamine transporter VNTR 2 ++

(DAT) (40-bp in exon 15)

Monoamine MAO-A-uVNTR 7 e+ --—-

oxidase A (MAO-A) 1 SE +
rs6323G/T 2 ++
rs1465108A/G 1 +
rs6323A/C 1 +
941T/G 1 +

Catechol-O- 158Val/Met 7 44+ -

methyltransferase (472G/A)

(COMT) rs165599A/G 1 +
rs165774A/G 1 +
rs174696C/T 1 +

G-protein -3 subunit C825T 8 4+ - - -

Brain-derived 196G/A (66Val/Met) 72 ot - -

neurotrophic factor (rs6265)

(BDNF) rs908867A/G 2 ++
rs61888800G/T 1 +
rs7124442C/T 12 + -
rs7103411C/T 12 + -

Glucocorticoid receptor-  rs1360780 C/T 52 - -

regulating co-chaperone  rs3800373A/C 32 ++ - -

of hsp-90 (FKBP5) rs4713916A/G 32 -

Angiotensin-converting ACE /D 4 +++ -

enzyme (ACE)

Corticotrophin-releasing  rs1876828A/G 3 + (rs242941)

hormone receptor 1 rs242939A/G 3 ++ (haplotype of rs1876828, rs242939, rs24294)

(CRHR1) rs242941G/T 3 -

Dystrobrevin-binding- rs760761C/T 3 +--

protein 1 (DTNBP1) rs2619522A/C 2 + -
rs2005976A/G 1 +
rs3213207G/A 1 -
rs1011313A/G 1 -
rs2619528A/G 1 -

Circadian locomotor rs1801260 2 +-

output cycles kaput (T31110)

(CLOCK) rs3736544A/G 1 +
rs3749474C/T 1 +
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Table 2 (continued)

Candidate gene Analyzed Number of  Evidence
polymorphism studies’

Glycogen synthase -50T/C(rs334558) 4 ++++

kinase-38 (GSK-38) rs13321783C/T 1 +
rs2319398G/T 1 +
rs6808874A/T 1 -

Cyclic nucleotide PDE11Ars1880916 3 ++ -

phosphodiesterase (PDE)  PDE1A rs1549870 2 + -

GRIK4 rs1954787 2 ++
rs12800734 1 +

We only summarized studies focusing on genes for which >2 independent studies observed significant associations,
independent of further negative replications and position of the marker within the gene. Evidence of association (+)
or no association (-) between polymorphism and treatment efficacy or side effects is indicated. 5-HT = Serotonin;
uVNTR = upstream variable number of tandem repeats.

T Where not otherwise specified, this refers to those included for the association between polymorphism and treat-
ment outcome; SE refers to number of studies included for association between gene variants and side effects.

2 Study reporting double evidence for a single polymorphism due replication in >1 sample.

Conclusions and Perspectives

Pharmacogenetic studies of AD response have suggested several strong candidate
genes involved in the pharmacokinetics and pharmacodynamics of these agents.
However, comparisons across studies are complicated by a variety of critical method-
ological aspects such as differences in inclusion criteria, type of medication, outcome
measure, evaluation of adverse effects, genetic coverage and ethnicity. Even when cer-
tain polymorphisms appear to show replicable association with AD treatment re-
sponse, effect sizes across studies can be very different and it is difficult to discrimi-
nate whether the observed differences are chance findings or in fact related to clinical
differences in the sample. Some genes also appear to specifically interfere with re-
sponse to selected treatments, while others modulate response to various AD treat-
ments, including non-pharmacological interventions. In summary, with more ge-
nome-wide association studies still outstanding, so far no clinically tested predictive
markers have yet been established and larger more refined studies, at both pheno-
typic and genetic levels, are needed.
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Abstract

Attention-deficit/hyperactivity disorder (ADHD) is a promising disorder for pharmacogenetic and
pharmacogenomic studies due to the high heritability of ADHD, as well as the significant variability
in ADHD medication dosing, duration of effect, efficacy, and tolerability. This article summarizes
ADHD pharmacogenetic investigations to date, which have primarily focused on response to meth-
ylphenidate. The most well-studied genes in ADHD pharmacogenetic studies are the dopamine
transporter and dopamine receptor D4. Additional genes that have been associated with methyl-
phenidate response include the adrenergic a2A receptor, carboxylesterase 1, catechol-O-methyl-
transferase, dopamine receptor D5, norepinephrine transporter protein 1, serotonin transporter,
and synaptosomal-associated protein 25. Unfortunately, the results of current ADHD pharmacoge-
netic studies have not been entirely consistent, possibly due to small sample sizes and differences
in study design, medication dosing regimens, and outcome measures. At present, researchers are
increasingly interested in going beyond individual candidate genes to investigate gene-gene and
gene-environment interactions or pathways, as well as whole-genome approaches. Potential clini-
cal applications may include the development of treatment efficacy and side effect prediction al-
gorithms that incorporate the interplay of genetic and environmental factors, as well as the future
development of more targeted treatment strategies. Copyright © 2010 S. Karger AG, Basel

Attention-deficit/hyperactivity disorder (ADHD) is a prevalent psychiatric disorder
characterized by difficulties with attention, impulsivity, and/or overactivity [1], and
associated with impaired social, academic, adaptive, and occupational functioning [2,
3]. Stimulant medications rapidly improve symptoms in 50-75% of children with
ADHD, although approximately 25% do not respond to or tolerate pharmacotherapy
with one agent [4-6]. Even among responders, there is marked variability in optimal
dosage, duration of effect, and tolerability [7], as well as poor adherence to treatment
[8]. Unfortunately, few consistent predictors of ADHD medication efficacy, dose, or



adverse effects have been identified [7]. As a result, treatment is determined empiri-
cally through a gradual dosage titration and a trial and error approach to different
medication preparations [9].

The high heritability of ADHD is well-established [10]. The search for ADHD can-
didate genes was initially driven by the understanding that medications for the disor-
der target the catecholamine system [11, 12]. Presumably, variability in drug response
may also be linked to genetic factors associated with relevant neural circuits [13]. Asa
result, there is considerable interest in the possibility of personalizing ADHD treat-
ment based upon genetic characteristics that predict treatment response. Personalized
ADHD treatment regimens have the potential to increase overall medication effective-
ness by maximizing symptom reduction, lessening adverse effects, and improving
long-term tolerability. However, ADHD pharmacogenetics/genomics is still a relative-
ly young field, with further development necessary before research findings can be
translated into clinical practice. This article summarizes current research findings,
reviews previous studies’ methodological limitations, and discusses potential clinical
applications of ADHD pharmacogenetic and pharmacogenomic studies.

Definition of Terms: Pharmacogenetics and Pharmacogenomics

Pharmacogenetics is the study of genetic variability in medication response [14], and
often focuses on large clinical effects of single gene variants. It is hoped that by study-
ing individual candidate genes, susceptibility to adverse effects or non-response can
be linked to specific gene variants that affect drug metabolizing enzymes, receptors,
or transporters [15]. Pharmacogenomic approaches emphasize many genomic loci,
including large biological pathways and the whole genome, to better understand and
develop pharmacological treatments [16]. The hallmark of pharmacogenomics is the
ability to study simultaneously the contribution to drug effects of many genes using
genomic techniques [15]. Nonetheless, in practice the terms pharmacogenetics and
pharmacogenomics are often used interchangeably [17].

Genetic Studies of ADHD Susceptibility

Candidate genes in ADHD susceptibility studies have largely been selected based on
our understanding of stimulant medications’ mechanisms of action [12], including
blockade of the dopamine and norepinephrine transporters (SLC6A3 and SLC6A2,
respectively), inhibition of monoamine oxidase (which metabolizes dopamine and
norepinephrine), and enhanced release of the catecholamines from the presynaptic
cell [18]. As a result, ADHD susceptibility studies have focused largely on catechol-
amine-related genes, although there is increasing interest in brain circuits related to
additional neurotransmitters [19].
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Candidate genes associated with increased risk of ADHD based on pooled odds
ratios across 3 or more studies are the dopamine receptors (DRD4 and DRD5), dopa-
mine transporter (SLC6A3), dopa-f-hydroxylase (DBH), serotonin receptor (HTR1B),
serotonin transporter (SLC6A4), and synaptosomal-associated protein 25 (SNAP25)
[12]. Other genes of increasing interest in ADHD susceptibility studies in-
clude catechol-O-methyltransferase (COMT) [20, 21], the adrenergic a2A receptor
(ADRA2A) [22-24], and the norepinephrine transporter (SLC6A2) [25, 26].

ADHD Pharmacogenetic Research Studies

While knowledge about ADHD medications’ mechanisms of action initially informed
the search for genes related to increased risk for the disorder, these same polymor-
phisms are logical candidates to predict medication response [27]. To date, the major-
ity of pharmacogenetic studies have examined methylphenidate (MPH) response.
Several catecholamine-related candidate genes have been associated with treatment
effects on ADHD symptoms (tables 1, 2). However, as yet, few consistent findings have
emerged, and the nature, magnitude, and direction of purported genetic effects re-
main unclear. Small sample sizes and variations in study design (open studies vs. ran-
domized controlled trials) may be partially responsible for the disparate findings [28].
Concerns raised regarding retrospective and naturalistic observational studies in-
clude potential biased ascertainment of outcome [29, 30], as well as a tendency to un-
derestimate environmental contributions and overestimate genetic effects [31]. There-
fore, we present results separately for placebo-controlled trials and naturalistic stud-
ies, first summarizing studies of the dopamine transporter (SLC6A3) and DRD4, the
most well-studied genes in ADHD pharmacogenetic studies (fig. 1). We then review
findings for additional genes that have been significantly associated with stimulant
medication effects on ADHD symptoms in at least one prior published study, includ-
ing the ADRA2A receptor, carboxylesterase 1 (CES1), COMT, DRD5, norepinephrine
transporter protein 1 (SLC6A2), serotonin transporter (SLC6A4), and SNAP25. Oth-
er genes that have been evaluated in at least one ADHD pharmacogenetic study but
have not shown evidence of significant main effects are referenced in table 1, in-
cluding the dopamine receptor D2 (DRD2), nicotinic acetylcholine a4-receptor
(CHRNA4), and serotonin receptors 1B and 2A (HTR1B, HTR2A). Studies cited in
this review were identified using the PubMed [32] and PsycINFO [33] databases, in
addition to references from relevant papers ascertained during the database search.

Dopamine Transporter (SLC6A3)

SLC6A3 encodes a presynaptic protein responsible for dopamine reuptake from the
synapse. Stimulant medications inhibit SLC6A3, thereby increasing synaptic dopa-
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Table 1. Pharmacogenetic studies of methylphenidate effects on ADHD symptoms in children and adolescents

Gene First author Design Sample Study Outcome
size location
Adrenergic Polanczyk [74]  prospective, 106 Brazil improved effects on inattention
a2A receptor open-label symptoms with G allele
(ADRA2A)
da Silva [75] prospective, 59 Brazil improved effects on inattention
open-label symptoms with G allele
Cheon [76] prospective, 114 South greater rates of ‘good response’ to MPH
open-label Korea and improved effects on total ADHD
symptom score with homozygous G allele
Carboxyl- Nemoda [79] prospective, 122 Hungary Gly homozygotes required higher MPH
esterase 1 open-label doses for symptom reduction
(CES1)
Catechol- McGough [42]  prospective, 82 USA trend toward diminished effects on ADHD
O-methyl- double-blind, (California) total symptoms score with homozygous
transferase placebo-controlled, val allele
(COMT) dose response
Kereszturi[49]  prospective, 122 Hungary improved effects on hyperactive-
open-label impulsive symptoms with homozygous
val allele
Cheon [82] prospective, 124 South trend toward greater MPH effects on
open-label Korea symptoms with homozygous val allele;
significant association between MPH
non-response and homozygous met allele
Dopamine Stein [39] prospective, 47 USA different dose-response curves by SLC6A3
transporter double-blind, (Washington, genotype, decreased effects on ADHD
(SLC6A3) placebo-controlled, DQ) symptoms with homozygous 9-repeat
dose response
McGough [41]  prospective, 81 (pre-  USA decreased effects with homozygous
double-blind, schoolers) (6 sites) 9-repeat on parent ratings, but no effect
placebo-controlled on parent-teacher composite ratings
Joober [40] prospective, 159 Canada decreased effects with homozygous
double-blind, 9-repeat on parent ratings
placebo-controlled
McGough [42]  prospective, 82 USA no effect of 10-repeat allele on ADHD
double-blind, (California) symptoms, effects of homozygous
placebo-controlled, 9-repeat not assessed
dose response
Winsberg [38]  prospective, 30 USA decreased effects with homozygous
open-label (New York) 10-repeat
Roman [47] prospective, 50 Brazil decreased effects with homozygous
open-label 10-repeat
Kirley [45] retrospective report 119 Ireland increased effects with number of
10-repeats
Cheon [46] prospective, 1 Korea decreased effects with homozygous
open-label with 10-repeat
SPECT imaging
Langley [54] retrospective report 168 UK no effect on ADHD symptoms
(Wales)
Van der retrospective report 82 The Nether-  no effect on ADHD symptoms
Meulen [52] lands
Bellgrove [50]  prospective, 26 Ireland no effect of the 10-repeat allele or the

open label

10/3 haplotype on ADHD symptoms
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Table 1 (continued)

Gene First author Design Sample Study Outcome
size location
Zeni [53] prospective, 11 Brazil no effect on ADHD symptoms
open label
Kereszturi [49]  prospective, 122 Hungary no effect on ADHD symptoms
open label
Purper-Ouakil  prospective, 141 France decreased effects with homozygous
[48] open label 10-repeat
Tharoor [51] retrospective 156 USA no effect on ADHD symptoms
report (Missouri)
Dopamine Winsburg [38]  prospective, 30 USA (New no effect on ADHD symptoms
receptor (DRD2) open-label York)
Dopamine McGough [41]  prospective, 81 (pre-  USA no effect of 7-repeat allele on ADHD
receptor (DRD4) double-blind, schoolers) (6 sites) symptoms; promoter polymorphism
placebo controlled (240-bp homozygotes) associated with
improved effects on ADHD symptoms
McGough [42]  prospective, 82 USA no effect on ADHD symptoms. 4-repeat
double-blind, (California) VNTR and promoter polymorphisms
placebo-controlled, associated with significant gene x MPH
dose response dose joint effects on math performance
Winsburg [38]  prospective, 30 USA (New no effect of 7-repeat allele on ADHD
open-label York) symptoms
Tahir [64] prospective, 100 Turkey 7-repeat transmission more likely in MPH
open-label responders than non-responders
Seeger [66] prospective, 47 Germany decreased effects with 7-repeat allele in
open-label combination with serotonin transporter
promoter polymorphism LL homozygosity
Hamarman [65] prospective, 45 USA (New 7-repeat associated with need for higher
open-label York) MPH doses
Van der retrospective 82 The Nether-  borderline significant (p = 0.09)
Meulen [52] report lands association between 7-repeat and
increased effects
Cheon [67] prospective, 83 Korea increased effects on ADHD symptoms for
open-label 4-repeat homozygotes
Zeni [53] prospective, 111 Brazil no effect of the 7-repeat allele on ADHD
open-label symptoms
Kereszturi [49]  prospective, 122 Hungary no effect of the 7-repeat allele on ADHD
open-label symptoms
Tharoor [51] retrospective 159 USA no effect of the 7-repeat allele on ADHD
report (Missouri) symptoms
Dopamine Tahir [64] prospective, 100 Turkey 151-bp allele transmission more likely in
receptor (DRD5) open-label MPH responders than non-responders
Nicotinic acetyl- Tharoor [51] retrospective 159 USA no effect on ADHD symptoms
choline alpha4- report (Missouri)
receptor
(CHRNA4)
Norepinephrine  McGough [42]  prospective, 82 USA no effect of the exon 9 polymorphism on
transporter double-blind, (California) ~ ADHD symptoms
protein 1 placebo-controlled,
(SLC6A2) dose response
Yang [92] prospective, 45 China decreased effects for homozygous A-allele

open-label

of the exon 9 polymorphism
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Table 1 (continued)

Gene First author Design Sample Study Outcome
size location
Serotonin Zeni [53] prospective, 111 Brazil no effect on ADHD symptoms
receptors (HTR1B, open-label
HTR2A)
Serotonin McGough [42]  prospective, 82 USA decreased effects on ADHD symptoms
transporter double-blind, (California)  for those lacking the 12-repeat intron
(5-HTT) placebo-controlled, 2 polymorphism; improved math test
dose response performance on higher MPH doses for
those lacking the promoter polymorphism
L allele
Seeger [66] prospective, 47 Germany decreased effects for promoter
open-label polymorphism LL homozygotes in
combination with DRD4 7-repeat allele
Zeni [53] prospective, 111 Brazil no effect of the promoter polymorphism
open-label on ADHD symptoms
Tharoor [51] retrospective 159 USA no effect of the promoter polymorphism
report (Missouri) on ADHD symptoms
Synaptosomal-  McGough [41]  prospective, 81 USA T1069C C polymorphism associated with
associated protein double-blind, (6 sites) effects on teacher symptom ratings but
(SNAP25) placebo controlled not parent-teacher composite ratings
McGough [42]  prospective, 82 USA no effect on ADHD symptoms
double-blind, (California)

placebo-controlled,
dose response

Studies are listed in chronologic order, with prospective double-blind placebo-controlled studies listed before naturalistic studies.

Table 2. Pharmacogenetic studies of methylphenidate effects on ADHD symptoms in adults

Gene Study Design Sample Study Outcome
size location
Dopamine Mick [55] prospective, 66 USA (Boston) no effect on ADHD symptoms
transporter double-blind,
(SLC6A3) placebo-controlled
Kooij [56] prospective, 42 The Netherlands decreased effects with homozygous

double-blind, 10-repeat

placebo-controlled
Dopamine Kooij [56] prospective, 42 The Netherlands no effect on ADHD symptoms
receptor D4 double-blind,
(DRD4) placebo-controlled
Norepinephrine  Kooij [56] prospective, 42 The Netherlands no effect of the NET promoter
transporter double-blind, polymorphism on ADHD symptoms
(SLC6A2) placebo-controlled
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mine [34, 35]. Cook et al. [36] first reported an association between ADHD and the
10-repeat (480-bp) allele of a variable number tandem repeat (VNTR) in the 3'-
untranslated region (3’-UTR) of SLC6A3 which has been replicated in numerous, but
not all, studies [12]. Moreover, several neuroimaging studies indicate that ADHD is
associated with increased SLC6A3 densities in striatal regions [37], and that individ-
uals with the 10-repeat allele exhibit 50% greater densities than other genotypes [38].
This suggests that ADHD medications which decrease dopamine reuptake might
serve to attenuate the effects of underlying brain pathophysiology. Similarly, it has
been hypothesized that functional SLC6A3 polymorphisms may influence response
to ADHD pharmacotherapy. Below we summarize results from both prospective con-
trolled studies and naturalistic SLC6A3 ADHD pharmacogenetic studies.

Placebo-Controlled SLC6A3 Methylphenidate Studies in Children

Four prospective double-blind placebo-controlled trials of SLC6A3 3’-UTR polymor-
phisms and their association with MPH effects on ADHD symptoms have been con-
ducted in pediatric samples [39-42]. Stein et al. [39] found that the presence of one or
two 10-repeat alleles was associated with higher rates of parent-rated symptom reduc-
tion and reduced impairment in 47 children treated with 18, 36, and 54 mg of OROS
MPH. Individuals homozygous for the 9-repeat allele demonstrated a non-linear
dose-response curve, had more stimulant-related side effects, and remained more im-
paired during treatment. Similar findings were reported for the 9/9 genotype group
in a double-blind placebo-controlled trial of 159 Canadian children with ADHD con-
ducted by Joober et al. [40]. Although 10-repeat carriers displayed a significant posi-
tive response to 10 mg MPH, 9/9 homozygotes displayed a negative response on par-
ent but not teacher ratings [40]. In a study of 81 preschoolers with ADHD treated with
MPH (Preschool ADHD Treatment Study; PATS), there were no significant effects of
SLC6A3 polymorphisms on a composite measure of parent and teacher ratings [41].
However, on parent ratings of ADHD symptoms, there was a negative effect for 9/9
homozygotes. Finally, in a recent study of American school-age children, McGough
et al. [42] found no significant effects of the 10-repeat allele on MPH efficacy or side
effects; their method of defining genotype groupings precluded analysis of homozy-
gous 9-repeat effects. In summary, 2 of the 4 placebo-controlled pediatric SLC6A3
trials found an improved MPH response for 10-repeat homozygotes, while 9-repeat
homozygosity was associated with a diminished parent-rated medication response in
all 3 studies that evaluated its effects.

As in Stein et al. [39] summarized above, 2 additional placebo-controlled reports
suggest a relationship between SLC6A3 3’-UTR 9-repeat homozygosity and MPH side
effects in children with ADHD [43, 44]. In their study of 177 participants with ADHD
derived from 2 previously reported studies, Gruber et al. [43] evaluated associations
between SLC6A3 polymorphisms and three MPH side effect factors: emotionality, so-
matic complaints, and over-focused. The study documented a significant association
between 9-repeat homozygosity and increased scores on the emotionality factor (ir-
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Fig. 1. Functions of dopamine-associated genes [124-128] linked to ADHD susceptibility and/or
methylphenidate response. (1) Dopamine in storage vesicles is released into the synaptic cleft by
synaptosomal-associated protein 25 (SNAP25)-mediated exocytosis. (2) Dopamine activates recep-
tors on the presynaptic and postsynaptic cells, including dopamine receptor D4 (DRD4) and dopa-
mine receptor D5 (DRD5). (3) The action of dopamine in the synaptic cleft is largely terminated via
reuptake into the presynaptic cell by the dopamine transporter (SLC6A3). In areas of the brain such
as the prefrontal cortex where SLC6A3 is not abundant, its function is thought to be assumed by the
norepinephrine transporter (SLC6A2). (4) Some dopamine that re-enters the presynaptic cell is re-
cycled in storage vesicles for later release, and some is transported into mitochondria to be broken
down by monoamine oxidase. (5) Some of the dopamine released into the synaptic cleft is trans-
ported into postsynaptic cells and then catabolized by catechol-O-methyltransferase (COMT). (6)
Dopamine remaining in the synaptic cleft diffuses into the bloodstream. It is inactivated in the liver
by COMT and monoamine oxidase.

Fig. 2. Functions of norepinephrine-associated genes [124, 126, 129, 130] linked to ADHD suscepti-
bility and/or methylphenidate response. (1) Dopamine in storage vesicles in the presynaptic neuron
is converted to norepinephrine by dopa-B-hydroyxylase (DBH). (2) Norepinephrine in storage vesi-
cles is released into the synaptic cleft by synaptosomal-associated protein 25 (SNAP25)-mediated
exocytosis. (3) Norepinephrine activates receptors on the presynaptic and postsynaptic cells, in-
cluding adrenergic a2A (ADRA2A). (4) The action of norepinephrine in the synaptic cleft is largely
terminated by reuptake into the presynaptic cell by the norepinephrine transporter (SLC6A2). (5)
Some norepinephrine that re-enters the presynaptic cell is recycled in storage vesicles for later re-
lease, and some is transported into mitochondria to be broken down by monoamine oxidase. (6)
Some of the norepinephrine released into the synaptic cleft is transported into postsynaptic cells
and then catabolized by catechol-O-methyltransferase (COMT). (7) Norepinephrine remaining in
the synaptic cleft diffuses into the bloodstream. It is inactivated in the liver by COMT and mono-
amine oxidase.
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Fig. 3. Functions of serotonin-associated genes [124, 126, 131] linked to ADHD susceptibility and/or
methylphenidate response. (1) Serotonin in storage vesicles is released into the synaptic cleft by
synaptosomal-associated protein 25 (SNAP25)-mediated exocytosis. (2) Serotonin activates recep-
tors on the presynaptic and postsynaptic cells, including the serotonin receptor HTR1B. (3) The ac-
tion of serotonin in the synaptic cleft is largely terminated via reuptake into the presynaptic cell by
the serotonin transporter (SLC6A4).

ritability, sadness, prone to cry, anxious) that worsened with MPH treatment, while
children with 10-repeat homozygosity had significant increases in the somatic com-
plaints factor (decreased appetite, stomachache, headache, insomnia) during MPH
treatment [43]. In another study, Leddy et al. [44] investigated MPH effects on eating
in 58 children who participated in an ADHD therapeutic summer camp, and also
documented significant associations between 9-repeat homozygosity and MPH side
effects, although the findings differ from those of Gruber at al. [43]. While Leddy et
al. [44] did not find significant relationships between SLC6A3 genotype and ratings of
stomachache or loss of appetite with MPH treatment, they did show a significantly
greater suppression of lunch intake as MPH dose increased for 9-repeat homozygotes.

Naturalistic SLC6A3 Methylphenidate Studies in Children

The 11 naturalistic pharmacogenetic studies of SLC6A3 3’-UTR-polymorphisms in
children with ADHD have not yielded consistent results. For example, only 1 of the
naturalistic pediatric trials identified a link between the SLC6A3 10-repeat allele and
improved MPH response. This analysis, based on parental retrospective report in 119
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Irish children, found that 10-repeat carriers were more likely to have an improved
MPH response [45]. In this study, a linear relationship existed between the number
of 10-repeats and degree of improvement.

In contrast, the homozygous SLC6A3 10-repeat allele has been associated with di-
minished stimulant response in 4 pediatric naturalistic studies [38, 46-48]. In their
study of 30 stimulant-naive African-American youths with ADHD, Winsburg and
Cumings reported that 86% of non-responders were 10-repeat homozygotes com-
pared with 31% of responders [38]. In a sample of 50 European-Brazilian males with
ADHD who underwent open titration with MPH up to 0.7 mg/kg/day, individuals
who failed to showa =50% reduction in baseline ADHD ratings with MPH treatment
were significantly more likely to be 10-repeat homozygotes [47]. A third study in 11
Korean subjects found that only 27% of 10-repeat homozygotes met MPH response
criteria compared with 100% of subjects without this genotype [46]. Similarly, a recent
study of 141 French children found that 10-repeat homozygotes were overrepresented
in the low MPH response group, as defined by having a less than 2-point improve-
ment in CGI-Severity score [48].

No significant effect of the SLC6A3 10-repeat allele on MPH response was docu-
mented in the remaining 6 uncontrolled studies of children with ADHD [49-54].
These included prospective open-label samples of 82 Dutch children (treated with
<0.6 mg/kg/day) [52], 122 Hungarian children (mean dose 0.55 mg/kg/day) [49], 26
Irish children (mean dose 0.6 mg/kg/day) [50], and 111 Brazilian youth (mean dose
0.5 mg/kg/day) [53], as well as 2 retrospective analyses examining 168 youth in the
UK [54] and 156 children from the USA [51] (mean medication doses not specified).

Meta-Analysis of SLC6A3 Methylphenidate Studies in Children

Purper-Ouakil etal. [48] conducted a meta-analysis of SLC6A3 10-repeat allele effects
on MPH responder versus non-responder status, combining the results of 6 studies
for a total of 475 children. This meta-analysis, which evaluated 5 naturalistic studies
and 1 prospective controlled trial, found that 10-repeat homozygotes were less likely
to show a moderate to good MPH response compared to other genotypes.

SLC6A3 Methylphenidate Studies in Adults

To date, two SLC6A3 pharmacogenetic studies — both of which are placebo-controlled
double-blind trials — have been conducted in adult samples [55, 56]. The first report-
ed no link between SLC6A3 3’-UTR genotype and response in 66 subjects titrated to
a maximum MPH dose of 1.3 mg/kg/day [55]. However, the sample included only
three 9-repeat homozygotes, limiting statistical power to detect an effect for this
group. The second study, which titrated MPH doses to a maximum of 1.0 mg/kg/day,
found that carriers of a single SLC6A3 10-repeat allele were more likely to have a fa-
vorable medication response compared to 10-repeat homozygotes [56]. Of note, the
single 9/9 homozygous patient was not included in the analysis. Thus, it is unclear if
adults with the 9/9 genotype differ from other groups in their MPH response.
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SLC6A3 Haplotype Methylphenidate Studies

There has been increasing interest in the effects of a SLC6A3 haplotype involving the
3’-UTR 10-repeat allele and a 3-repeat allele of 30-bp VNTR in intron 8 (SLC6A3
10/3). Intriguingly, 3 studies of the SLC6A3 10/3 haplotype have documented an as-
sociation with ADHD [57-59]. However, the first pediatric pharmacogenetic study of
the SLC6A3 10/3 haplotype failed to document significant effects of SLC6A3 10/3 on
MPH response [50]. Study limitations included the relatively small sample size (n =
26) and the naturalistic study design.

SLC6A3 Amphetamine Studies

As yet, there are no reported SLC6A3 pharmacogenetic studies of amphetamine
(AMPH) in ADHD. However, Lott et al. [32] examined the relationship between
SLC6A3 and AMPH response in healthy college students in a placebo-controlled
crossover trial. In this study, 9-repeat homozygotes were less able to ‘feel” AMPH ef-
fects relative to other groups. This finding is consistent with prior suggestions of a
differential effect of stimulants on 9-repeat homozygotes compared to 10-repeat car-
riers [39-41].

Dopamine Receptor D4

DRD4 encodes a dopamine receptor that regulates dopamine synthesis and release,
as well as the firing rate of dopamine neurons [60]. The association of a 7-repeat (48-
bp) VNTR polymorphism in DRD4’s exon 3 with ADHD is one of the most replicat-
ed findings in psychiatric genetics [12]. In vitro studies indicate that the 7-repeat vari-
ant is less responsive to dopamine [61, 62], suggesting a functional role for this poly-
morphism in stimulant medication response. In addition, a 240-bp polymorphism in
the DRD4 promoter has been linked to ADHD etiology [63], and has also piqued the
interest of ADHD pharmacogenetic investigators [41, 42].

Placebo-Controlled DRD4 Methylphenidate Studies

Thus far, only one placebo-controlled DRD4 pharmacogenetic trial in school-age
children has been reported. In a study of 82 children with ADHD, McGough et al.
[42] found no significant associations between the DRD4 exon 3 or promoter poly-
morphisms in terms of MPH effects on ADHD symptoms, but did find significant
MPH dose X gene interactions for math test performance. Those without the 4-re-
peat exon 3 genotype (-4/-4) had a deterioration in math performance at higher MPH
doses, while those lacking the 240-bp promoter (-240/-240) polymorphism had im-
proved math performance at increased doses. Further, the investigators evaluated as-
sociations between DRD4 polymorphisms and four MPH side effect factors: irritabil-
ity, vegetative symptoms, abnormal movements, and somatic symptoms. The study
showed that the 240-bp promoter polymorphism homozygotes (+240/+240) had de-
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creased irritability (picking, worried/anxious, crabby/irritable, and tearful/sad/de-
pressed) and somatic symptoms (headache and stomachache) with MPH treatment.

Additional prospective double-blind placebo-controlled trials have been conduct-
ed inadults [56] and in preschoolers with ADHD [41]. In a study of adults with ADHD,
Kooij et al. [56] found no association between the DRD4 exon 3 or promoter polymor-
phisms and MPH response in their study of 42 adults with ADHD. Similarly, the
PATS trial did not identify significant effects for DRD4 exon 3 polymorphisms in
preschool children in terms of symptom reduction or dose-response effects based
upon parent, teacher, or parent-teacher composite ratings, although associations were
seen with several MPH side effects [41]. The presence of the 4-repeat allele predicted
the side effect of abnormal picking, while the 7-repeat allele was associated with social
withdrawal as MPH dose increased. In addition, the PATS trial described an associa-
tion between DRD4 promoter +240/+240 homozygotes and improved MPH response
in terms of ADHD symptoms, although +240/+240 homozygotes were also more like-
ly to become crabby or irritable with increasing dose [41].

Naturalistic DRD4 Methylphenidate Studies

Findings in naturalistic DRD4 MPH pharmacogenetic studies have been mixed, as 4
of the 9 naturalistic studies found no significant link between MPH response and the
7-repeat allele, including a retrospective study of 159 US children [51], and prospective
open-label studies of 30 US children [38], 111 Brazilian children [53], and 112 Hungar-
ian children [49]. However, a prospective open-label study of 100 Turkish children
showed that transmission of the 7-repeat allele is more likely in MPH responders com-
pared to non-responders [64], and a retrospective study of 82 Dutch children found a
borderline significant association between the 7-repeat allele and better MPH response
[52]. In contrast, 2 prospective open-label studies suggest an association between the
DRD4 7-repeat allele and diminished MPH response [65-67]. This is consistent with
prior indications that this variant encodes a dopamine receptor that is hyporesponsive
to its agonist [61, 62]. Specifically, Hamarman et al. [65] demonstrated in 45 subjects
that 7-repeat carriers required higher MPH doses for optimal symptom reduction. In
a study of 47 German subjects, Seeger et al. [66] found that children with at least one
DRD4 7-repeat allele and homozygosity for the long allele of a serotonin transporter
promoter polymorphism had less improvement in functioning with MPH treatment
compared to those with other genotype combinations. In addition, in a study of 83
Korean children, DRD4 4-repeat homozygotes were more likely to exhibit positive
MPH responses on parent and teacher ratings than those with other genotypes [67],
but it should be noted that the 7-repeat genotype is extremely rare in Asian samples.

DRD4 Atomoxetine Studies

One study found that children carrying the DRD4 4-repeat allele showed a trend to-
wards improved response on atomoxetine [68]. In addition, improvement in the hyper-
activity symptom domain was maximized in the absence of any 7-repeat variant [68].

86 Froehlich - Stein



Adrenergic a2A Receptor

ADRAZ2A encodes a norepinephrine autoreceptor whose activation dampens the cell
firing rate and limits norepinephrine release [69]. Several animal studies suggest that
a2 noradrenergic receptors may mediate MPH effects, with administration of a2
adrenoceptor antagonists blocking MPH beneficial effects [70, 71]. A -1291 C>G
single-nucleotide polymorphism (SNP) creates an Mspl site in the ADRA2A pro-
moter region [72] that may be both functional [73] and linked to inattention symp-
toms [22-24]. Moreover, effects of the C1291G polymorphism on ADHD symptom
scores have been documented in 3 pharmacogenetic studies thus far [74-76]. The
first assessed 104 children of mixed ADHD subtypes after MPH treatment [74], and
reported that G allele carriers showed significantly improved MPH response on in-
attention scores, but not hyperactive-impulsive scores. A subsequent naturalistic
study by da Silva et al. [75] is the first ADHD pharmacogenetic study of the ADHD-
inattentive type. In this study, G allele carriers displayed significantly lower inatten-
tive scores after MPH treatment compared to those lacking the G allele. Similarly,
Cheon et al. [76] evaluated 114 Korean children with ADHD in a prospective open-
label study, and found that G homozygotes had significantly greater rates of MPH
‘good response’, as well as greater improvements in total ADHD symptom scores,
compared to other genotypes. However, in contrast to previous studies which noted
specific effects on attentional symptoms, the findings of Cheon et al. [76] were not
significant when the outcome was inattentive symptom scores as opposed to total
symptom scores.

Carboxylesterase 1

MPH undergoes esterification in the blood stream via CESI to D/L ritalinic acid and
L-ethylphenidate [77]. Zhu et al. [78] described a mutation in exon 4 of CESI at codon
143 leading to a nonconservative amino acid substitution (gly to glu) which is associ-
ated with complete loss of hydrolytic activity toward MPH. Recently, Nemoda et al.
[79] investigated the effects of this polymorphism in 122 Hungarian children with
ADHD in a prospective open-label study, and found that glu allele carriers required
significantly lower MPH doses for symptom reduction compared to gly/gly homozy-
gotes, presumably due to higher plasma drug levels for a given dose.

Catechol-O-Methyltransferase
COMT catabolizes dopamine and norepinephrine. COMT has a functional polymor-

phism at codon 158 that results in a single amino acid change (met for val). Enzyme
activity for the variants are as follows: val/val homozygotes have high, val/met het-
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erozygotes have intermediate, and met/met homozygotes have 4-5 times lower COMT
activity [80]. Although some prior studies have identified associations between
ADHD and COMT polymorphisms [20, 21], a meta-analysis of 13 studies did not find
a significant association between the COMT vall58met polymorphism and ADHD
[81]. Nonetheless, COMT’s role in catecholamine catabolism, combined with clear of
evidence of the codon 158 polymorphism’s functionality, makes it a compelling
ADHD pharmacogenetics study candidate.

To date, 1 double-blind placebo-controlled trial and 2 prospective open-label
studies have investigated the link between COMT polymorphisms and MPH re-
sponse [42, 49, 82]. In a controlled trial, McGough et al. [42] found val/val homozy-
gosity to be associated with diminished MPH effects on ADHD symptoms as well as
increased irritability with MPH treatment. In contrast, the 2 open-label studies
linked val/val homozygosity to improved MPH response [49, 82]. Kereszturi et al.
[49] documented a significant interaction between the COMT val/val genotype and
good MPH response in terms of hyperactive-impulsive but not inattentive symptoms
in a sample of 122 Hungarian children with ADHD. Cheon et al. [82] also found a
trend suggesting an association between COMT val/val homozygosity and improved
MPH effects on ADHD symptoms, as well as a significant association between
COMT met/met homozygosity and poor MPH response as rated by teachers but not
parents.

COMT Amphetamine Studies

One prior study has examined the relationship between COMT polymorphisms and
AMPH response. Mattay et al. [83] documented that working memory efficiency, as-
sessed via functional MRI, was enhanced by AMPH administration for val/val sub-
jects, while AMPH had adverse effects under high working memory load conditions
for met/met subjects.

Dopamine Receptor D5

DRDS5 is a G-protein coupled receptor that stimulates the production of adenylate cy-
clase. Studies of D5 null mice suggest that DRD5 may contribute to the activation of
dopaminergic pathways relevant to exploratory locomotion and prepulse inhibition
[84]. Three meta-analyses have documented a significant association between ADHD
and the 148-bp allele of a microsatellite marker located 5’ to the DRD5 gene [85-87].
Review of the literature indicates a single DRD5 pharmacogenetic study. This study
by Tahir et al. [64] in 100 Turkish children did not identify any children with the 148-
bp allele, but did find an association between the 151-bp allele of the DRD5 5" micro-
satellite marker and favorable MPH response.
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Norepinephrine Transporter Protein 1 (SLC6A2)

SLC6A2 encodes a presynaptic protein involved in reuptake of norepinephrine from the
synaptic cleft [88], as well as dopamine reuptake from the synapse in certain parts of
the brain, including the prefrontal cortex [89] (fig. 2). Stimulant medications block
reuptake at norepinephrine transporters [90], and norepinephrine transporter blockade
is also the presumed mechanism of action for the non-stimulant ADHD medication
atomoxetine [91]. Several SLC6A2 polymorphisms have been associated with ADHD
[25, 26]. Thus far, 2 studies have evaluated the link between a G1278A polymorphism at
exon 9 of SLC6A2 and MPH response. In a double-blind placebo-controlled trial, Mc-
Gough et al. [42] did not find a link between the G1278A polymorphism and MPH re-
sponse or side effects. In contrast, in an open-label study of 45 Han Chinese youths with
ADHD, Yang et al. [92] found that A/A homozygotes had a diminished MPH response
in terms of hyperactive-impulsive but not inattentive symptoms compared with other
genotypes. However, since the G1278A allele has no known functional activity, Yang et
al. [92] note that it might be in linkage disequilibrium with another allele responsible
for outcome differences. Recently, an additional SLC6A2 pharmacogenetic study con-
ducted in an adult sample evaluated the association between MPH response and a 4-bp
insertion/deletion polymorphism in the promoter region of SLC6A2 [56]. This double-
blind placebo-controlled study by Kooij et al. [56] did not identify a significant relation-
ship between the SLC6A2 promoter polymorphism and medication response.

SLC6A2 Amphetamine Studies

The association between eight SLC6A2 polymorphisms and subjective response to D-
AMPH was evaluated in a prospective placebo-controlled double-blind study of 99
healthy German adults [93]. This study found that the CC genotype of the 36001A/C
SNP and the GCC haplotype from the 28257G/C, 28323C/T, and 36001A/C SNPs
were linked to higher self-reported positive mood after AMPH administration. The
authors note that although no functional consequences of the CC genotype or GCC
haplotype are presently known, these polymorphisms are located in transcription-
factor binding sites, and thus may alter SLC6A2 transcription rates [93].

SLC6A2 Atomoxetine Studies

Recently, Ramoz et al. [94] investigated whether 108 polymorphisms and 8 haplotype
blocks in SLC6A2 influenced response to atomoxetine in 2 independent randomized
double-blind trials of 160 and 105 children with ADHD. A haplotype block spanning
exons 4-9 of SLC6A2, where 36 SNPs have been genotyped, was significantly associ-
ated with atomoxetine response in both independent cohorts and the combined co-
hort. In addition, significant associations between 20 different SLC6A2 SNPs and
atomoxetine response were observed when analyses did not account for multiple com-
parisons; the authors note that no individual SNP reached statistical significance at
the multiple comparison threshold.
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Serotonin Transporter (SLC6A4)

SLC6A4 encodes a presynaptic protein responsible for serotonin reuptake from the
synaptic cleft (fig. 3). Serotonin transporter polymorphisms have also been impli-
cated in ADHD etiology, with the long (L) allele of a 44-bp insertion/deletion pro-
moter polymorphism linked to hyperkinetic disorder [12, 95]. Of note, functionality
has been shown for the promoter polymorphism, with L homozygosity yielding
higher levels of transporter function than the L/S or S/S genotypes [96]. In addition,
an SLC6A4 intron 2 VNTR polymorphism has been associated with transporter
expression, with the 12-repeat allele linked to increased transporter transcription
(97, 98].

Serotonin transporter polymorphisms have also been evaluated in pharmacoge-
netic investigations. Results for the promoter polymorphism have been mixed, with
2 studies showing significant effects on MPH response and 2 studies showing no ef-
fect. In a double-blind placebo-controlled trial, McGough et al. [42] found improved
math test performance on higher MPH doses for those lacking the L allele, although
significant effects on ADHD symptoms were not seen. In a prospective open-label
trial, Seeger et al. [66] documented decreased effects of MPH for individuals with L
homozygosity plus the DRD4 7-repeat allele. In contrast, the prospective open-label
trial of Zeni et al. [53] and the retrospective report of Tharoor et al. [51] did not find
significant effects of the SLC6A4 promoter polymorphism. Only one study thus far
has examined the relationship between the intron 2 polymorphism and MPH effects.
This double-blind placebo-controlled trial by McGough et al. [42] documented de-
creased MPH effects on ADHD symptoms for those lacking the 12-repeat intron 2
polymorphism.

SLC6A4 Amphetamine Studies

Lott et al. [99] evaluated the association between the SLC6A4 promoter and intron 2
polymorphisms and subjective response to D-AMPH in a double-blind placebo-con-
trolled study of 101 healthy adults. The trial documented that intron 2 10-repeat ho-
mozygotes experienced significantly greater euphoria with AMPH administration
compared to the other genotypes. In addition, although the finding was not statisti-
cally significant, there was some indication that participants homozygous for both
the promoter polymorphism L allele and the intron 2 12-repeat allele had the weakest
subjective AMPH response.

Synaptosomal-Associated Protein 25
SNAP25 is a vesicle docking protein involved in neurotransmitter exocytosis from

storage vesicles into the synaptic space [100]. Several studies have examined the link
between ADHD and two SNPs (T1069C and T1065G) at the 3’ end of SNAP25 [101-
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104]. Although study results have not been entirely consistent, pooled analyses for
T1065G reveal significant evidence of an association with ADHD [12]. Studies of
the mouse mutant strain coloboma, which has a SNAP25 deletion [105], suggest a
role for SNAP25 in MPH response. Specifically, hyperactivity in the coloboma
mouse was suppressed by AMPH but not MPH administration [105]. This is consis-
tent with presumed differences in these stimulants’ mechanisms of action, since
AMPH, but not MPH, compensates for reduced exocytotic catecholamine release
by reversing the catecholamine diffusion gradient across the dopamine transporter.
Thus far, 2 double-blind placebo-controlled trials have evaluated the effects of
SNAP25 polymorphisms on MPH response. In a study of school-age children, Mc-
Gough et al. [42] did not find significant associations between SNAP25 polymor-
phisms and MPH efficacy or side effects. However, the PATS trial of preschool chil-
dren with ADHD found that T1065G T homozygotes had moderately improved
MPH dose responses, while T1069C T homozygotes exhibited poorer MPH respons-
es [42]. In addition, T1065G G homozygotes were more likely to develop sleep diffi-
culties and irritability than T allele carriers, while T1069C C homozygotes were more
likely to develop tics and other abnormal movements compared to T allele carriers.

Amphetamine and Atomoxetine Metabolic Pathways

Although effects on drug metabolism and pharmacokinetics frequently provide the
basis for pharmacogenetic investigations [106], ADHD pharmacogenetic studies have
primarily investigated the effects of genetic variability on drug targets, such as trans-
porters and receptors [13, 27]. To date, the literature contains a single study docu-
menting the effects of a MPH metabolism polymorphism (the CES1 143glu-variant)
on ADHD treatment and dose response [79]. Genetic effects on AMPH and atomo-
xetine metabolism are also of interest.

Amphetamine Metabolism

AMPH undergoes metabolism via hepatic cytochrome P450 (CYP) isozymes. AMPH
is metabolized along 2 major pathways - CYP 2D6 and CYP 3A4 - which are differ-
entially employed by various species [107]. In the first pathway, hydroxylation of
AMPH via CYP 2D6 yields p-hydroxy-AMPH. Although CYP 2D6 is believed to play
only a minor role in human AMPH metabolism [108], up to 20% of Caucasians are
poor metabolizers, which could have implications for dosing and medication tolera-
bility in individual patients [109].

In the second pathway, which is dominant in humans, AMPH undergoes deamina-
tion via CYP 3A4 to L-phenyl-propane-2-one. In a study of mixed AMPH salts, mean
drug plasma concentrations following acute dosing were 25% higher in African-Amer-
ican children [48]. Intriguingly, previous studies have reported racial differences in
CYP-3A4-mediated drug metabolism, with Caucasian subjects demonstrating the high-
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est levels of activity, and 1 allelic variant that is heterozygous in 64% of African-Amer-
icans associated with decreased metabolic activity [110]. Although a definitive associa-
tion between CYP 3A4 polymorphisms and racial differences in AMPH metabolism has
not been demonstrated, this may represent a promising area for future study.

Atomoxetine Metabolism

Atomoxetine is metabolized by the CYP 2D6 isozyme system, and subjects’ CYP 2D6
status influenced dosing titration algorithms and subsequently derived approved dos-
ing limits during atomoxetine drug development. A recent meta-analysis of atomo-
xetine studies found that poor CYP 2D6 metabolizers displayed greater symptom
improvement than extensive metabolizers, presumably due to higher plasma drug
levels, and were more likely to remain in therapy [111]. However, diminished appetite
and increased tremor were reported in poor CYP 2D6 metabolizers, who also had
greater medication-related changes in pulse and blood pressure [111].

Genome-Wide Approaches

In contrast to candidate gene studies which presume some knowledge of the underly-
ing biological system and require specific hypotheses regarding the polymorphisms
under investigation, genome-wide studies do not require a priori hypotheses related
to specific genes but scan the entire genome to identify ‘hot spots’ related to outcome.
To date, 2 genome-wide ADHD treatment investigations have been conducted. One
prior study employed quantitative trait analysis in a genome-wide scan assessing for
linkage with MPH response [112]. A linkage peak of moderate significance was found
on chromosome 7, with additional peaks on chromosomes 3, 5, and 9. Further study,
including genome-wide association with high density SNP chips, will be necessary to
identify the specific genes corresponding to the observed linkage peaks. An addi-
tional genome-wide association study recently evaluated response to a MPH trans-
dermal system [113]. In this open-label study of 187 children with ADHD, the stron-
gest association (p =3 X 1079) fell short of the threshold for statistical significance in
a genome-wide association study. However, intriguing non-significant associations
were suggested in the glutamate receptor 7 gene and in two SNPs within the norepi-
nephrine transporter gene.

Current Research Challenges and Future Directions
While the results of prior ADHD pharmacogenetic and pharmacogenomic studies
have been intriguing, many challenges must still be addressed. For example, the ma-

jority of ADHD pharmacogenetic studies published to date have examined short-
term response to MPH. Although MPH is a frequent first-line treatment, it is impor-
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tant to study genetic predictors of response in additional ADHD medications, includ-
ing AMPH preparations and atomoxetine.

Study design differences may partially account for the heterogeneity of current
findings. For example, in the case of the dopamine transporter studies, more consis-
tent findings appear to be emerging from placebo-controlled studies of children with
ADHD which evaluate a range of doses. Open-label or retrospective assessment in
which medication doses are not specified or are lower than those used in efficacy
studies might bias against finding significant treatment effects [27]. Moreover, when
studies are not placebo controlled it may be more difficult to detect a pharmacoge-
netic effect since placebo responders are not differentiated from active drug respond-
ers.

Pharmacogenetic studies are also constrained by the type of outcome measures
used, as many studies rely on simple dichotomous outcomes (e.g. responder versus
non-responder), which have limited power to detect effects compared with quantita-
tive measures. Correlations between multiple outcome measures in the same subjects
are also known to be fairly weak, raising the question as to which measure best defines
positive response [114]. In several cases, study results have differed depending on
whether parents, teachers, or composites are used to define outcomes [40, 41]. Con-
sequently, investigators should be cautious in prematurely selecting a single outcome
measure or combination. Until more is learned about defining the phenotype of med-
ication response, multiple methods should be used.

An additional methodological issue is how genotypes are grouped for analysis. In
order to minimize the potential for spurious findings and type I errors, investigators
must limit their analyses to minimal genotype combinations. For some genes, the
ADHD risk polymorphisms are the less common variants (e.g. DRD4 7-repeat al-
lele), while for other genes (e.g. dopamine transporter SLC6A3), it is the more com-
mon variants that are associated with the disorder. For SLC6A3, the 10/10 and 10/9
genotypes are most common, and earlier studies combined these common geno-
types. This practice assumed a dominant effect of either the SLC6A3 9 or 10 allele,
but failed to test for a recessive effect of the 9/9 genotype. Alternative grouping of
genotypes based on the presence of one or more SLC6A3 9-repeat alleles has led to
different results. Future candidate gene studies would benefit from consensus on op-
timal strategies to define genotype groupings. Genotypes should not be lumped to-
gether when evidence of one allele’s dominance is lacking in previous pharmacoge-
netic studies.

Variation in sample size and composition may also contribute to differences in
study results. Modest sample sizes have limited statistical power to detect mild or
moderate genetic effects. Another potential contributor to the observed discrepancies
in study findings is that pharmacogenetic effects may vary in different ethnic and ra-
cial groups. This suggests that the genetic variants being studied may not be causing
the effect observed, but instead may be in linkage disequilibrium with the actual
functional genetic variants. Furthermore, previous investigations may have failed to
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identify consistent genetic effects due to differences in sample subtype composition,
given evidence in some prior studies that certain genetic variants may influence re-
sponse to medication in terms of hyperactive-impulsive symptoms [49] or inattentive
symptoms [74] but not both domains.

In addition, although ADHD pharmacogenetic studies to date have not evaluated
interactions with additional environmental exposures, prior evidence hints that such
exposures may be important modifiers of genetic effects on medication response. For
example, tobacco smoke exposure may influence dopamine release by interacting
with both catecholamine-related genetic variants [115, 116] and MPH [117]. If the sug-
gested 3-way interaction between catecholamine genes, MPH, and tobacco exposure
is in fact at play, we would expect measured associations between genotype and med-
ication response to vary according to the tobacco exposure level of the different study
populations.

Furthermore, failure to evaluate gene-gene interactions, which have received little
attention in ADHD pharmacogenetic studies to date [66], may also be obscuring ef-
fects. In addition, it is increasingly recognized that drug response is the result of a
complex matrix of factors, rather than a single factor [30]. As a result, experts have
proposed that future pharmacogenetic studies shift their focus from individual genes
to pathways encompassing genes for drug-metabolizing enzymes and transporters, as
well as genes encoding drug targets and their downstream signals [118].

Potential Clinical Applications

Despite great hopes, the potential of candidate gene association studies to yield clini-
cally relevant information regarding ADHD medication response has not yet been
realized. Concerns have been raised because the effects of common polymorphisms
on drug response have typically been small. Hence, knowledge of small effects due to
single polymorphisms may be of dubious clinical utility given the large effect sizes
attributed to ADHD stimulant medications in general [5]. Moreover, drug response
is increasingly recognized to be the result of a multitude of factors, rather than varia-
tions in a single gene. Ultimately then, pharmacogenetic study of individual candi-
date polymorphisms may not provide the tools for definitive determination of ADHD
medication response, but rather may contribute to the development of clinically sa-
lient treatment prediction algorithms that incorporate a complex interplay of genetic
and environmental factors.

Prediction of side effect risk and medication tolerability may be a practical future
application for ADHD pharmacogenetic data. Stimulant medications are the recom-
mended first-line treatments for ADHD [119]. However, open-label follow-up studies
have shown that fewer than 60% of previously stabilized patients remained on stimu-
lants after 12 months of treatment, although those who continued treatment showed
sustained improvements from baseline [120, 121]. In one 5-year prospective investiga-
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tion documenting the discontinuation of ADHD medication by the second study year
in over half of participants, the authors concluded that side effects were major factors
in patients’ decisions to discontinue treatment [122]. In the PATS trial, development
of irritability and increased emotionality were 2 major reasons subjects discontinued
medication therapy [123]. Interestingly, pharmacogenetic analyses in the PATS trial
and several other studies have revealed genetic predictors of numerous stimulant side
effects, including irritability, emotionality, and somatic complaints [39, 41, 43, 44].
Conceivably then, awareness of increased side effect risk derived from pharmacoge-
netic data could be used to steer individuals toward tailored treatment regimens that
are more likely to be tolerated over time.

The development of novel treatments may also provide an important clinical ap-
plication for ADHD pharmacogenetics and pharmacogenomics findings. Further
knowledge of genes that predict ADHD treatment response may aid in the develop-
ment of more specific and efficacious medications for subsets of children with ADHD.
Ultimately, it is hoped that pharmacogenetic and pharmacogenomic research will al-
low clinicians to tailor individual treatment choices based on genotype.

Conclusion

ADHD pharmacogenetics and pharmacogenomics research efforts are expanding
worldwide. To date, several promising findings related to prediction of symptom re-
sponse and side effects have been reported, although results have not been entirely
consistent. Upcoming investigations should employ more standardized study designs
while examining a wider range of stimulant and non-stimulant medications and a
variety of outcome measures and informants. Fruitful avenues for future ADHD
pharmacogenetic investigation may include study of polymorphisms in drug-metab-
olizing enzymes, as well as approaches that incorporate gene-gene interactions and
effect modification by additional environmental exposures. Furthermore, investiga-
tors are increasingly interested in going beyond the study of single candidate genes to
explore whole-genome approaches. Further research, likely involving multi-site col-
laborations to obtain larger samples, is clearly necessary before preliminary findings
can be applied to clinical practice. Nonetheless, the promise of ADHD pharmacoge-
netics and pharmacogenomics is far reaching, and includes the potential to develop
individualized medication regimens that improve symptom response, lessen risk of
side effects, and increase long-term tolerability.
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Abstract

Anorexia nervosa (AN), bulimia nervosa (BN) and binge-eating disorder (BED) are psychiatric disor-
ders characterized by abnormal eating behaviors that often result in dramatic physical consequenc-
es for the patients. The etiology of eating disorders (EDs) is currently unknown; however, a strong
genetic contribution is likely involved. In the last 10 years, several polymorphic variants of genes
coding substances involved in the modulation of eating behavior and the regulation of ED-related
psychopathological dimensions have been assessed for association with AN, BN and BED. Results
have been generally inconsistent because of methodological flaws and differences between stud-
ies. Pharmacogenomic investigations have suggested a possible role of some serotonin-linked gene
polymorphisms in predicting the response to combined treatments with selective serotonin reup-
take inhibitors plus psychotherapy in BN. Similarly, genetic variants of the melanocortin-4 receptor
gene have been found to predict the outcome of gastric banding surgery in BED patients. Pharma-
cogenomics is atan early stage in EDs and should be pursued. To fulfill this aim, future clinical treat-
ment studies in EDs could include a systematic recruitment of DNA samples in order to perform
screening of genotypic polymorphisms or mutations that could identify genetic variants associated
with therapeutic outcome and/or side effects. This will be useful in the prevention and treatment
of EDs. Copyright © 2010 S. Karger AG, Basel

According to the Diagnostic and Statistical Manual for Mental Disorders IV (DSM-
IV) [1], eating disorders (EDs) are divided into 3 major types: anorexia nervosa (AN),
bulimia nervosa (BN) and eating disorders not otherwise specified (which mainly
includes binge-eating disorder; BED). AN is characterized by restricted eating, obses-
sive fears of being fat and the voluntary pursuit of thinness with an inability to main-
tain a normal healthy body weight (BW). Despite increasing emaciation and a BW
<85% of the ideal, individuals with AN are dissatisfied with the perceived size and
shape of their body, and engage in unhealthy behaviors to perpetuate BW loss or pre-
vent BW gain. DSM-IV differentiates between 2 subtypes: AN restricting subtype
(ANR) and AN binge-eating/purging subtype. The restricting subtype is character-



ized by behaviors of extreme and prolonged fasting and restraint. The binge-purge
subtype is also defined by prolonged fasting, although it is punctuated by episodes of
overeating followed by behaviors to compensate for weight gain such as self-induced
vomiting, the misuse of laxatives, diuretics or enemas, and excessive physical exercise.

BN is characterized by recurrent episodes of uncontrolled binge eating coupled
with inappropriate compensatory behaviors, such as vomiting, laxative abuse, food
restriction and/or excessive exercising. These behaviors are engaged in to prevent BW
gain, because of the patient’s pathological fear of becoming fat. Generally, because of
the ingestion of some amount of food in the course of bingeing, BN patients have a
normal BW. Similarly to AN, BN is classified into 2 subtypes: BN purging subtype,
where patients induce vomiting and/or abuse laxatives and/or diuretics as compensa-
tory behaviors, and BN non-purging subtype, where patients engage in excessive ex-
ercise and/or food restriction to prevent BW gain. BED is characterized by recurrent
episodes of uncontrolled binge eating, as in BN, but without inappropriate compensa-
tory behaviors. As a consequence of the ingestion of large amounts of food during the
binge episodes, individuals with BED are generally obese.

Epidemiology and Comorbidity of EDs

In the National Comorbidity Survey (USA), the lifetime prevalence of DSM-IV AN
was 0.9% among women and 0.3% among men; the lifetime prevalence of DSM-IV
BN was 1.5% among women and 0.5% among men; the lifetime prevalence of DSM-
IV BED was 3.5% among women and 2.0% among men [2]. In non-Western countries,
the prevalence rates of AN and BN are lower than in Western countries (0.002-0.9 vs.
0.1-5.7% for AN; 0.46-3.2 vs. 0.3-7.3% for BN, in female subjects), although these are
gradually increasing [3].

Patients with AN and BN have a high comorbidity with other psychiatric diagno-
ses especially affective and anxiety disorders [4]. Full BED is significantly associated
with bipolar disorder, major depressive disorder, most anxiety disorders, substance
use disorders, body dysmorphic disorder, kleptomania, irritable bowel syndrome and
fibromyalgia [5]. Gadalla and Piran [6] found (in their meta-analysis of the literature
between 1985 and 2006) significant co-occurrence rates of alcohol use disorders
ranging between small and medium sizes for all patterns of EDs except AN in wom-
en. The effect size for any ED was 0.38, for AN 0.09, for BN 0.46, and for BED 0.39.

Life expectancy is reduced by 25 years in those females who have suffered from AN
since the age of 15 years [7]. EDs were placed 4th in terms of burden of disease (years
of life lost through death or disability) in women aged 15-24 years with both physical
and psychological comorbidity [8]. With a standardized mortality rate of 23.14 [9],
EDs have the highest mortality rate of any psychiatric disorder. Mortality can be due
to suicide, medical complications of malnutrition or complicating comorbid medical
disorders.
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Genetics of EDs

The etiopathogenesis of EDs is thought to be multifactorial with psychological, social
and biological factors allegedly being involved, although the exact role played by each
of these is not yet completely known [10]. At present, it is widely accepted that genet-
ic factors are responsible for the transmission of a biological vulnerability to the dis-
orders as clearly demonstrated by epidemiology, family and twin studies.

A significantly higher frequency of AN or BN has been reported in relatives of pro-
bands with an ED as compared with relatives of healthy controls, which suggests a
familial aggregation for AN and BN [11]. Additional studies have demonstrated co-
aggregation of AN and BN, with relative risks for AN of 11.3 and 12.3, respectively,
and relative risks for BN of 4.2 and 4.4, respectively, in first-degree female relatives of
probands with AN or BN [12]. These data suggest that familial vulnerabilities could
be partly shared in different EDs and that specific genes can predispose individuals
to both EDs.

Most twin studies have shown a higher concordance rate of AN or BN in monozy-
gotic twins than in dizygotic twins, which implies that genetic factors (more than
shared familial environment) may explain why EDs run in families. The heritability
estimates from these studies have been calculated to range from 48 to 88% in AN and
from 28 to 83% in BN [11, 13]. Klump et al. [14] explored the influence of genetic and
environmental factors on ED-related behaviors in pre-pubertal and post-pubertal
11-year-old twin girls as compared to a 17-year-old post-pubertal twin cohort and
found that in pre-pubertal twins no significant influence of additive genetic factors
was evident, yet common environmental factors were important. Contrary to this, in
both post-pubertal 11-year-old and 17-year-old girls, genetic effects were significant,
whereas shared environment was not. These findings suggest that genes of vulnera-
bility to EDs are likely activated during puberty.

Molecular genetic studies aiming to identify chromosomal regions and genes of
vulnerability in EDs use 2 methodologies: linkage and association (i.e. case-control
or within-family) designs. The first wide-genome scan performed in a heterogeneous
sample of individuals with broadly defined EDs did not detect susceptibility loci;
however, when only pairs exhibiting the classic ANR phenotype were analyzed, a sig-
nificant linkage was found between the chromosomal 1p33-p36 region and ANR [15].
A subsequent more detailed linkage analysis confirmed the existence of a susceptibil-
ity locus for ANR on chromosome 1p33-p36 and found that 2 candidate genes in this
region, HTRID and OPRDI encoding serotonin (5-HT)-1D and opioid delta-1 recep-
tors, were significantly associated to ANR [16]. A genome-wide linkage analysis based
on a large cohort of families in which at least 2 biological relatives were affected by
BN reported a significant linkage with the chromosome 10p13-p12 region and a sug-
gestive linkage with chromosome 14q [17]. To our knowledge, no linkage study has
been performed for BED.
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More genetic association studies than linkage studies have been performed on
EDs. This has been made possible by the large amount of data coming from our un-
derstanding of the biological mechanisms controlling the physiology of food intake,
appetite, satiety and BW. In the last 20 years, central and/or peripheral neurotrans-
mitters, hormones and peptides have been identified that regulate eating behavior
and, in some cases, psychopathological dimensions associated to EDs [18]. Therefore,
the genes involved in the biosynthesis and/or degradation of those substances and
their receptors have been selected as candidate genes, and mutations, variations and
polymorphisms of those genes appear to be of particular interest, especially if they
affect either the protein structure/function or expression. A critical appraisal of as-
sociation studies of candidate gene polymorphisms in AN, BN and BED has been re-
cently published by the authors [19] and an overview of those studies is provided in
tables 1-3.

Treatment of EDs

The treatment of EDs is based on a multidisciplinary approach that combines nutri-
tional rehabilitation, psychotherapies and drug treatments. Psychotherapies usually
involve several strategies, including cognitive-behavioral and family therapies. Not
least because of the broad spectrum of psychiatric disorders which have substantial
comorbidity with EDs and their possible effect on eating behavior, a lot of psycho-
pharmacological agents including antidepressants, antipsychotics, antiepileptics, an-
tihistaminics and other pharmacological compounds have been investigated in the
treatment of EDs.

In the NICE guidelines [20], pharmacotherapy is not seen as first choice for EDs,
but is mentioned as an adjunct to psychological therapies or to treat physical or co-
morbid psychological problems. For AN, the NICE guidelines mention medication as
disappointing in influencing the core symptoms of the disorder, promoting weight
gain or reducing associated mood disturbance. In general, selective serotonin reup-
take inhibitors (SSRIs) have been proved to be ineffective in patients with AN who are
underweight, whereas they have been demonstrated to be helpful in relapse preven-
tion in weight-restored patients [21], although this has been recently questioned [22].
For BN and BED, the NICE guidelines see some evidence that antidepressants, par-
ticularly SSRIs, contribute to the cessation of binge eating and purging.

Pharmacogenomics of EDs
Clinical trials and the clinical practice show that an appreciable proportion of ED

patients do not respond adequately to treatments, while others may have adverse ef-
fects that can be responsible for the early discontinuation of therapy. It is reasonable
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Table 1. Overview of genetic association studies on AN

Candidate Analyzed Number Results
gene polymorphism of
studies
Serotonin 44-bp Del/Ins 7 nominal association of the S allele detected in 2 studies, but not confirmed
transporter (promoter) in 5 others; a meta-analysis concluded that the S allele may represent a
moderate but significant risk for AN
5-HT,4 receptor -1438G/A 15 significantly higher frequency of the AA genotype and the A allele of the
(promoter) —-1438G/A polymorphism was found by some studies, but not confirmed
by others; in 4 of the positive studies, the A allele was associated
specifically to ANR
Thr25Asn 2 no significant association
His452Tyr 2
102T/C 1
516T/C 1
5-HT,c receptor Cys23Ser 3 2 out of 3 studies reported higher frequencies of the Ser23Ser genotype
and the Ser23 allele; Ser23 allele was suggested as predisposing young
women to lose weight through reducing food intake
5-HTpgreceptor Phe124Cys 1 some SNPs and the haplotypes -1123T>C/1080C>T and
-1123T>C 1 1080C>T/2190A>G of the 5-HT;pg receptor gene were significantly
-628T>C 1 associated with AN or ANR
1080C>T 1
2190A>G 1
rs652783 1
rs604030 1
rs674386 1
rs856510 1
5-HT;,receptor Pro279Leu 1 no significant association
Tryptophan T1095C 1 no significant association
hydroxylase-1
Dopamine VNTR 1 higher frequency of short alleles (7 and 9 repeats) as compared to long
transporter (DATT1) alleles (10 and 11 repeats) found in ANBP
Dopamine D2 —-141 Indel-/C 1 significant associations were found between the 725bp3'G>T and
receptor (DRD2) 2730T>C 1 10620C>T SNPs and ANBP; moreover, the haplotype Indel+939C>T was
932C>G 1 significantly associated to both AN and ANR; the haplotypes Indel+957C>T
939C>T 1 and 939C>T+725bp3’'G>T were significantly associated to AN, and the
957C>T 1 haplotype 939C>T+10520C>T was significantly associated to ANR
725bp3'G>T 1
10620C>T 1
TagA1 1 no significant association
Dopamine D3 Bal-I 1 no significant association
receptor (DRD3)
Dopamine D4 3-bp deletion 1 C allele of the D4pr C(521)T SNP was preferentially transmitted to AN
receptor (DRD4) 48-bp repeat 1 individuals; the D4pr C(521)T SNP, the D4pr 120 repeat and several 2-, 3-,
D4pr C(521)T 1 4- and 5-locus haplotypes were significantly associated with AN (with
D4pr C(616)G 1 some differences between ANR and ANBP)
D4pr A(809)G 1
D4pr 120 repeat 1
D4 exon Il repeat 1
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Table 1 (continued)

Candidate Analyzed Number Results
gene polymorphism of
studies
Noradrenaline 4-bp Del/Ins 2 significant association found in ANR but not in ANBP patients
transporter (NET) (promoter)
B3-adrenergic receptor Trp64Arg 1 no significant association
Catechol-O- Val158Met 4 nominal association of the ValVal genotype and the Val allele with AN has
methyltransferase (472G/A) been shown in 2 studies, but not confirmed in a large case-control study;
(COMT) similarly, a preferential transmission of the Val allele was detected in a
sample of 66 ANR trios, but not confirmed in a larger study including 372
AN trios
-1219A/G 1 no significant association
186C/T 1
408C/G 1 significant association found in the ANR but not in the ANBP
ARVCF 826InsC 1 no significant association
659C/T 1
524T/C 1 significant association found in ANR but not in ANBP
Monoamine oxidase A MAOA-uVNTR 1 no significant association
(MAOA)
Brain-derived 196G/A (Val66Met) 8 the Val66Met SNP of the BDNF gene was found quite consistently although
neurotrophic factor not specifically linked to ANR
(BDNF)
-270C/T 5 no significant association found in 5 studies, but AN patients with the T
allele had higher levels of persistence and harm avoidance
Neurotrophic tyrosin ~ -69C>G 1 nominal association found in ANBP but not in ANR
kinase receptor 2 IVS2+40C>T 1 no significant association found for any of these SNPs, but the C-A-insC
(NTRK2) IVS13+40G>A 1 haplotype was strongly associated with ANBP
IVS17+125T>C 1
IVS18+13G>A 1
2785-2785insC 1
Neuropeptide Y'Y, Pstl 1 no significant association
receptor
Neuropeptide Y Ys Gly426Gly 1 no significant association
receptor
Agouti-related protein  G760A 2 G760A and G526A, but not C659T, were found nominally associated to AN
(AGRP) G526A 1 and the mutant allele was preferentially transmitted to ANBP offspring
C659T 1
Opioid receptor 80T>G 1 47821A>G SNP and the haplotypes 8214T>C/47821A>G and 80A>G/
delta-1 8214T>C 1 8214T>C/23340A>G/47821T>G/51502A>T were found nominally
23340A>G 1 associated with AN
47821A>G 1
51502A>T 1
rs569356 1 statistically significant association of these 3 SNPs was found in ANR but
rs521809 1 notin ANBP
rs4654327 1
rs204055 1
rs204047 1 no significant association
rs2298896 1
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Table 1 (continued)

Candidate Analyzed Number Results
gene polymorphism of
studies
Cannabinoid AAT 7,9-15 2 13-repeat allele was found preferentially transmitted in ANBP patients
receptor 1 (CNR1) repeats while the 14-repeat allele was found preferentially transmitted in ANR
patients in 1 study, but not confirmed in another
-22,959A/G 1 no significant association or transmission was found in 91 German AN trios
-6,274A/T 1
-6,215T/G 1
-5,489T/C 1
-1,359G/A 1
Fatty acid amide -272G/A 1 no significant association or transmission found in 91 German AN trios
hydrolase (FAAH) 10,741C/A 1
11,966G/A 1
13,883G/A 1
19,542C/A 1
N-acylethanolamine-  368A/G 1 no significant association or transmission found in 91 German AN trios
hydrolyzing acid 9,263A/T 1
amidase (NAAA) 19,229G/T 1
Ghrelin Arg51GIn 3 no significant association
GIn90Leu 3
Leu72Met 4 family trios study reported a significant association to ANBP and a
preferential transmission of the Met allele and of the haplotype
90GIn/72Met to ANBP offspring; 2 case-control studies and a large family
trios study did not confirm these results
3056T>C 1 no significant association
3083A>G 1
3615A>C 1
Growth hormone 171T/C 1 no significant association
secretagogue receptor
(ghrelin receptor)
Cholecystokinin (CCK)  rs11129946 1 nominal association
rs6791019 1 no significant association
rs7611677 1
rs6809785 1
rs6801844 1
CCK-A receptor -81A>G 1 no significant association
-128G>T 1
Leptin -1387 G/A 1 no significant association
Leptin receptor GIn223Arg 1 no significant association
Lys109Arg 1
Lys656Asn 1
Adiponectin 45T>G 1 no significant association
276G>T 1
Resistin 62G>A 1 no significant association
180C>G 1
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Table 1 (continued)

Candidate Analyzed Number Results
gene polymorphism of
studies
Uncoupling protein 2,3 D115911 2 allele 13 of D115911 microsatellite marker was found significantly over
(UCP2/UCP-3) represented in AN in 1 study, but not confirmed in an another
D115S916 2 no significant association
-866G/A (UCP-2) 1
-55C/T (UCP-3) 1
Tumor necrosis -1031T>C 1 no significant association
factor-a. (TNFo) -863C>A 1
-857C>T 1
308G/A 1
Phospholipase A2 intPLA2 1 no significant association
Estrogen receptor-1 ESR1-Pvul 1 no significant association
(ESR1) ESR1-Xbal 1
dinucleotide repeat 1
Estrogen receptor-2 1082G>A 2 significant association with AN detected in 2 independent case-control
(ESR2 or ESR-B) studies
1730A>G 2 no significant association
dinucleotide repeat 1
Calcium-activated CAG repeat 2 alleles longer than 19 repeats were found more frequently in AN and
potassium channel preferentially transmitted to offspring
(KCNN3)
Circadian locomotor ~ 3111T/C 1 AN subjects with at least 1 copy of the C allele exhibited a minimum past

output cycles kaput BW significantly lower than those with T/T genotype

(CLOCK)

For references, see Monteleone and Maj [19]. ANBP = AN binge-purging subtype; ARVCF = armadillo repeat gene deleted in
velocardiofacial syndrome; MAOA-uVNTR = MAOA-upstream variable number of tandem repeats.

to assume that the availability of predictors of treatment outcomes would be helpful
to clinicians in order to select the most adequate treatment for a given patient. In this
regard, pharmacogenomics may be a promising strategy to select the best pharmaco-
logical treatment.

The serotonin transporter protein (5-HTT) represents the prime target of SSRIs.
The human 5-HTT is coded by a gene located on chromosome 17q11.1-17q.12. A poly-
morphism in the promoter region of the 5-HTT gene (5-HTTLPR) consisting of a 44-
bp deletion (short or S variant) or insertion (long or L variant) has been shown to be
endowed with functional consequences as the S form is associated with a lower tran-
scriptional activity and a reduced 5-HT reuptake efficiency than the L isoform [23].
It has been quite consistently shown that the S allele of the 5-HTTLPR is associated
with poorer response to SSRIs in patients with major depression [24]. Given this back-
ground, the role of the 5-HTTLPR polymorphism in predicting the response to SSRIs
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Table 2. Overview of genetic association studies in BN

Candidate Analyzed Number Results
gene polymorphism of
studies
5-HT transporter 44-bp Del/Ins 4 1 study showed a positive association between the S allele of the 5-HTTLPR
(promoter) polymorphism and BN; another found a higher frequency of the L allele in
BN females; 2 studies did not report any significant association
5-HT,4 receptor -1438G/A 8 3 studies reported a significant association of the polymorphic A allele
(promoter) with BN, whereas 5 others did not; 1 study found a significant association
of BN with the G allele instead of the A allele
Thr25Asn 1 no significant association
His452Tyr 1
102T/C 1
516T/C 1
5-HTycreceptor Cys23Ser 2 no significant association
5-HTpg receptor G861C 2 no significant association was detected, but bulimic individuals with GG
genotype had a significantly lower minimum lifetime BMI and severer
comorbid obsessive-compulsive disorder compared to those with CC
genotype
Tryptophan A218C 1 the A allele was associated with a severer bulimic symptomatology and
hydroxylase-1 higher levels of harm avoidance
Dopamine transporter VNTR 1 no significant association
(DAT1)
Dopamine D2 receptor TagA1 1 no significant association
(DRD2)
B3-adrenergic receptor Trp64Arg 1 no significant association
Catechol-O-methyl- Val158Met 1 no significant association was found in a study including only 28 BN
transferase (COMT) (472G/A) individuals
Brain-derived 196G/A 5 higher frequency of the AA/AG genotype and the A-allele was found in
neurotrophic (Val66Met) 389 BN individuals recruited from 3 European countries, but this was not
factor (BDNF) confirmed in a subsequent family trios study and in 2 other small studies,
although in 1 of them a significant association was found with BNNP type
-270C/T 3 no significant association detected in 3 studies; however, BN individuals
carrying the T allele exhibited an earlier age at onset of weight loss and
higher maximum BMI
Neurotrophic tyrosin ~ -69C>G 1 IVS13+40G>A and IVS17+125T>C SNPs were found significantly associated
kinase receptor 2 with BN
(NTRK2) IVS2+40C>T 1
IVS13+40G>A 1
IVS17+125T>C 1
IVS18+13G>A 1
2785-2785insC 1
Ghrelin Arg51GIn 3 no significant association was found in 2 studies, but the haplotype GIn90/
GIn90Leu 2 Leu72/Arg51 was preferentially transmitted to BN offspring
Leu72Met 3 significant association with BNP in 1 study
3056T>C 1 significant association with BNP
3083A>G 1 no significant association
3615A>C 1
Growth hormone 171T/C 1 significant association

secretagogue receptor
(ghrelin receptor)
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Table 2 (continued)

Candidate Analyzed Number Results
gene polymorphism of
studies
CCK-A receptor -81A>G 1 no significant association
-128G>T 1
Leptin -1387 G/A 1 no significant association
Estrogen receptor-2 1082G>A 2 no significant association
(ESR2 or
ESR-b)
1730A>G 2 significant association detected in 1 case-control study, but not in another
ERB cx+56G>A 1 no significant association
Circadian locomotor ~ 3111T/C 1 BN subjects with at least 1 copy of the C allele exhibited a minimum past
output cycles kaput BW significantly lower than those with T/T genotype
(CLOCK)

For references, see Monteleone and Maj [19]. BNP = Bulimia nervosa purging subtype; BNNP = bulimia nervosa non-purging sub-
type; CCK = cholecystokinin; VNTR = variable number of tandem repeats.

has also been explored in patients with BN. One study found that the S form of the
5-HTTLPR was associated with a poorer outcome of SSRI therapy in BN women un-
dergoing a 12-week treatment with different SSRIs plus nutritional counseling in a
naturalistic setting [25]. Indeed, as compared to patients with LL genotype, bulimic
subjects carrying at least 1 copy of the S allele had a 23.33-fold reduced probability to
get response, defined as a >50% decrease in the weekly frequency of binge-purging
episodes. BN patients with LL genotype had a 10.66-fold increase in the probability
of remission, defined as a complete absence of binge-purging episodes. Another study,
however, did not confirm such an association between the 5-HTTLPR polymorphism
and treatment outcome in BN individuals undergoing a 6-week treatment with 1 of 4
different SSRIs or placebo plus a standardized intensive cognitive-behavioral treat-
ment program [26]. However, in this study, the efficacy of drug treatment was evalu-
ated as the percent improvement in the Yale-Brown-Cornell Eating Disorders Scale,
which is an instrument designed to assess food-related obsessions and compulsions
and does not provide any specific measure of bulimic symptomatology.

Recently, Steiger et al. [27] explored the role of both the 5-HTTLPR and the
-1438G/A SNP of the 5-HT,, receptor gene in the treatment outcome of women with
bulimia-spectrum EDs undergoing a multimodal intervention strategy, which in-
volved individual psychotherapy (mainly cognitive-behavioral therapy) and phar-
macotherapy (mainly SSRIs or the serotonin-norepinephrine reuptake inhibitor
venlafaxine alone or in combination with mood stabilizers, anxiolytics or other an-
tidepressants) for 8 months in a naturalistic setting. Similarly to the 5-HTTLPR, the
-1438G/A polymorphism in the promoter region of the 5-HT,4 receptor gene is en-
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Table 3. Overview of genetic association studies in BED

Candidate Analyzed Number  Results
gene polymorphism of
studies
5-HT transporter 44-bp Del/Ins 1 higher frequency of LL genotype and L allele was detected in a
(promoter) relatively small group of obese women with BED as compared to

normal weight healthy females

5-HT,, receptor —-1438G/A (promoter) 1 no significant association

5-HT,creceptor Cys23Ser 1 no significant association

Dopamine transporter ~ VNTR 1 no significant association found; however, methylphenidate

(DAT1) induced greater appetite suppression in BED subjects with at least
one 9-repeat allele than in those with the 10/10 repeat genotype
and in controls with at least one 9-repeat allele

Brain-derived 196G/A (Val66Met) 1 no significant association was found; however, subjects carrying the

neurotrophic factor A/A genotype exhibited BITE severity scores and a weekly frequency

(BDNF) of bingeing significantly higher than A/G and G/G genotypes

Melanocortin-4 different mutations 7 in a sample of severely obese patients, all those carrying MC4R gene

receptor (MC4R) variants fulfilled the DSM-IV criteria for BED, suggesting that MC4R
variants constitute a genetic vulnerability for BED; in subsequent
studies, no increased rates of BED were reported in other groups of
MC4R mutation carriers extrapolated from samples of obese
patients nor higher frequency of MC4R mutations were detected in
primarily diagnosed BED patients with or without obesity

Fatty acid amide 385C>A 1 higher frequencies of the CA genotype and the A allele were

hydrolase (FAAH) detected in a sample of obese individuals with or without BED and
resulted correlated to the presence of overweight/obesity but not
to the occurrence of BED

Ghrelin Leu72Met 1 significant association was found

Arg51GIn 1 no significant association

Circadian locomotor 3111T/C 1 no significant association was found; however, overweight/obese

output cycles kaput subjects carrying the TT genotype had higher BMI scores compared

(CLOCK) to those carrying the CC genotype

For references, see Monteleone and Maj [19]. VNTR = Variable number of tandem repeats; BITE = Bulimia Investigation Test Edinburgh.

dowed with functional consequences as the functional activity of the promoter and
the 5-HT,, receptor activation have been reported to be lower for the G allele and
higher for the A allele [28]. In line with the results of Monteleone et al. [25], Steiger
et al. [27] found that women with bulimia-spectrum EDs carrying the 5-
HTTLPR low functional allele or the low function allele of the -1438G/A SNP of the
5-HT,, receptor gene showed less reduction in weekly frequency of binge eating after
8 months of treatment (in those patients carrying both SNPs), slower decrease in
anxiety and depression symptomatology at 4 months (in 5-HTTLPR S-allele carri-
ers) and absence of improvements on measures of impulsivity at 8 months (in -1438G/
A G-allele carriers).
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The pharmacogenomic approach has been pursued also in patients with BED. In
this regard, polymorphic variants of the dopamine transporter (DAT1) gene and mu-
tations of the melanocortin-4 receptor (MC4R) gene have been studied as putative
predictors of outcome to both pharmacological and surgical treatments in BED pa-
tients with or without obesity. The DAT protein is a critical regulator of synaptic do-
pamine. The DATI gene, encoding the DAT protein, is polymorphic and in most hu-
man beings it occurs with greatest frequency in the 9- and 10-repeat forms [29]. The
10-repeat variable number of tandem repeats polymorphism has been shown to be
associated with an approximate 50% increase in DAT binding sites as compared to
the 9-repeat allele [30]. One study showed that BED patients carrying the 9-repeat al-
lele of the DAT1I gene had a greater appetite suppression following methylphenidate
administration compared to controls with the same allele or to both patients and con-
trols with 10/10 repeat DAT1 genotype, which suggests a better putative therapeutic
effect of the appetite suppressant drugs in the DATI 9-repeat allele carrier BED pa-
tients [31].

Melanocortin-4 receptors (MC4R) in the hypothalamus are the target of anorexi-
genic melanocortins derived from proopiomelanocortin. Several loss-of-function
mutations in the MC4R gene have been described, and Branson et al. [32] found that
in a sample of severely obese study participants, all those carrying MC4R gene vari-
ants fulfilled the DSM-IV criteria for BED, suggesting that MC4R variants constitute
a genetic vulnerability for BED. This hypothesis was questioned because most of the
MC4R mutations reported by Branson et al. [32] are functionally inactive, and no in-
creased rates of BED have been reported in other groups of MC4R mutation carriers
extrapolated from samples of obese patients, nor has a higher frequency of MC4R
mutations been detected in primarily diagnosed BED patients with or without obe-
sity [19]. Nevertheless, in one study, obese patients with or without BED who under-
went laparoscopic gastric banding treatment and were screened for MC4R variants
were found to have different outcomes after the gastric banding treatment according
to their MC4R genotypes and the presence or absence of BED [33]. Indeed, all MC4R
variant carriers had BED and during a 3-year follow-up lost less weight, showed less
improvement in metabolic syndrome, had dilated esophagi, more vomiting and 5
times more gastric complications than non-carriers. Overall outcome was poorest in
MC4R variant carriers with BED, better in non-carriers with BED and best in non-
carriers without BED.

To sum up, so far only 3 studies have been performed to assess the pharmacoge-
nomics of BN and all of them have some methodological limitations (naturalistic de-
sign, relatively low number of participants, use of rating instruments not specific for
BN psychopathology). Regardless, there remains an implication that the 5-HTTLPR
and the -1438G/A low-function alleles predict lesser or slower response to combined
pharmacological/psychotherapeutic treatments in BN patients. The DAT1 gene poly-
morphisms and mutations of the MC4R gene seem to be promising candidates to pre-
dict treatment outcome in BED patients.
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Conclusions and Future Perspectives

Epidemiology and genetic studies converge on the fact that EDs display a strong ge-
netic component. In the last 10 years, variations in numerous candidate genes have been
assessed for an association with AN, BN and BED. Results have been often inconsistent,
since the majority of association studies has been performed on small subject samples,
different ethnic populations, differently diagnosed ED patients, and suffered from in-
sufficient statistical power, lack of correction for multiple testing, genetic heterogeneity
and stratification. Rather, in these disorders, SNPs have been found frequently associ-
ated with ED-related phenotypic traits and not to AN, BN or BED as currently catego-
rized in DSM-IV. Although these results have not been confirmed in large study groups,
they underline the importance, in future studies, to focus on more homogeneous sub-
groups, either relying on specific ED traits or identifying endophenotypes.

Pharmacogenomic studies are at an early stage in EDs and should be pursued. To
tulfill this aim, future clinical treatment studies in EDs could include a systematic re-
cruitment of DNA samples in order to perform the screening of genotypic polymor-
phisms or mutations that could identify genetic variants associated with therapeutic
and/or side effects. These studies should explore not only genes of the neurotransmit-
ter systems and of the various peptides specifically involved in the modulation of eat-
ing behavior, energy homeostasis and the core psychopathology of ED patients, but
also variants of those liver enzymes (CYP450 system), which metabolize the drugs
used in the treatment of EDs. It is known that hepatic CYP enzymes are encoded by
polymorphic genes, which generate proteins with different enzymatic efficiency.
Therefore, the screening of CYP gene variants may enable the clinician to prevent ad-
ministration of high CYP-metabolized drug doses in subjects who express CYP vari-
ants with reduced activity (poor metabolizers) in order to minimize the occurrence of
possible adverse and toxic effects. Moreover, potential inefficacy will be also predicted
in rapid metabolizers. Such kind of studies are at present completely lacking in EDs.

In conclusion, genetic studies of EDs clearly are in an early phase. Increasing
knowledge of the mechanisms regulating BW and eating behavior as well as a more
homogeneous characterization of clinical phenotypes will help to identify the genes
likely involved in the heritable transmission of the biological vulnerability to these
serious and debilitating conditions. Results in this field combined with the identifica-
tion of genetic predictors of treatment outcomes will help clinicians to plan more ef-
fective preventive strategies and treatment programs.

Pharmacogenomics of Eating Disorders 115



References

10

11

12

13

14

American Psychiatric Association: Diagnostic and
Statistical Manual of Mental Disorders, ed. 4. Wash-
ington, American Psychiatric Association, 1994.
Hudson JI, Hiripi E, Pope HG Jr, Kessler RC: The
prevalence and correlates of eating disorders in the
National Comorbidity Survey Replication. Biol
Psychiatry 2007;61:348-358.

Makino M, Tsuboi K, Dennerstein L: Prevalence of
eating disorders: a comparison of Western and non-
Western countries. Med Gen Med 2004;6:49.
Halmi KA, Eckert E, Marchi P, Sampugnaro V, Ap-
ple R, Cohen J: Comorbidity of psychiatric diagno-
ses in anorexia nervosa. Arch Gen Psychiatry 1991;
48:712-718.

Javaras KN, Pope HG, Lalonde JK, Roberts JL,
Nillni YI, Laird NM, Bulik CM, Crow S]J, McElroy
SL, Walsh BT, Tsuang MT, Rosenthal NR, Hudson
JI: Co-occurrence of binge eating disorder with
psychiatric and medical disorders. J Clin Psychia-
try 2008;69:266-273.

Gadalla T, Piran N: Co-occurrence of eating disor-
ders and alcohol use disorders in women: a meta
analysis. Arch Womens Ment Health 2007;10:133-
140.

Harbottle EJ, Birmingham CL, Sayani F: Anorexia
nervosa: a survival analysis. Eat Weight Disord
2008;13:32-34.

Mathers CD, Vos ET, Stevenson CE, Begg SJ: The
Australian Burden of Disease Study: measuring the
loss of health from diseases, injuries and risk fac-
tors. Med J Aust 2000;172:592-596.

Harris EC, Barraclough B: Suicide as an outcome
for mental disorders: a meta-analysis. Br ] Psychia-
try 1997;170:205-228.

Gillberg C, Rastam M: Etiology in anorexia nervo-
sa; in Hoek HW, Treasure JL, Katzman MA (eds):
Neurobiology in the Treatment of Eating Disorders.
Chichester, Wiley & Sons, 1998, pp 127-141.
Gorwood P, Kipman A, Foulon C: The human ge-
netics of anorexia nervosa. Eur ] Pharmacol 2003;
480:163-170.

Strober M, Freeman R, Lampert C, Diamond J,
Kaye W: Controlled family study of anorexia ner-
vosa and bulimia nervosa: evidence of shared liabil-
ity and transmission of partial syndromes. Am J
Psychiatry 2000;157:393-401.

Bulik CM, Sullivan PF, Wade TD, Kendler KS: Twin
studies of eating disorders: a review. Int ] Eat Disord
2000;27:1-20.

Klump KL, McGue M, Iacono WG: Differential
heritability of eating attitudes and behaviors in pre-
pubertal versus pubertal twins. Int J Eat Disord
2003;33:287-292.

116

15

16

17

18

19

20

21

22

23

24

Grice DE, Halmi KA, Fichter MM, Strober M,
Woodside DB, Treasure JT, Kaplan AS, Magistretti
PJ, Goldman D, Bulik CM, Kaye WH, Berrettini
WH: Evidence for a susceptibility gene for anorexia
nervosa on chromosome 1. Am ] Hum Genet 2002;
70:787-792.

Bergen AW, van den Bree MB, Yeager M, Welch R,
Ganjei JK, Haque K, Bacanu S, Berrettini WH,
Grice DE, Goldman D, Bulik CM, Klump K, Fichter
M, Halmi K, Kaplan A, Strober M, Treasure J,
Woodside B, Kaye WH: Candidate genes for an-
orexia nervosa in the 1p33-36 linkage region: sero-
tonin 1D and delta opioid receptor loci exhibit sig-
nificant association to anorexia nervosa. Mol
Psychiatry 2003;8:397-406.

Bulik CM, Devlin B, Bacanu SA, Thornton L,
Klump KL, Fichter MM, Halmi KA, Kaplan AS,
Strober M, Woodside DB, Bergen AW, Ganjei JK,
Crow S, Mitchell ], Rotondo A, Mauri M, Cassano
G, Keel P, Berrettini WH, Kaye WH: Significant
linkage on chromosome 10p in families with buli-
mia nervosa. Am ] Hum Genet 2003;72:200-207.
Monteleone P, Castaldo E, Maj M: Neuroendocrine
dysregulation of food intake in eating disorders.
Regul Pept 2008;149:39-50.

Monteleone P, Maj M: Genetic susceptibility to eat-
ing disorders: associated polymorphisms and phar-
macogenetic  suggestions. Pharmacogenomics
2008;9:1487-1520.

National Institute for Clinical Excellence: Eating
disorders: core interventions in the treatment and
management of anorexia nervosa, bulimia nervosa
and related eating disorders. London, NICE, 2004.
Kaye W, Gendall K, Strober M: Serotonin neuronal
function and selective serotonin reuptake inhibitor
treatment in anorexia and bulimia nervosa. Biol
Psychiatry 1998;44:825-838.

Walsh BT, Kaplan AS, Attia E, Olmsted M, Parides
M, Carter JC, Pike KM, Devlin M]J, Woodside B,
Roberto CA, Rockert W: Fluoxetine after weight
restoration in anorexia nervosa: a randomized con-
trolled trial. JAMA 2006;295:2605-2612.
Greenberg BD, Tolliver TJ, Huang SJ, Li Q, Bengel
D, Murphy DL: Genetic variation in the serotonin
transporter promoter region affects serotonin up-
take in human blood platelets. Am ] Med Genet
1999;88:83-87.

Serretti A, Artioli P: From molecular biology to
pharmacogenetics: a review of the literature on an-
tidepressant treatment and suggestions of possible
candidate genes. Psychopharmacology (Berl) 2004;
174:490-503.

Monteleone - Maj



25

26

27

28

29

Monteleone P, Santonastaso P, Tortorella A, Favaro
A, Fabrazzo M, Castaldo E, Caregaro L, Fuschino
A, Maj M: Serotonin transporter polymorphism
and potential response to SSRIs in bulimia nervosa.
Mol Psychiatry 2005;10:716-718.

Erzegovesi S, Riboldi C, Di Bella D, Di Molfetta D,
Mapelli F, Negri B, Tenace M, Bellodi L: Bulimia
nervosa, 5-HTTLPR polymorphism and treatment
response to four SSRIs: a single-blind study. J Clin
Psychopharmacol 2004;24:680-682.

Steiger H, Joober R, Gauvin L, Bruce KR, Richard-
son J, Israel M, Anestin AS, Groleau P: Serotonin-
system polymorphisms (5-HTTLPR and -1438G/
A) and responses of patients with bulimic syn-
dromes to multimodal treatments. ] Clin Psychiatry
2008;69:1565-1571.

Parsons M]J, D’Souza UM, Arranz M]J, Kerwin RW,
Makoff AJ: The -1438A/G polymorphism in the
5-hydroxytryptamine type 2A receptor gene affects
promoter activity. Biol Psychiatry 2004;56:406-410.
Vandenbergh DJ, Persico AM, Hawkins AL, Griffin
CA, Li X, Jabs EW, Uhl GR: Human dopamine
transporter gene (DATI) maps to chromosome
5p15.3 and displays a VNTR. Genomics 1992;14:
1104-1106.

Prof. Palmiero Monteleone, MD

Department of Psychiatry, University of Naples SUN
Largo Madonna delle Grazie

IT-80138 Naples (Italy)

Tel. +39 081 566 6517, Fax +39 081 566 6523, E-Mail monteri@tin.it

Pharmacogenomics of Eating Disorders

30

31

32

33

VanNess SH, Owens M]J, Kilts CD: The variable
number of tandem repeats element in DAT1 regu-
lates in vitro dopamine transporter density. BMC
Genet 2005;6:55.

Davis C, Levitan RD, Kaplan AS, Carter J, Reid C,
Curtis C, Patte K, Kennedy JL: Dopamine trans-
porter gene (DAT1) associated with appetite sup-
pression to methylphenidate in a case-control study
of binge eating disorder. Neuropsychopharmacol-
ogy 2007;32:2199-2206.

Branson R, Potoczna N, Kral JG, Lentes KU, Hoehe
MR, Horber FF: Binge eating as a major phenotype
of melanocortin 4 receptor gene mutations. N Engl
J Med 2003;348:1096-1103.

Potoczna N, Branson R, Kral JG, Piec G, Steffen R,
Ricklin T, Hoehe MR, Lentes KU, Horber FF: Gene
variants and binge eating as predictors of comor-
bidity and outcome of treatment in severe obesity. ]
Gastrointest Surg 2004;8:971-982.

117



Schwab M, Kaschka WP, Spina E (eds): Pharmacogenomics in Psychiatry.
Adyv Biol Psychiatry. Basel, Karger, 2010, vol 25, pp 118-134

Future of Personalized Prescriptionin
Psychiatry

Jose de Leon

University of Kentucky Mental Health Research Center at Eastern State Hospital, and University of Kentucky
Colleges of Medicine and Pharmacy, Lexington, Ky., USA; Psychiatry and Neurosciences Research Group
(CTS-549), Institute of Neurosciences, University of Granada, Granada, Spain

Abstract

Personalized prescription and pharmacogenomics are related concepts, but are not the same. The
‘Introduction’ describes the concept of pharmacogenomics, which can be included within person-
alized prescription, and the role of the Human Genome Project and the Food and Drug Administra-
tion in promoting advances in these concepts. In the author’s comprehensive view of personalized
prescription, clinicians need to consider genetic, environmental and personal variables when pre-
scribing any medication. Known important genetic variables in specific drug responses can be ex-
plored by pharmacogenetic tests. Environmental variables — such as co-medication, herb supple-
ments, foods, beverages and smoking - may be much more important than genetic factors forsome
drugs. Personal factors such as age, gender or medical ilinesses (renal or hepatic insufficiency) may
be crucial personal variables in the response to some other drugs. The pharmacological knowledge
needed to understand personalized prescription includes pharmacokinetics and pharmaco-
dynamic actions, efficacy and safety, idiosyncratic and dose-related adverse drug reactions, pre-
scriber’s role and therapeutic window, and linear versus non-linear pharmacokinetics. The applica-
tions of these pharmacological conceptsin psychiatryare briefly reviewed. Risperidone personalized
prescription is provided as an example by describing personalized risperidone selection and per-
sonalized risperidone dosing. The future of pharmacogenomic tests and personalized prescription
in psychiatry is briefly summarized. Copyright © 2010 S. Karger AG, Basel

Introduction

While the theme of this book is pharmacogenomics in psychiatry, this particular
chapter focuses on personalized prescription rather than on pharmacogenomics.
Personalized prescription and pharmacogenomics are related concepts, but are not
the same. One of the problems in medicine is that many of its concepts are non-
classical (or fuzzy) concepts with unclear but overlapping limits. This section re-



views the concept of pharmacogenomics, the role of the Human Genome Project,
the concepts of personalized medicine and personalized prescription, and the cru-
cial role of the Food and Drug Administration (FDA) in promoting clinical applica-
tions. The article then describes the necessary pharmacological knowledge for un-
derstanding personalized prescription and its applications in psychiatry, with
personalized prescription of risperidone as an example. Finally, the future of
pharmacogenomic testing and personalized prescription in psychiatry is summa-
rized.

Pharmacogenomics

Pirmohamed [1] defined pharmacogenomics as the study of all genes in the genome
that may determine a drug response. Pharmacogenomics has gained major impetus
from technological advances and the Human Genome Project.

Human Genome Project

The end of the 20th century brought new hopes of a revolution in medicine based on
our advancing knowledge of the human genome. The Human Genome Project, offi-
cially completed in 2000 [2], was a crucial step but led to exaggerated hopes. In an
example of this hyperbolic optimism, McKusick [3] published a commentary in JAMA
comparing the Human Genome Project with the revolutionary influence of a 16th
century text on anatomy by Vesalius which led to major developments in medicine,
including further applications of the scientific method and the development of other
basic sciences.

The Human Genome Project was possible due to rapid advances in genetic tech-
nologies that made possible the parallel testing of many single nucleotide polymor-
phisms (SNP) with progressively lowered costs. Currently, one can test millions of
SNPs for less than USD 1,000 per sample, and the price is rapidly decreasing. The on-
set of these rapid technological advances led to a Science editorial comment in 1997
that defined ‘personalized prescription’ as ‘tailoring drugs to a patient’s genetic make-
up’ and predicted that personalized prescription would ‘soon’ reach clinical practice
[4]. More exact estimates for the year in which generalized use of personalized pre-
scription would begin included 2015 according to a 1999 Time magazine article [5]
and 2020 according to a 2001 JAMA article [6].

Recent developments have proven how naive it was to think that human genome
mapping would change medicine by 2015 or 2020. We do not yet know the function
of approximately one third of human genes; other types of genetic variations such as
deletions or duplications, the so-called copy number variations (CNV), may have
been neglected [7]. Unfortunately, many of the current platforms and systems used
for genotyping mainly pay attention to SNPs and neglect CN'Vs or less common ge-
netic variations such as microsatellite polymorphisms and translocations, inversions
and substitutions, which may have some pharmacogenomic relevance [7]. Finally, the
relevance of epigenetics to human pharmacogenetic response is not well understood
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[8], but it is important to know that in one animal model, drug tolerance was caused
by epigenetic mechanisms [8].

Since the ‘genomic’ boom, technological advances have facilitated the development
of a new wave of parallel testing of multiple physiological substrates and of new dis-
ciplines — including transcriptomics, proteomics and metabolomics [9]. These new
technologies, sometimes included under the heading of biomarkers, provide hun-
dreds or thousands of pieces of data on each patient, but produce two types of intrin-
sic problems: untested statistical analyses and complex interpretation of the results.
Regarding statistical problems, the traditional statistical tests were developed to test
one or a few hypotheses in dozens or hundreds of patients (many more individuals
than tested hypotheses), not to test hundreds and thousands of hypotheses in samples
that frequently include fewer individuals than hypotheses. Several new statistical
methods are being developed to manage these large statistical databases. The author
has collaborated in attempts to use two statistical methods derived from engineering
statistics: analyzing genetic data using data mining [10] and a derivation of sensitive
analysis and systems engineering [11]. Despite these preliminary attempts, he ac-
knowledges that there are no validated methods; moreover, the statistical method
used in genome-wide association studies with thousands of patients and published in
the best scientific journals demonstrates very poor replicability.

Results from some of the new tests or biomarkers are hard to interpret since we
know little about the normal variations of physiological substrates. In the case of me-
tabolomics, we know little about the normal values of the hundreds of lipids that can
be found in human blood. Even if we focus on pharmacogenomics and on the simplest
genetic variations, SNPs, we have limited understanding of how to extrapolate to the
clinical environment a statistical association between a specific SNP and response to
drug X in a well-controlled study. The specific SNP may be associated with function-
al changes, may not be associated with functional changes and may be linked with
other functional SNPs, or may be explained by a false-positive result. The relation-
ships between SNPs and gene function appear to be fairly complicated in some of the
well-studied genes. A well-studied pharmacogenetic gene, cytochrome P450 2D6
(CYP2D6), has more than 90 known genetic variations (including SNPs and CNVs)
and more than 60 alleles [12]. The functional effects of some of the rarest CYP2D6
alleles are not known despite being relatively easy to study using a phenotyping test
that requires giving a pill and measuring urine metabolites. The racial variations are
relatively well understood, and it is thought that measuring approximately 20 alleles
may provide a reasonable amount of information to clinicians about CYP2D6 pheno-
types and function [13]. In most patients, these 20 alleles would establish whether or
not the enzyme is present, and, if present, whether it is under- or overactive. Unfor-
tunately, learning the functionality of these genetic variations (the phenotype-geno-
type association or correlation) has taken over 20 years to develop. Only a few SNPs
have been studied in most genes of possible interest in psychiatric pharmacogenom-
ics; in most of them, the functional meaning of these SNPs is not known. The con-
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ceptual and scientific difficulties in extrapolating from basic research to clinical ap-
plications, usually called translational research, are usually ignored in the literature
and may be among the major obstacles for applying pharmacogenomics or personal-
ized prescription in the clinical environment.

Concepts of Personalized Medicine and Personalized Prescription

The concepts of personalized or individualized medicine and prescription are not
new in medical parlance. However, genetic advances have made discussing ‘personal-
ized medicine’ and ‘personalized prescription’ in genetic terms fashionable. In fact,
even lay journals use these concepts frequently, referring mainly to genetic differ-
ences between patients. In introducing the first issue of the newly created journal
Personalized Medicine, Ruafio [14] reminded us that physicians have traditionally
practiced personalized medicine in their attempts to decide the best treatment for
each of their patients. However, physicians were not using the term ‘personalized
medicine’; the personalized approach traditionally used by physicians was probably
based on subjective physician preferences and not on scientific knowledge. In fact,
psychiatrists had used the term in a completely different way. In 1952, Osborn [15]
titled his psychiatry textbook Psychiatry and Medicine: An Introduction to Personal-
ized Medicine. The idea behind that title was that each patient is a unique individual
with unique psychological mechanisms. For Osborn, the principle that allowed per-
sonalized medicine was not genetics, but psychoanalysis. Obviously, Osborn’s opin-
ion appears somewhat outmoded. On the other hand, the current exclusive focus of
personalized medicine on genetics may be wrong.

This author [7] views personalized medicine as a very global concept that may in-
clude ‘personalized surgery’, ‘personalized rehabilitation’, ‘personalized nutrition’
and other types of personalized medical interventions and, more importantly for psy-
chiatrists, ‘personalized prescription’. Personalized prescription should include not
only the use of new tests, which may or may not be pharmacogenetic tests, but also
the consideration of all scientific information valid for prescribing medication [16].
Pharmacology is a mechanistic science; knowing the pharmacological principles be-
hind drug response allows predictions to be made (table 1). For many drugs, genetic
factors may be irrelevant in drug response or may be much less important than other
non-genetic factors. Our pharmacological knowledge of each drug should determine
what aspects are important in that drug’s personalized prescription. In this compre-
hensive view of personalized prescription, clinicians need to consider genetic, envi-
ronmental and personal variables when prescribing any medication [16]. Known im-
portant genetic variables in specific drug response can be explored using pharmaco-
genetic tests. Environmental variables such as co-medication, herb supplements,
foods, beverages, and smoking may be much more important than genetic factors for
some drugs. Personal factors such as age, gender or medical illnesses (renal or hepat-
ic insufficiency) may be crucial personal variables in the response to some other
drugs.
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Table 1. Pharmacological principles behind the author’s view of personalized prescription

1 Mechanistic science: Pharmacology is a mechanistic science.

2 Pharmacokinetics and pharmacodynamics: Drug response is explained by the pharmacokinetic
and pharmacodynamic actions of the drugs. Pharmacokinetic actions are usually a first step, oc-
curring prior to pharmacodynamic actions. Pharmacodynamic actions in the brain may require a
greater level of complexity than pharmacodynamic actions in the periphery, due to the complex-
ity of moving drugs from the blood to the brain target.

3 Genetic, environmental and personal variables: Influence drug pharmacokinetics and pharma-
codynamics.

4 Pharmacogenetic tests: Any attempt to use pharmacogenomic tests to help with personalized
prescription also needs to take into account environmental and personal variables. For some
drug responses, genetic variations may be irrelevant or have relatively little influence when
compared with environmental and personal variables.

5 Other important pharmacological principles: A pharmacogenomic test or any other method to
personalize prescription for a specific drug or group of drugs can only be developed by taking
into account those pharmacological principles that are important in explaining how that drug
works in the real world. Personalized medicine must consider (in addition to pharmacokinetics
and pharmacodynamics):

5.1. Efficacy and safety (safety includes idiosyncratic versus dose-related adverse drug reactions).
5.2. Prescriber’s role and therapeutic window (therapeutic window includes linear versus non-

linear pharmacokinetics).

This author has also hypothesized that personalized prescription can be expressed
in two main ways: in the clinical environment as personalized selection of the drug,
and as personalized dosing [7]. The author’s definition of personalized prescription
may be original, but his approach is not new since it is based on advances of pharma-
cological knowledge that are usually expressed in the drug prescribing information
required by the FDA and in pharmacological textbooks.

Crucial Role of the FDA in Promoting the Use of Personalized Prescription and
Pharmacogenetic Testing

The FDA has had a crucial role in promoting the use of pharmacological information
to personalize prescriptions and in the introduction of pharmacogenetic tests in the
clinical environment. A remarkable step was the terfenadine story. Terfenadine is a
non-sedating antihistaminic that was approved by the FDA in the late 1980s with an
average recommended dosage for average subjects after rigorous placebo-controlled
clinical trials in healthy subjects not taking other medications. Then, a second ex-
periment, naturalistic and not well-controlled, began when terfenadine was given to
the general population which included many non-average subjects who were ill or
taking other medications. In 1996, it was clear that more than 100 people had died in
the USA in this naturalistic experiment. The ‘average’ doses were toxic and caused

122 de Leon



arrhythmias in subjects taking some co-medications inhibiting the cytochrome P450
(CYP) isoenzyme that metabolizes terfenadine. Had our knowledge of CYP ‘science’
been better, the lethal outcomes during naturalistic use would have been avoided. The
deaths of more than 100 people taking terfenadine were not in vain. The FDA began
progressively forcing companies to study drug-drug interactions (DDIs) and CYP
metabolism. Thus, drug package inserts (currently called prescribing information)
were required to include progressively more information on DDIs (environmental
variables) and on peculiar situations such as renal or liver insufficiency (personal
variables). After terfenadine, several drugs were withdrawn from the market due to
similar cases of heart toxicity associated with DDIs, leading to drug prescribing in-
formation that increasingly focused on non-average subjects by including informa-
tion on the effects of environmental and personal variables in drug response.

A further development in the FDA’s approach was the inclusion of genetic informa-
tion in the drug prescribing information. This was not well-received by pharmaceuti-
cal companies which had not embraced pharmacogenomic testing in clinical practice.
In fact, an FDA official related [17] that when she met with drug industry representa-
tives in 2001 to discuss the promise of personalized medicine: ‘People stood up and
said: We are terrified’. It is very easy to explain this terror. The pharmaceutical com-
panies’ current business model assumes drug approval on the basis of an average dos-
age recommendation for an average patient. Thus, the practice of excluding some pa-
tients from the drug using pharmacogenomic tests would narrow market niches. On
the other hand, genotyping and treating some patients with alternative dosages would
complicate prescribing information relative to competing drugs [18, 19]. If a drug is
approved with pharmacogenomic testing as a requirement, the marketers of previ-
ously approved competing drugs would surely remind physicians that their drugs do
not have such a requirement in their prescription package, but the new drug does.

The FDA has progressively set new recommendations to promote pharmacogenet-
ics and personalized prescription. In 2005, the FDA provided guidance for the drug
industry regarding pharmacogenetic data submission [20] that described a metabolic
enzyme important for psychiatry, CYP2D6, as a ‘valid biomarker’ and introduced the
idea of a voluntary data submission program. In 2008, the FDA [21] issued draft guid-
ance for ‘in vitro diagnostic multivariate index assays’ (IVDMIAs). Pharmacogenom-
ic, metabolomic and proteomic tests are IVDMIAs, and thus the FDA was indicating
its intent to require IVDMIAs to meet pre-market and post-market device require-
ments under FDA regulations. Prior to that, the FDA had not been involved in regu-
lating diagnostic tests.

In addition, the FDA took two major practical steps: in 2006 it approved the first
pharmacogenomic test, the AmpliChip CYP 450 Test [18, 19], and in 2007 it began
requiring clinicians to use a pharmacogenomic test before administering carbamaze-
pine in a particular racial subgroup [22].

Roche Molecular Systems, Inc., developed the first pharmacogenomic test ap-
proved by the FDA, the AmpliChip CYP 450 Test. The microarray contains over
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Efficacy Safety

Pharmacological mechanisms Pharmacological mechanisms explaining ADRs

explaining drug response 1 Dose-dependent ADRs

- Explained by an augmentation of the
pharmacological action
2 Idiosyncratic ADRs
- Not predicted by pharmacological action
- Two main mechanisms are suggested: peculiar
metabolic pathways leading to reactive metabolites
and/or immunological response

Fig. 1. Efficacy and safety. ADRs = Adverse drug reactions.

15,000 oligonucleotide probes allowing testing for 20 CYP2D6 alleles, 7 CYP2D6 du-
plications, and 3 cytochrome P450 2C19 (CYP2C19) alleles [18, 19]. CYP2D6 is par-
ticularly important in psychiatry since it metabolizes many antipsychotics and anti-
depressants. CYP2D6 poor metabolizers (PM) lack CYP2D6 in their bodies; their
prevalence varies by race (highest among Caucasians, approximately 7%, and lower
in other races, 1-3%). The psychiatric applications of CYP testing have been described
in prior articles [12, 23, 24].

The FDA required that HLA-B*1502 genotyping in Asians should be performed
before prescribing carbamazepine to avoid the almost certain development of Stevens
Johnson syndrome/toxic epidermal necrolysis in those with this marker [22].

In conclusion, in the view of the author: (1) pharmacogenomic tests are one type
of personalized prescription test, and (2) personalized prescription should consider
the influence of genetic, environmental and personal variables on each drug.

Pharmacological Knowledge Needed for Personalized Prescription

Table 1 describes drug response as being explained by pharmacokinetic and pharma-
codynamic actions influenced by genetic, environmental and personal variables.
Pharmacogenetic testing, and any other form of personalized prescription, must focus
on other basic pharmacological principles besides pharmacokinetics and pharmaco-
dynamics. This chapter cannot include a pharmacology textbook; therefore, tables and
tigures are used to remind the reader of crucial pharmacological concepts. Efficacy
and safety are important concepts described in figure 1. Within safety, idiosyncratic
versus dose-related adverse drug reactions (ADRs) must be distinguished [7]. Simi-
larly, the prescriber’s role and therapeutic window or index needs to be considered [16].
Pharmacology is very important in predicting drug response in drugs with a narrow
therapeutic index. The prescriber’s choice may be more relevant than pharmacological
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Linear pharmacokinetics Non-linear pharmacokinetics

Concentration increases and The concentration:dose ratio CANNOT be represented by
decreases in a linear pattern in a line making it more difficult to personalize dosing.
relation to the dose. Several pharmacological mechanisms can explain this:

The concentration:dose ratio can

be represented by a straight line. - Drugs that are auto-inhibitors of their own metabolism

(e.g. paroxetine and fluoxetine)

- Drugs that are auto-inducers of their own metabolism
(e.g. carbamazepine)

- Changes influenced by protein-binding and free
concentration (e.g. valproate)

- Saturation kinetics: in high concentrations the half-life
increases dramatically (e.g. phenytoin)

- Saturable absorption (e.g. gabapentin absorption
decreases at higher doses)

Concentration

Dose

Fig. 2. Comparing linear versus non-linear pharmacokinetics. Valproate concentration does not in-
crease proportionally with the dose, butincreases to a lesser extent due to saturable plasma protein
binding. It is believed that the binding rate is 85-95% at low doses and 70% at high doses. Phe-
nytoin has a narrow therapeutic window and follows non-linear pharmacokinetics, which is dose-
dependent and capacity-limited. This means that it is possible to attain excessive drug concentra-
tions with modest dosage increases. When the drug reaches toxic levels phenytoin half-life may
increase in a dramatic way due to the saturation of its metabolism. In fact, half-lives as long as
140 h have been described in intoxicated patients. Gabapentin appears to move from the intestine
to the blood using a saturable L-amino acid transporter; gabapentin bioavailability is not dose-
proportional and decreases at higher doses.

Table 2. Comparing wide and narrow therapeutic window drugs

Wide Narrow
Psychiatric drugs most of the new drugs most of the old drugs
Most relevant in dosing prescriber’s choice pharmacology
Safety of dosing relatively non-toxic relatively toxic
Efficacy low concentrations may be ineffective  varies for different individuals
Therapeutic drug monitoring not well studied used in clinical practice
Personalized dosing models explain little of the drug response explain more of the drug response
Pharmacogenomic tests poor predictors of dosing better predictors of dosing

principles in drugs with a wide therapeutic index. Table 2 elaborates on how the ther-
apeutic window may influence personalized dosing. Another pharmacological con-
cept that is important in dosing is linear versus non-linear pharmacokinetics (fig. 2).
Pharmacokinetic type is fundamental in establishing personal dosing and in predict-
ing the relationships between drug dose and drug blood concentration. It is easy to
predict concentration using dose with drugs displaying linear kinetics, but more com-
plicated with non-linear kinetics, which is present in some psychiatric drugs (fig. 2).
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Applying Personalized Prescription in the Clinical Practice of Psychiatry

By now it should be evident to the reader that it is impossible to begin thinking about
how to apply personalized prescription in clinical practice without a thorough under-
standing of the pharmacokinetic and pharmacodynamic principles of psychiatric
drugs. Table 3 includes a brief attempt to summarize the pharmacological mecha-
nisms of the most important psychiatric drugs. Table 4 explains the pharmacological
principles behind personalized drug selection, and provides psychiatric examples of
personalized drug selection in clinical practice. Table 5 explains the pharmacological
principles behind personalized dosing, and provides psychiatric examples of person-
alized drug selection in clinical practice. Personalized drug selection and dosing in
psychiatry have been described in more detail in a prior article [7].

Personalized Prescription of Risperidone as an Example

The only way to completely understand what personalized prescription may mean in
clinical practice is to provide a good example, such as risperidone. Risperidone pre-
scription may need to take into account genetic, environmental and personal varia-
tions. In this article, it is not possible to extensively review the pharmacokinetics and
pharmacodynamics of risperidone, which were reviewed in prior articles [25-28] and
summarized in tables 6 and 7. Table 6 presents personalized risperidone selection.
Basic pharmacological information relevant for risperidone selection is presented in
the upper part of the table. Once a clinician has decided that an antipsychotic is need-
ed, the lower part of table 6 describes which factors may be considered for or against
risperidone selection. The information in the literature is very limited; multiple prag-
matic randomized trials such as the Clinical Antipsychotic Trials of Intervention Ef-
fectiveness (CATIE) [29] are needed to correctly inform this decision. Due to the lim-
ited information available, and since clinicians frequently have drug preferences and
dislikes, different clinicians would likely disagree on whether risperidone is a good
tirst-choice antipsychotic for various patients. The existence of generic and long-act-
ing formulations is a factor in favor of risperidone selection.

Table 7 presents personalized risperidone dosing. Basic pharmacological informa-
tion relevant for risperidone dosing is presented in the upper part of the table. This
table is based more on available scientific and pharmacological principles than the
table focused on risperidone selection. As risperidone probably follows linear kinetics
in all age groups [28], information on the effects of factors that change risperidone
pharmacokinetics in adults may reasonably be extrapolated to children and geriatric
patients. Three major factors are considered relevant when adapting risperidone dos-
ing in patients with different personal characteristics: the presence of CYP3A induc-
ers and/or CYP inhibitors, and CYP2D6 PM status (table 6). CYP2D6 PMs lack
CYP2D6, the enzyme that has higher affinity for risperidone and may be the most
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Table 3. A brief summary of pharmacological mechanisms used to develop personalized prescription in
psychiatry

1 Pharmacological principles behind the pharmacodynamics of efficacy are poorly understood and cannot easily be
studied in vivo in patients.

1.1
1.2

13
14
1.5

Antipsychotics probably work as D, blockers.

The majority of antidepressants are thought to be serotonin and/or noradrenaline reuptake inhibitors, but we
are not sure whether this explains their antidepressant actions.

It is not known or well understood how antidepressants work in anxiety disorders.

Benzodiazepines probably act as allosteric modulators of the GABA, receptors.

It is not known how the so-called mood stabilizers work.

2 Pharmacological principles behind the brain pharmacodynamics of safety are better understood.

2.1

2.2

23
24
2.5
26

2.7

Increases in appetite secondary to most antipsychotics and some antidepressants may be mainly mediated by
Hq and 5-HT,¢ blockade.

Sedation secondary to antipsychotics and some antidepressants may be mainly mediated by H; and musca-
rinic blockade.

Sedation secondary to benzodiazepines and some mood stabilizers may be mediated by GABAergic actions.
Extrapyramidal symptoms secondary to antipsychotics are mediated by D, blockade.

Hyperprolactinemia secondary to antipsychotics is mediated by D, blockade.

Cognitive impairment secondary to some antipsychotics and some antidepressants may be mediated by mus-
carinic blockade.

The serotonin syndrome secondary to the combinations of antidepressants, lithium and/or other drugs is be-
lieved to be explained by increased central and peripheral serotonin release.

3 Peripheral pharmacodynamic mechanisms are not always well studied.

3.1

3.2

3.3

3.4

3.5

3.6

3.7

Changes in heart rate and blood pressure secondary to some antidepressants and some antipsychotics may be
mediated by the blockade of a- and B-adrenergic receptors and muscarinic receptors (central components are
possible).

Constipation and urinary retention secondary to some antidepressants and antipsychotics are mainly mediated
by muscarinic blockade.

Sexual ADRs and urinary incontinence secondary to some antipsychotics may be mediated by adrenergic block-
ade.

Mechanisms of peripheral glucose and lipid metabolism disturbed by antipsychotics are not well understood.
Peripheral glucose and lipid metabolism actions of antidepressants and mood stabilizers are not well studied.
Platelet, gastrointestinal and sexual ADRs from some antidepressants are probably mediated by peripheral
serotonergic changes.

Cardiac ion channel actions produced by some antidepressants and antipsychotics are not well studied. How
these actions contribute to increased sudden deaths is not well understood.

Potentially lethal ADRs secondary to antipsychotics and mood stabilizers in skin, liver and hematological tissues
are not understood and in some cases are possibly immunologically mediated.

4 Pharmacokinetic mechanisms are better understood but tend to be ignored by psychiatrists.

4.1

4.2

4.3

CYP.

- CYP2D6 is important for some antipsychotics, some antidepressants and activation of some opioids.

- CYP3A is important for some antipsychotics, some antidepressants, carbamazepine and some benzo-
diazepines.

- CYP2C19is important for some antidepressants and diazepam.

- CYP1A2is important for clozapine and olanzapine.

UGT. These poorly understood enzymes are important for lamotrigine, valproate, some opioids and secondary

pathways for some antipsychotics and possibly some antidepressants.

Transporters are poorly understood.

- P-glycoprotein may be important at the intestine, liver and blood-brain barrier.

- Kidney transporters may be important for lithium and other drugs.
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Table 4. Pharmacological principles behind personalized drug selection and examples in psy-
chiatry

1 Complexity: Personalizing drug selection is complicated since it requires considering multiple drugs.

2 Risk/benefit: The risk and benefits of each drug need to be considered.

3 Indication: The level of complexity is much higher when drugs from different classes can be selected
(e.g. mania, which includes mood stabilizers and antipsychotics) versus only one class (e.g. a non-affective
psychotic episode, which only includes antipsychotics).

4 Personal opinions: Personal opinions of physicians and patients on particular drugs and ADRs may be impor-
tant in personalizing drug selection and are hard to predict using statistical models.

Examples of personalized drug selection in clinical practice’
1 Contraindication of some drugs in some unusual subjects:
- Genetic variation. HLA-B*1502 genotyping in Asians: contraindicates carbamazepine.
- Environmental variation. Taking drugs that increase QTc: contraindicates ziprasidone.
- Personal variation. Pregnancy: contraindicates valproate.
2 Exclusion of some drugs in some patients due to some frequent ADRs not common to all drugs in one class:
- Genetic variations. Variants associated with TD risk: recommend against some antipsychotics.
- Environmental variations. Prescription of drugs associated with obesity: recommend against antipsy-
chotics with greater risk of causing obesity.
- Personal variations. Elderly females are prone to develop TD: recommend against antipsychotics associ-
ated with greater TD risk.
3 Best drug for each patient:
This is an elusive goal beyond our current knowledge.

TD = Tardive dyskinesia.
! For more details, see de Leon [7].

important metabolic pathway for risperidone by hydroxylating it to 9-hydroxyris-
peridone. PM patients can be identified by CYP2D6 genotyping [18, 19] or by measur-
ing risperidone trough levels in steady state [23]. If the patient has a plas-
ma risperidone/9-hydroxyrisperidone concentration ratio >1 and is not taking a
CYP2D6 inhibitor (bupropion, fluoxetine or paroxetine) then he/she is likely to be a
CYP2D6 PM. In the absence of these drugs, if the risperidone/9-hydroxyrisperidone
ratio is 2 or 3, the patient is most definitively a CYP2D6 PM. Prior articles [23, 25-28]
described this in detail. One of the articles described a pharmacokinetic model in-
cluding genetic and environmental variables that allowed an exploration of their ef-
fects in dosing [26].

Future of Pharmacogenomic Testing in Psychiatry

The only FDA-required pharmacogenomic test in psychiatry is a test for one drug and
for one racial group [22], and it only eliminates the risk of a relatively rare idiosyncrat-
ic ADR (HLA-B*1502 genotyping in Asians for carbamazepine). Clinicians have com-
plained to the author that having one pharmacogenomic test for drug selection in one
race is a miniscule advance. Unfortunately, this is the only pharmacogenomic test in
the immediate future of psychiatry that has definitive support for its clinical indication.
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Table 5. Pharmacological principles behind personalized dosing and examples in psychiatry

1 Pharmacological principles behind dosing are much simpler than those behind drug selection.

2 Bottle-neck situations. One needs to remember that bottle-neck situations may apply at crucial points in drug response.

- Absorption disturbances by food', other drugs?, or even anatomical problems® may decrease a drug’s availability
and render a drug ineffective.

- Itis not well understood whether difficulties in crossing the BBB may be relevant in psychotropic drugs. Problems
at the BBB have been explored as a possible mechanism for explaining lack of anticonvulsant response. Differences
in BBB permeability may explain differences in toxicity between risperidone and its metabolite, 9-hydroxyrisperi-
done, marketed as paliperidone.

3 Dosing models combining genetic, environmental and personal variables may focus on:
3.1 Pharmacokinetic models: Models predicting blood drug concentration. Developing models for drugs following
linear kinetics is much easier than for those drugs following non-linear kinetics (table 4). The clinical relevance of
these models depends on how well blood concentration predicts drug response (efficacy and safety).
3.2 Clinical models: Predicting ADRs. They should incorporate pharmacokinetic and pharmacodynamic information.
The ADR type is important:
3.2.1 Idiosyncratic ADRs: It makes no sense to try to develop dosing models since they are not dose related. Idio-
syncratic ADRs may need certain doses (probably low) and after that the dose is irrelevant. Thus, it is better
to deal with these ADRs by personalizing drug selection.
3.2.2 Dose-dependent ADRs: Dosing models may have better potential. However, it is important to consider
whether tolerance develops or not.
3.2.2.1 ADRs not subject to tolerance: It may be easier to develop predictive dosing models. The narrower
the therapeutic window, the more likely that the predictive model may work in the clinical environ-
ment.

3.2.2.2 ADRs subject to tolerance: High dosing may predict toxicity only in the initial doses. After some ini-
tial doses the patient may develop tolerance to ADRs. The predictive model for dosing needs to
consider the duration of the treatment (initial versus maintenance).

4 The role of therapeutic window.

4.1 Wide therapeutic window drugs:

- Genetic variations: Being a UM may explain lack of efficacy.

- Environmental variations: Taking inducers may explain lack of efficacy.

4.2 Narrow therapeutic window drugs:

- Genetic variations:
Being a UM may explain lack of efficacy when the drug is metabolized.
Being a PM may explain lack of efficacy when the drug is activated.
Being a UM may explain ADRs when the drug is activated.
Being a PM may explain ADRs when the drug is metabolized.

- Environmental variations:
Taking inducers may explain lack of efficacy when the drug is metabolized.
Taking inhibitors may explain lack of efficacy when the drug is activated.
Taking inhibitors may explain ADRs when the drug is metabolized.

- Personal variations: Renal insufficiency may explain ADRs when the drug is excreted by the kidney.

Examples in clinical practice of personalized drug dosing*
- Genetic variations: CYP2D6 PMs need half the usual dosages of TCAs.
- Environmental variations: Taking fluvoxamine requires lower clozapine dosing.
- Personal variations: Advanced age requires decreasing risperidone dosing.

BBB = Blood-brain barrier; PM = poor metabolizer; UM = ultrarapid metabolizer.

! Ziprasidone needs to be administered with food to increase its absorption.

2 Carbamazepine suspension should not be administered with chlorpromazine suspension since they may lead to a pre-
cipitate and loss of absorption.

3 Paliperidone capsules should be avoided in individuals with gastrointestinal narrowing which may hinder passage of a
capsule through the gastrointestinal tract.

4 For more details, see de Leon [7].
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Table 6. Personalizing risperidone selection

Pharmacokinetic and pharmacodynamic profiles to consider
1 Important pharmacokinetic differences (which can be handled by dosing, see table 7)
- Risperidone versus non-dependent CYP2D6 antipsychotics (e.g. clozapine, olanzapine, paliperidone,
quetiapine and ziprasidone): risk of overdosing in CYP2D6 PMs. This can be corrected by dosing.
- Clinically relevant DDI with CYP inhibitors (relatively similar to other antipsychotics except for zipra-
sidone and paliperidone, which may be relatively free of them). This can be corrected by dosing.
- Clinically relevant DDI with inducers (relatively similar to other antipsychotics except for ziprasidone,
which may be relatively free of them). This can be corrected by dosing.
- Risperidone versus antipsychotics with limited renal excretion (e.g. clozapine, olanzapine, quetiapine
and ziprasidone): risk of overdosing patients with renal insufficiency. This can be corrected by dosing.

2 Safety profile

- Increasing QTc: low risk (better than first-generation APs and ziprasidone).

- EPS:intermediate risk (better than first-generation APs and worse than other second-generation APs).

- Metabolic ADRs (obesity, hyperglycemia and hyperlipidemia): intermediate.

- Hyperprolactinemia: high risk (similar to first-generation APs and worse than other second genera-
tion APs).

- Sedation: low risk (better than clozapine, olanzapine, phenothiazines and quetiapine).

- Orthostatic hypotension: high risk (probably similar to clozapine, phenothiazines, quetiapine and zipra-
sidone).

- Sexourinary symptoms: rare (but probably higher than other second-generation APs).

- Gl symptoms: lower than the worst APs (aripiprazole and ziprasidone).

- Seizure: probably average risk (lower than the worst APs: chlorpromazine, clozapine, olanzapine and que-
tiapine).

- Liver toxicity: very low risk (lower than the worst APs: clozapine, olanzapine and phenothiazines).

- Antimuscarinic ADRs: no risk or very low risk (versus those APs with high risk: clozapine, olanzapine,
phenothiazines and quetiapine). Remember that due to the potential for EPS, anticholinergic drugs may
be needed when taking risperidone.

Personalizing risperidone selection within antipsychotics
1 Rlsperldone is contraindicated by:
History of prior severe ADRs on risperidone (and possibly on paliperidone).
- Parkinson’s disease and other neurodegenerative illnesses with parkinsonian symptoms. Use aripipra-
zole, clozapine or quetiapine.
- Current or past prolactin-sensitive cancer. If an AP is really needed, use an AP not associated with relevant
prolactin elevations (aripiprazole is better or clozapine).

2 Risperidone may not be a good choice (other APs may be better):
- When orthostatic changes are a risk (serious cardiovascular disease or treatment with antihypertensives):
Better choices may be aripiprazole, haloperidol, olanzapine or paliperidone.
- History of EPS in first-generation antipsychotics. Better choices are any of the other second-generation
APs except paliperidone.
- Metabolic syndrome: risperidone has an intermediate position (worse than aripiprazole, haloperidol,
molindone or ziprasidone; better than clozapine, olanzapine, phenothiazines and quetiapine).

3 Positive aspects of risperidone formulation:
- Generic is available (cheaper than other second-generation APs, and more expensive than first-genera-
tion APs).
- Long-acting is available (only others available in USA are fluphenazine, haloperidol and paliperidone).

APs = Antipsychotics; EPS = extrapyramidal symptoms.

130 de Leon



Table 7. Personalizing risperidone dosing

Genetics Environment Personal variables

Pharmacokinetic and pharmacodynamic profiles to consider

CYP2D6 PM: absent inhibitors: BUP, PAR, FLU'
CYP3A CYP3A inhibitors
CYP3A inducers: CBM?
Renal excretion renal insufficiency
aging: decreased clearance
Volume of distribution children: lower
D, receptors’ prior APs: tolerance geriatric: | demented: W
adults with MR: {
Normal Inducers? Inhibitors®# CYP2D6 PM or
(multiply by 2) (divide by 1.3) FLU* (divide by 2)

Personalizing risperidone dosing, mg/day
Lower doses may be needed when the patient is at risk of an ADR (due to co-medications with pharmacodynamic inter-
actions or illnesses)

Starting dosage

Average adult 1-2 2-4 0.75-1.5 0.5-1
First episode 1 2 0.75 0.5
Adult MR 1-2 2-4 0.75-1.5 0.5-1
Geriatric (or RI) 0.25 0.5 0.12 0.12
Demented 0.5 1 0.25 0.25
Children 15-20 kg 0.25 0.5 0.12 0.12
Children =20 kg 0.50 1 0.25 0.25
Target dosage

Average adult 4 8 3 2
First episode 2 4 1.5 1
Adult MR 2 4 1.5 1
Geriatric (or RI) 2 4 1.5 1
Demented 1 2 0.75 0.5
Children 15-20 kg 0.5 1 0.25 0.25
Children =20 kg 1 2 0.75 0.5
Usual maximum recommended dosage®

Average adult 6 12 4 3
First episode 4 8 3 2
Adult MR 4 8 3 2
Geriatric (or RI) 4 8 3 2
Demented 15 3 1 0.75
Children 15-20 kg no agreement in the literature

Children 220 kg no agreement in the literature

Information presented on personalizing risperidone dosing is a major modification of a prior table [28]. BUP = Bupropion;
PAR = paroxetine; FLU = fluoxetine; CBM = carbamazepine; APs = antipsychotics; MR = mental retardation; Rl = renal insuf-
ficiency; | = decrease in receptors; W = very important decrease in receptors.

! de Leon etal. [27].

2 The information on CYP3A inducers is based mainly on CBM data. Other CYP3A inducers have not been well studied.
Clinically relevant inducers that may have effects similar to CBM are rifampin, phenobarbital, primidone, phenytoin, non-
nucleoside reverse transcript inhibitors (efavirenz and delaviridene), dexamethasone, prednisone and St. John's wort.

3 High doses of sertraline may also be a CYP2D6 inhibitor. FLU is a CYP2D6 and CYP3A inhibitor and may block both ris-
peridone metabolic pathways. It should be considered as a particularly hazardous inhibitor.

4 The clinically relevant CYP3A inhibitors include fluvoxamine, cimetidine, ketoconazole, erythromycin, clarithromycin,
protease inhibitors, grapefruit juice and dilitiazem.

5 Risperidone up to 16 mg/day (maximum dose) was approved in the USA. At that time, the antipsychotic doses used were
too large.
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Currently, CYP2D6 and CYP2C19 genotyping appear to have little future. Phar-
maceutical companies are eliminating drugs metabolized by CYP2D6 from their
pipeline [18, 19]. First-generation antipsychotics tend to be CYP2D6 drugs and may
be as efficacious as the new ones. As they are much cheaper, marketing the use of first-
generation antipsychotics plus personalized tests, including CYP2D6 genotyping,
may be the way to go [11]. Unfortunately, this idea is contrary to the current market-
ing strategies of the pharmaceutical companies which promote second-generation
antipsychotics. Other psychiatric pharmacogenomic tests for clozapine efficacy,
clozapine-induced agranulocytosis and antipsychotic-induced metabolic syndrome
have been described in prior articles [9, 24].

The author believes that in the near future, in psychiatry, pharmacogenetic tests
or other types of complex biomarkers have some potential in two areas [7]: (1) ex-
cluding the use of some drugs for some unusual patients (has major potential since
neurology provided the first pharmacogenetic test for carbamazepine), and (2) per-
sonalizing drug dosing by using pharmacokinetic genes in narrow therapeutic win-
dow drugs (has some potential, but these drugs may be irrelevant for clinical prac-
tice unless the old antipsychotics are returned to use). There is dubious potential for:
(1) selecting some drugs within a class due to ADR or efficacy profile, and (2) select-
ing dosing in a wide therapeutic window drug. The author does not see short-term
potential in finding the best drug for each patient. This ‘very sophisticated’ level of
personalized prescription is beyond our current knowledge and study methodolo-

gies [7].

Future of Personalized Prescription in Psychiatry

This author defines a new way of looking at personalized prescription, describing it
as the use of genetic, environmental or personal information for selecting drugs and/
or prescribing dosages. With this broad definition, personalized prescription can be
utilized without waiting for new developments in pharmacogenomic or other bio-
marker testing. Personalized prescription requires only that sophisticated clinicians
understand that genetic, environmental or personal variables influence pharmacoki-
netic and pharmacodynamic response; the therapeutic window of the drug may also
be important. Blood levels, currently called therapeutic drug monitoring, have been
used by psychiatrists to personalize dosing for lithium, tricyclic antidepressants and
some antipsychotics including clozapine. Unfortunately, all of these are old drugs
rarely used by young prescribers in psychiatry. New drug marketing has convinced
psychiatrists that they do not need to use these old drugs; thus, using therapeutic drug
monitoring in psychiatry appears irrelevant. It also makes teaching this broad view
of personalized prescription difficult.
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Conclusions

The ‘Introduction’ describes the concept of pharmacogenomics that can be included
within personalized prescription and the role of the Human Genome Project and the
FDA in promoting the advancement of these concepts. Personalized prescription and
pharmacogenomics are related concepts, but are not the same. In the author’s com-
prehensive view of personalized prescription, clinicians need to consider genetic, en-
vironmental and personal variables when prescribing any medication. The pharma-
cological knowledge needed to understand personalized prescription and its appli-
cations in psychiatry includes pharmacokinetic and pharmacodynamic actions, ef-
ficacy and safety, idiosyncratic and dose-related ADRs, prescriber’s role and
therapeutic window, and linear versus non-linear pharmacokinetics. Risperidone
personalized prescription is provided as an example by describing personalized ris-
peridone selection and personalized risperidone dosing. The future of pharmacoge-
nomic tests and personalized prescription in psychiatry is briefly summarized.
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