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Abstract Interest has grown in genetic testing to personalize
treatment approaches in psychiatry, especially mood disorders
and to a lesser extent anxiety. However, numerous studies of
genetic variants ofmetabolizing enzymes, alongwith fewer stud-
ies of single nucleotide polymorphisms of drug transporter pro-
teins, receptors, and other putative drug targets such as neuro-
transmitter reuptake pumps and receptors, have reported contra-
dictory findings that have not translated into practical, cost-
effective treatment recommendations. In this article, we review
basic principles of genetic testing and highlight selected elements
of genetic testing in cancer. We then critically review the current
status of genetic research in pharmacokinetics and pharmacody-
namics, as well as the few clinical trials that have been per-
formed. After discussing the limited clinical applications of cur-
rent research, we make recommendations for developing more
clinically useful studies of cost-effective approaches to genetic
testing in the treatment of mood and anxiety disorders.
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Introduction

The clinical and genetic heterogeneity of even the most clearly
defined illnesses makes therapeutics largely empirical, with
the choice and dose of most medications being derived from
clinical trials of homogeneous samples, particularly in psychi-
atry [1]. However, different cases of the same disorder can
vary substantially at a molecular level, making it difficult to
know exactly which treatment, and at which dose, is optimal
[2]. Despite the continued release of new medications for de-
pression and anxiety, nothing has emerged that is clearly su-
perior, although a particular treatment may be optimal for a
specific patient. As a result, multiple medication trials may be
necessary before an effective treatment is found.

Research linking disease phenotypes to mutations in more
than 3000 of the 25,000 mapped genes in the human genome,
completion of the Human Genome Project, and decreased
costs of genome sequencing have increased confidence that
genetic approaches may identify clinically meaningful predic-
tors of effectiveness and/or side effect burden of psychiatric
medications [3–5]. This article expands on recent reviews
[6–9] to address dimensions of genetic testing in the diagnosis
and treatment of anxiety and depression that include studies of
the relationship between genotype and phenotype, with a crit-
ical discussion of the nature of the evidence of utility of any
type of genetic testing in actual clinical practice.

Principles and Methodologies of Genetic Testing

Pharmacogenomics is the study of variations in the structure
or expression of multiple specific genes on medication ac-
tions. The term pharmacogenetics is often used to refer to
the same approach, but technically it involves single gene-
drug effects. Preemptive pharmacogenetic testing (PGx)
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involves batteries of pharmacogenetic tests in unselected pa-
tients in order to inform future treatment [10].

Pharmacogenetic and pharmacogenomic approaches in-
volve pharmacokinetics and pharmacodynamics. Pharmaco-
kinetics in this context is the study of the impact of genetic
polymorphisms on drug metabolism, primarily by hepatic
enzymes, and transport, especially by drug transporter pro-
teins. Pharmacodynamics refers to target site actions (e.g.,
receptors) that mediate drug effects [11]. Genetic polymor-
phisms affecting drug targets (pharmacodynamics) and me-
tabolism and disposition (pharmacokinetics) are both im-
portant sources of individual variability in therapeutic and
adverse effects of medications [5].

The usefulness of genetic testing depends on analytical
validity, clinical validity, and clinical utility [12]. Analytical
validity is a measure of the performance of a test in identifying
a genetic variant. Clinical validity refers to the statistical asso-
ciation between the variant and the outcome of drug therapy.
Clinical utility refers to the value of the test in health care, the
definition of which depends on who is evaluating it; in many
cases, the definition includes the likelihood that the test will
improve clinical decision-making and outcomes [12]. Consid-
erable debate remains about the nature of the data that should
be required as evidence of a favorable balance between benefit
versus risk and cost in clinical practice [12].

Both genome-wide association studies (GWASs), which
assess millions of single nucleotide polymorphisms (SNPs),
copy number variants (CNVs), and other genetic variations,
and candidate gene association studies (CGASs), which inves-
tigate hundreds of a priori variants based on preliminary stud-
ies, examine a potential association of genotype with a broad
phenotype such as treatment response [6]. A GWAS requires a
much larger sample to maintain statistical power after adjust-
ment for the probability of a type I error [6]. In order to work
with a smaller sample, convergent functional genomics (CFG)
is an approach to prioritizing candidate genes for further study
[13]. This approach aims to integrate findings from gene ex-
pression studies in animal studies of apparent drug-induced
phenotypes of a disorder (e.g., yohimbine-induced anxiety)
and treatments for the disorder (e.g., diazepam), databases of
gene expression studies, and human experiments involving
blood or postmortem brain, applying Bayesian theory to de-
rive a composite CFG score representing the combination of
previous evidence with new findings [13].

Pharmacokinetics

Cytochrome P450 (CYP450) enzymes, which have been most
widely studied in psychiatry [5], catalyze phase I metabolism
through oxidation, reduction, N-demethylation, hydrolysis,
and cyclization [14–16]. CYP450 enzymes in the small intes-
tine influence gastrointestinal absorption of substrates, while

hepatic enzymes determine phase I hepatic metabolism; the
expression of these enzymes in target tissues, which may be
different from their expression in the intestine and liver, influ-
ences final drug action [14]. CYP1A2, 2C9, 2E1, and 3A4 are
the most abundant CYP enzymes [17], and CYP1A2, 2D6,
2C9, 2C19, and 3A4 account for 60 % of psychiatric drug
metabolism [14]. CYP3A enzymes are involved in the metab-
olism of half of all marketed drugs [18], but it exhibits little in
the way of genetic polymorphisms [19]. CYP2D6 is involved
in the metabolism of just 25 % of medications, including at
least 30 psychiatric medications [5], but it exhibits consider-
able genetic variability in the general population. Most CYP
enzymes metabolize more than one drug, and most drugs are
metabolized by more than one enzyme [14, 16]. Regardless of
expression in the liver and intestine, a number of CYP450
enzymes are overexpressed in the brain [14].

Even if genotyping metabolizing enzymes reliably predict-
ed phenotype (i.e., drug metabolism as measured by serum
level), a clear correlation between the latter and clinical re-
sponse has only been demonstrated for a small number of
medications, perhaps because brain levels do not correlate
well with serum levels due to transport in and out of the central
nervous system [20]. One important drug transporter that
comprises a component of the blood-brain barrier is P-
glycoprotein (P-gp), a 170-kDa glycoprotein efflux transport-
er that is also found in the intestine, liver, and kidney [21].
Polymorphisms of its gene, ABCB1 (MDR1), contribute to
differences in efficacy and adverse effects of many psychiatric
drugs because P-gp regulates how much of the drug remains
in the brain [22]. A number of other drug transporter proteins
discussed below that are also involved in the access of a psy-
chotropic medication to targets in the brain also contribute to
overall likelihood of treatment response. Once in the central
nervous system, the role of target polymorphisms is much
harder to assess than the role of metabolizing enzymes, and
the relationship of target genotype to responder status is un-
known in most cases [23].

Regardless of genotype, a number of factors influence gene
expression, including promoters and regulatory regions, tran-
scription factors, genes encoding transcription factors, mRNA
stability, and posttranscriptional regulation. Gene expression
is influenced by epigenetic factors, which act through DNA
methylation, histone modification, and noncoding RNA such
as short interfering RNA (siRNA), all of which can alter gene
expression without altering DNA sequence [17, 24]. In partic-
ular, the activity of many CYP enzymes is altered by DNA
methylation of the promoter region [17].

Gene Expression

Gene expression can be modified by a number of epigenetic
factors, including histone methylation and demethylation and
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noncoding RNA. MicroRNAs (miRNAs) are short, noncod-
ing posttranslational regulators of gene expression, directly or
via nuclear receptors [17, 25]. They regulate mRNA stability
and translation by targeting hundreds of mRNA transcripts to
influence gene networks [26]. Some miRNAs, which are as-
sociated with inflammation and other illnesses, alter drug me-
tabolism by most CYP enzymes [17]. MicroRNAs may be
targets of medications such as antipsychotic drugs [25]. In a
genome-wide gene and miRNA study in lymphocytes after
exposure to some of these medications, 68 genes were differ-
entially expressed in similar directions after acute and sub-
acute exposure to haloperidol and clozapine [25].

MicroRNAs have been implicated in a number of disor-
ders [26]. One variant, miR-132, is involved in circadian
clock machinery, which is associated with bipolar disorder
and major depression [26]. Postmortem gene expression
profiling has found a number of miRNAs downregulated
in bipolar disorder versus controls [26]. Major depression
in the context of excessive stress may be associated with
disruption of a circadian clock by perturbation of its regu-
lation by miRNAs [26]. Despite these findings, the useful-
ness of miRNAs as biomarkers for psychiatric disorders is
limited by their association with multiple disorders and the
heterogeneity of patient populations [26].

Cancer Genomics

The best established clinical use of genetic testing has been in
oncology. The Cancer Genome Atlas (TCGA), which is
scheduled for completion in 2015 and cost $375 million, is
generating a comprehensive summary of genetic alterations in
known tumor types [27]. TCGA has characterized 10,000 tu-
mors from 25 different cancers, with data on 10 million mu-
tations, and is nowmoving to coordinate findings with clinical
data [27].

Some tumor phenotypes that seem very similar are clini-
cally heterogeneous, and specific clinical features may not
predict treatment response [28]. Histologic grade of breast
cancer is a good predictor of survival at the well-
differentiated and slow growing, and poorly differentiated
and highly proliferative, ends of the spectrum, but not for
moderately differentiated tumors, which comprise 50 % of
breast cancers [28]. Gene expression signatures may provide
better stratification of prognosis [28]. Analyzing 44,928 probe
sets in 347 primary breast tumors, two different methods
found 18 probe sets representing 18 genes, and six probe sets
representing five genes, that correctly classified 96 % of well-
differentiated and 95% of poorly differentiated tumors. Of the
intermediate groups, 94–98 % were correctly classified by
genetic analysis as closer to well or poorly differentiated. Ge-
netic signatures also were as good as or better than lymph
node status and tumor size in predicting recurrence [28].

Among the differences between more or less differentiated
tumors were genes for VEGF, p53, and markers of geno-
mic instability. Overall, expression of five genes involved
in mitotic index, angiogenic potential, p53 mutational sta-
tus, and estrogen and progesterone dependence distin-
guished between moderately differentiated tumors with dif-
ferent metastatic potentials [28]. However, despite advances
in computation, there is still not much clear integration
between genomics and clinical practice [27].

Diagnosis and Assessment

In psychiatric disorders, genetic factors interact with the envi-
ronment to contribute both to illness susceptibility and clinical
presentation [29]. Modifier genes appear to influence disease
characteristics but not disease liability [29]. Although consid-
erable research has been devoted to polymorphisms associated
with anxiety and mood disorders, overlap with other disorders
has interfered with applications of the results to diagnosis or
treatment in the same way that such approaches have been
useful in cancer.

In a cohort of 29 bipolar I subjects, 13 had low mood self-
reported on a visual analogue scale (VAS), 13 had high mood,
and 3 had intermediate mood [30]. A replication sample in-
cluded 30 subjects with schizophrenia, schizoaffective disor-
der, or substance-induced psychosis with similar mood self-
ratings, 9 with low, 7 with intermediate, and 14 with high
mood, and a second bipolar cohort of 19 subjects, 6 with
low, 3 with intermediate, and 10 with high mood. A panel of
five genes involved in myelination and six genes involved in
growth factor signaling reported in human postmortem brains
from mood disorder subjects predicted high or low mood in
the three samples with 67–85% sensitivity and 62–81% spec-
ificity [30]. The authors contend that their panel of genes
involved in cell survival and proliferation associated with high
mood, and cell shrinkage and apoptosis associated with low
mood, could be used to assess mood state. However, there was
no suggestion of usefulness for actual diagnosis, and the re-
sults are probably more useful for indicating that high and low
mood may have different impacts on cellular function.

The same group derived a CFG score for genes induced
by the anxiogenic compound yohimbine and suppressed by
the anxiolytic drug diazepam, in rodent experiments, as well
as published human and animal data, to propose a set of
candidate genes for anxiety disorders [13]. These genes in-
cluded FBJ murine osteosarcoma viral oncogene homolog
(FOS), an immediate early-response gene and oncogene,
gamma aminobutyric acid receptor B receptor 1 (GABBR1),
nuclear receptor subfamily 4, group A, member 2 (NR4A2),
a transcription factor and adrenal steroid receptor gene, do-
pamine receptor 1 (DRD1), adenosine A2a receptor
(ADORA2A), as well as genes for an RNA-binding protein,
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signal transduction, and response to the environment. A
number of these genes were also implicated in schizophre-
nia, and the data suggest that they are involved in the regu-
lation of arousal and the stress response rather than markers
for specific disorders.

Pharmacokinetic Studies

CYP2D6 has been subjected to considerable pharmacokinetic
research [5]. CYP2D6 alleles are classified as wild type (nor-
mal), reduced function, or nonfunctional [31], and about 35 %
of the population has an abnormally functional 2D6 allele [5].
Assortment of the 100 or so reported CYP2D6 genotypes are
generally thought to be responsible for fourmajor phenotypes:
poor metabolizer (PM; 5–10 % of Caucasians and 1–2 % of
Asians), intermediate metabolizer (IM; 2–11 % of patients),
rapid (extensive) metabolizer (EM; 77–92 % of patients), and
ultrarapid metabolizer (UM; 1–2 % of patients) [3, 31, 32].
However, gene duplication can alter phenotype [31] depend-
ing on whether the duplicated genes are active or inactive. The
frequency of 2D6 phenotype varies in different ethnic popu-
lations [18, 19, 33]. Studies of antidepressants and antipsy-
chotics that are CYP2D6 substrates show a stronger correla-
tion of CYP2D6 status with medication levels than with clin-
ical response [32]. Even in this domain, genotype does not
inevitably predict phenotype because CYP2D6 can be
inhibited by a number of medications, including fluoxetine,
paroxetine, and several antipsychotic drugs, although it is not
known to be induced by exogenous factors [16, 31]. Co-
administration of a CYP2D6 inhibitor converts an ultrarapid
metabolizer to the PM phenotype [32]. In an open study of
900 patients treated with venlafaxine whowere genotyped and
phenotyped for CYP2D6, 4 % were genotypic PMs, while
27 % were phenotypic PMs, suggesting that 24 % of patients
with other genotypes had converted to a PM phenotype as a
result of concomitant medications [34].

Like CYP2D6, 2C19 exhibits well-defined polymorphisms
[35]. Approximately 3 % of the population are poor, 20 % are
intermediate, and 77 % are extensive 2C19 metabolizers [35];
2C19 poor metabolizers are more common in Asian popula-
tions (13–23 %) [19]. About 1 in 500 Caucasians is deficient
in both 2D6 and 2C19 [35]. It has been recommended that
poor 2C19 metabolizers should receive lower doses of some
antidepressants (e.g., citalopram), but this is not based on any
clinical trials [35].

CYP3A4 is inhibited by medications such as nefazodone
and fluvoxamine, as well as a variety of substances, including
grapefruit products, kale, and green tea [17, 36, 37]. Grape-
fruit juice (and Seville oranges and pomelos) contains furano-
coumarins, which irreversibly inhibit CYP3A4, primarily in
the small intestine [38], probably by means of reduced gene
translation or possibly increased enzyme degradation [21].

The net effect is excessive absorption of 3A4 substrates,
which, after acute administration of grapefruit products, can
last for 2–3 days, even without a change in systemic metabo-
lism [15, 21, 38]. This can be offset to some extent by inhibi-
tion by flavonoids of the intestinal influx transporter organic
anion transporter protein (OATP) for about 4 h and inhibition
of intestinal P-glycoprotein, both of which decrease systemic
availability of the drug [21, 38]. Hepatic 3A4may be inhibited
by repeated ingestion of grapefruit juice, elevating levels of
many substrates. CYP3A4 can be induced by St. John’s wort
[15]. Since enzyme induction involves de novo RNA and
protein synthesis, this process can take several weeks, while
the time to reversal of enzyme induction depends on the half-
lives of the new enzyme and the inducing substance [39].

A number of recommendations based on genotype have
been made for CYP2D6 and CYP2C19 substrates, but these
do not take into account ethnic differences in gene activity,
lack of linear kinetics for many drugs, and therapeutic win-
dows for some of them [33]. Most of the recommendations for
adjustment of substrates based on genotype have not been
studied in clinical trials and are based on assumptions about
the relationship between genotype and drug activity [33]. In
addition, as was already noted, the relationship between CYP
genotype and CYP phenotype is not necessarily straightfor-
ward [40]. Because most genotyping studies have not
accounted for induction or inhibition of CYP enzymes by
concomitant medications or other substances, either through
direct interaction with the enzyme or alteration of gene expres-
sion [14], recommendations for dosage adjustments based on
single-dose or short-term studies of such drugs in normal sub-
jects, or patients without comorbidity or concomitant medica-
tions [19], may not predict actions in the clinic. Conversely, in
two retrospective studies, clinicians blind to CYP2D6 geno-
type prescribed lower doses of 2D6 substrates, or fewer of
these substrates for shorter periods of time, for 2D6 poor
metabolizers, even though they did not know the patients’
actual 2D6 status [7].

Drug Transporter Studies

Drug transporters, including P-gp, organic cation transporters,
and multidrug and toxin extrusion (MATE) proteins, account
for a significant amount of pharmacokinetic findings because
they influence tissue uptake and renal elimination [41].

In the International Study to Predict Optimized Treatment
in Depression (iSPOT-D), 10 ABCB1 (MDR1) SNPs in or
near the ABCB1 gene were examined as possible predictors
of remission and side effects of 3 antidepressants in major
depressive disorder (MDD) patients with and without intact
cognition [20]. In this study, 888 patients (mean age 39, mean
duration of MDD 15 years) had MDR1 genotyping, 683 com-
pleted at least 2 weeks of treatment (intent to treat sample),
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and 576 completed 8 weeks of treatment (per protocol sam-
ple). Mean baseline HDRS was 21.7, and mean Quick Inven-
tory of Depressive Symptomatology-Self Report (QIDS-SR)
score was 14.5. Patients were randomly assigned to
escitalopram, sertraline, or venlafaxine ER. Remission was
defined as QIDS score ≤5. Because age and baseline QIDS
scores significantly predicted remission, retrospective genetic
analyses controlled for these variables. Within the overall
model, homozygotes but not heterozygotes for the common
rs10235483 allele responded significantly better to
escitalopram and sertraline, while minor allele homozygotes
responded significantly better to venlafaxine. The same SNP
also had a significant effect on side effects corrected for mul-
tiple tests (O.R. 3.07). Major allele carriers had fewer side
effects with escitalopram, while minor allele homozygotes
had fewer side effects with venlafaxine. Controlling for age
and baseline QIDS, rs10235483 significantly predicted remis-
sion (O.R. 3.70) in the per protocol model. The T minor allele
results in higher Pgp expression, which could result in more
clearance of escitalopram and sertraline from the brain. How-
ever, it does not explain a better response to venlafaxine.
MDR1 variants that predict less efficacy but more side effects
could reflect higher doses being used, with more peripheral
side effects [41].

ABCB1 variation therefore seems to have a different im-
pact on different medications. Variable results of studies of
ABCB1 polymorphisms in antidepressant outcome may re-
flect heterogeneity of patients, small sample sizes, specific
alleles studied, and different interactions of antidepressants
with P-gp, and collection of DNA after results are known
rather than prospectively [20]. In many cases, even if drug
disposition can be predicted to some extent, the impact of
transporter and target (e.g., receptor) genotype may be more
relevant to disease susceptibility than treatment response [23].

Pharmacodynamic Studies

The serotonin transporter (SERT; reuptake pump) is a site
of action of serotonin reuptake inhibitor antidepressants
(SSRIs), but it remains to be demonstrated that this action
is responsible for the therapeutic effect of these medica-
tions. Studies of its gene (SCL6A4) have involved a dele-
tion (short polymorphism or s-allele) or insertion (long
polymorphism or l-allele) within the promoter region,
which is called 5HTTLPR [32]. The short polymorphism
decreases, and the long polymorphism increases, SLC6A4
transcription rates, resulting in less or more SERT expres-
sion, respectively [32]. A systematic review of 33 studies
found a stronger association of l genotypes (one or two
copies of the l allele) than s homozygous (s/s) genotypes
with both response and remission with SSRIs, but not other
antidepressants, in Caucasians but not Asians [42].

However, differences in efficacy were not clinically impres-
sive and a meta-analysis reported the opposite result [43].
The 5HTTLPR genotype explains at most 5 % of the var-
iance in antidepressant response [15], and the predictive
utility of 5HTTLPR genotyping has not been studied pro-
spectively [6]. In 108 patients with major depressive disor-
der, higher SLC6A4 promoter methylation was significantly
associated with childhood adversity and more severe de-
pression but not outcome after 12 weeks of antidepressant
treatment [44].

A retrospective analysis of data from an 18-month study
of venlafaxine XR for generalized anxiety disorder (GAD)
assessed the relationship of the rx25531 SNP of the
5HTTLPR, which has the highest transcription rate of all
promoter polymorphisms, and the 5HT2A SNP rs7997012
which, although it has no known function, has also been
associated with venlafaxine response, in the outcome of
112 patients of European descent in the initial 6-month
open-label phase of this study [45]. The 6-month Hamilton
Anxiety Rating Scale (HAM-A) score was 10.7 points low-
er in patients who were homozygous for both SNPs (N=
28) than in patients with neither marker (N=12, p<0.0001).
Interpretation of the results is limited by collection of ge-
netic data at the end of the study, a study that was not
designed to examine gene-treatment response interactions,
retrospective data analysis without correction for multiple
statistical tests, and the small number of subjects with both
and neither marker.

The involvement of the endogenous opioid system in the
modulation of stress and arousal, and the association of re-
duced μ-opioid receptor binding in women who did not re-
spond to antidepressants in one study, led to a study of the
A118G variant of the μ-opioid receptor gene OPRM1 in 112
Caucasian patients with generalized anxiety disorder treated
for 6 months with venlafaxine XR [46]. No association was
found between this SNP and response to venlafaxine.

Gene Network Studies

Drug action is a function of the net of absorption, distribution,
metabolism, excretion, and interaction with target sites, which
are influenced by different genetic factors [24] that are not
necessarily additive [17]. Genotyping a single enzyme system
therefore is not likely to be clinically meaningful unless a
medication is only metabolized by one of those enzymes
and the medication is not transported, which is not true of
most antidepressants and other psychiatric medications [18].
Positive and negative effects of medications may depend on
enzymes and other proteins in target organs, which as has
already been discussed may distribute differently frommetab-
olizing enzymes [18]. Because treatment outcome seems to be
influenced by multiple genetic polymorphisms, each with a
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small effect [5, 47], research has moved toward analysis of
networks of genes in the hope of developing more clinically
useful information [6, 7, 48].

Although larger studies have been conducted to demon-
strate the ability of genotyping a combination of drug-metab-
olizing, transport, and target genes to predict treatment re-
sponse in depression than is true for pharmacokinetic studies
[22], none has produced clinically meaningful results [6, 7].
The Genome-Based Therapeutic Drugs for Depression study
(GENDEP; N=811), a sub-study of the Sequenced Treatment
Alternatives to Relive Depression (STAR*D; N=1491) study,
and the Munich Antidepressant Response study (N=339), did
not find any combination of genetic markers than influenced
treatment response in depression [3, 7].

In an 8-week trial in 499 Caucasian outpatients with non-
bipolar, nonpsychotic, major depressive disorder (MDD) with
mild to moderate depression treated openly with SSRIs, 398
of whom completed the protocol, genome-wide association
studies did not reveal any SNPs associated with response or
remission [49]. Similarly, DNA from patients in the STAR*D
study did not reveal any positive GWA findings, and the top
25 SNPs from the STAR*D GWA analysis did not have any
significant associations with treatment response [49]. In a sec-
ondary STAR*D analysis, an SNP of the riboflavin kinase
gene was associated with 8-week treatment response and an
SNP of the G protein-coupled receptor kinase 5 gene was
associated with 8-week remission [49]. However, this was
not in the primary hypothesis and is mainly a finding requiring
independent evaluation.

A German genome-wide transcriptomics study of 24 mod-
erately depressed inpatients, openly treated for 5 weeks with
their physicians’ choice of antidepressant, compared 12 remit-
ters (equivalent to 17-item Hamilton Rating Scale for Depres-
sion [HRSD] score <7) with 12 age- and severity-matched
nonresponders (<25 % improvement) [50]. The authors iden-
tified 127 gene transcripts that had a significant association
with remission. A replication study in a separate sample of
142 depressed inpatients supported a significant association
with treatment response with lower expression of retinoid-
related orphan receptor alpha (RORa), germinal center
expressed transcript 2 (GCET2), and chitinase 3-like protein
2 (CHI3L2). Lower expression of RORa, a clock gene in-
volved in generating circadian rhythms and steroid hormone
receptors, was also found to be associated with higher plasma
corticosterone levels in stress reactive mice in this study [50].
While significant, the association of RORa with treatment
response was Bslight,^ and in the absence of non-depressed
controls, it is not clear that the reported association was with a
response of depression rather than a nonspecific element of
the stress response. No prospective confirmation of the find-
ings has been reported.

In a post-hoc analysis of data from a European study of 170
patients with major depressive disorder and 61 with bipolar

disorder, an association was studied between treatment resis-
tance and two genes involved in the inflammatory response,
Bmitogen-activated protein kinase 1 (MAPK1) and cyclic
AMP-responsive-element binding protein 1 (CREB1),^
which is a transcription factor that is a downstream target
of the MAPK pathway [51]. In the primary outcome analy-
sis, neither gene had an SNP associated with treatment resis-
tance. A secondary analysis found a significant association
between the GG genotype of CREB1 and remission in major
depressive disorder. Insofar as this represented a secondary
evaluation of a post-hoc study, the finding does not appear to
justify an association with variants of either of these genes
and treatment response in depression. Expression of a panel
of genes was studied before and after treatment in an open
study of 63 outpatients with nonpsychotic MDD treated for
8 weeks with citalopram [52]. Within 32 probesets differen-
tially expressed in citalopram responders, upregulation of
interferon regulatory factor 7 (IRF7) was most significant,
while decreased IRF7 was found in the prefrontal cortex of
untreated depressed patients. Whereas the goal of the study
was to study potential markers of citalopram response, fol-
lowing gene expression over the course of treatment does not
seem particularly practical since it would be evident clinical-
ly whether patients were responding. The result therefore
seems more likely to be useful in demonstrating an impact
of antidepressant treatment on expression of a gene involved
in immune regulation.

Prospective Studies

The studies cited thus far have involved genotyping con-
ducted after a clinical trial is completed, and retrospective
data analysis, potentially biasing the results. A small number
of reports have involved prospective use of genotyping to
make treatment decisions. A German study of 58 depressed
inpatients noted that use of genotyping for ABCB1 was
associated with a shorter hospital stay because patients with
the TT/GG genotype were more likely to have an increase in
the dose of an antidepressant that was a P-gp substrate,
while a change to a non-P-gp substrate did not affect out-
come [53]. However, the study was not randomized, and
numerous intervening variables, including pharmacokinetics,
comorbidity, and past history, were not considered.

A commercially supported approach to using genotypes
for multiple metabolizing and target genes in predicting re-
sponse to treatment of depression involved a proprietary
survey (GeneSight) that involves genotyping a buccal swab
for CYP2D6, 2C19, 2C9, and 1A2, the serotonin transporter
gene (SLC6A4), and the serotonin 5HT2A receptor gene
(5HTR2A). A summary Bcomposite report^ is generated that
classifies antidepressants and antipsychotic drugs used in the
treatment of depression into three categories: Buse as
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directed,^ Buse with caution,^ and Buse with caution and
with more frequent monitoring.^ In an 8-week open study
of the composite report in a multidisciplinary mental health
clinic providing pharmacotherapy and psychotherapy [54],
44 patients with MDD were assigned in a nonrandom man-
ner to treatment guided by the composite report (guided
treatment) or non-guided treatment by the same group of
clinicians. Patients in the guided group were less likely to
receive medications in the use with caution and with more
frequent monitoring category, presumably because of reluc-
tance by the guided clinicians to prescribe medications that
required more monitoring. Some patients also took medica-
tions not mentioned in the composite report.

Depression improved similarly in both groups for the first
4 weeks of treatment, but a final measure 4 weeks after that
revealed an increase in depression scores for the non-guided
but not the guided group, resulting in a significant final differ-
ence between groups in decrease in depression from baseline
to 8 weeks. No explanation was offered for the final increase
in depression scores in the non-guided group when multiple
earlier ratings demonstrated a steady decrease in scores. Im-
provement in the non-guided group was not impressive, and it
is impossible to know whether comorbid factors, concomitant
medications, treatment adherence, patient enthusiasm, sub-
stance use, adjunctive psychotherapy, clinician knowledge of
treatment condition, and open ratings affected the conduct of
treatment or the outcome assessment.

The same clinicians conducted a larger industry-
sponsored open study in a clinic with a proprietary interest
in the genomic survey [55]. The same categories were uti-
lized in the composite report, with the addition of notations
about the reason why a medication was classified in a par-
ticular group (e.g., serum level too high, increased risk of
side effects). Of 227 mildly-moderately depressed patients,
165 completed 8 weeks of treatment. Patients in the guided
group had significantly greater reductions in depression rat-
ing scale scores at 8 weeks, and the odds ratio for response
was about twice as high in the guided group. The primary
limitations of this replication were the use of a non-
randomized sample, lack of correction for multiple statistical
tests, and the open method. Since clinicians reported sub-
stantial levels of confidence in the genetic reports, and they
made more changes in medication in response to them, it is
possible that they worked more vigorously with patients in
the guided group or that patients were more adherent with a
treatment approach they thought would be more effective.
Since patients were aware of their treatment group, it is
equally likely that those in the guided group were encour-
aged to report better results.

A double-blind, randomized, controlled trial of the gene
profile assigned 25 depressed patients to treatment as usual
(TAU) and 26 patients to treatment informed by the
pharmacogenomic profile (i.e., guided treatment) [56].

Improvement was numerically greater in patients in the guided
than in the TAU group, but none of the group differences were
statistically significant. It is conceivable that a small advan-
tage of guided treatment was missed in this smaller sample,
but in that case, the difference does not appear to have been
clinically important.

In a fourth report from the same company [57], 97 pa-
tients with a depressive or anxiety disorder treated openly by
a single psychiatrist with one of the medications in the ge-
netic survey received genotyping that assigned each of the
26 medications on that list into one of the three categories
noted above. After 1 year of open observation, the 9 patients
taking at least one medication in the use with caution cate-
gory had significantly more total health care visits and non-
psychiatric medical visits than the other subjects. However,
these patients also took more medications than the other
subjects, and there was a significant correlation between
the number of medications taken and the two significant
outcome variables. The overall cost of care over the obser-
vation year was an average of $5188 higher for patients
taking medications in the use with caution category. When
different statistical analyses were performed on the same
data (e.g., analysis of variance and t tests), some were sig-
nificant and some were not; no correction was made for
multiple statistical tests. Although the authors concluded that
their genetic analysis could save health care costs, this hy-
pothesis was not actually tested. Since no data were avail-
able on medical comorbidity and severity of psychiatric ill-
ness, the possibility was not considered that the small num-
ber of patients in the use with caution category had more
health care visits and took more medications because they
are sicker psychiatrically or had more medical comorbidity.

Genotype and Adverse Effects

A prospective study found that screening for the HLA-
B*1502 allele, which in retrospective studies appeared to in-
crease the risk of a severe rash with carbamazepine, at least in
some Asian patients [58], was associated with no new rashes
in 5000 Taiwanese patients, when 10 rashes were predicted to
occur based on overall population risk [59]. However, other
Asian populations, let alone different ethnic groups, may have
different HLA risk factors for a medically important rash with
carbamazepine [7], whereas rashes that are less dangerous
may occur in 10 % of patients taking carbamazepine. Juvenile
patients who are homozygous for an allele of the gene for the
melanocortin 4 receptor may be more likely to gain weight
with some atypical antipsychotic drugs [7], but there is no
evidence of a benefit of prospective genotyping for preventing
weight gain. The STAR*D study found that CYP450 poly-
morphisms did not predict side effects from citalopram in the
treatment of depression [60].
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Limitations of Pharmacogenetic Testing

It has been argued that even though prospective studies do not
demonstrate its clinical usefulness, easy methods of obtaining
relevant DNA samples through blood or saliva and decreasing
cost of genotyping [3, 6] should make genotyping a routine
component of medical care because this recommendation is
no less evidence based than many existing practice standards,
and the results may be useful later [61]. This recommendation
is limited by a number of shortcomings of the current data-
base. Sample sizes in most existing studies has been too small
to produce meaningful, replicable, results because of the ge-
netic heterogeneity of psychiatric disorders [30], and the com-
bined influence of multiple genes, each with a small effect size
[3, 12, 62]. Most studies have utilized retrospective or post-
hoc analyses of outcomes rather than prospective studies
based on a priori hypotheses [10], and statistical significance
is often inflated by lack of correction for multiple statistical
tests [12]. The majority of studies lack replication in indepen-
dent samples, especially by different investigators [12]. Fur-
thermore, complicating factors such as comorbid disorders,
concomitant medications, and other patient factors discussed
below that influence drug levels and disposition, as well as
end organ response, are usually not considered [3].

A technical complication in predicting medication effects
from genotype is that the illness, as well as medications used
to treat it, can alter the relationship between pharmacologic
genotype and phenotype. For example, altered levels of in-
flammatory cytokines have been reported in mood and anxiety
disorders [63]. As a result of effects on transcription or post-
translational protein modification, many pro-inflammatory
cytokines and acute phase proteins downregulate some
CYP450 genes and upregulate others [64]. At the same time,
suppression of inflammatory cytokines by antidepressants can
alter gene expression in directions opposite to the direct effect
of the antidepressant [16].

While genotyping of metabolizing enzymes has been most
widely recommended in the treatment of depression and anx-
iety, many pharmacokinetic studies have been conducted in
normal subjects or patients who are not taking other medica-
tions and who do not have other illnesses, limiting extrapola-
tion to clinical samples [35]. Assessment of rare functional
polymorphisms of CYP450 genes is done from a blood sam-
ple, whereas the enzyme is concentrated in the liver [17]. Even
clear demonstration of a genotype/blood level relationship in a
single dose study in patients may not correlate with chronic
treatment, in which compensatory changes in secondary met-
abolic pathways and drug transporters, gene up- or downreg-
ulation, saturation pharmacokinetics, and other factors may
modify the impact of one or even a few oxidative enzyme
polymorphisms on final drug action [14, 19]. With chronic
treatment, some psychotropic drug metabolites form com-
plexes with P450 enzymes that alter or even reverse the acute

effect on metabolism [16]. Similar long-term changes in P450
enzymes occur in the brain, with further unpredictable effects,
not only on the substrate drug but also on neurotransmitters
and neurosteroids metabolized by the same enzymes and im-
plicated in the disorder for which the medication is used [16].

Additional factors complicate clinical correlations of phar-
macogenetic studies. For medications that are chiral mixtures
of enantiomers with different actions, metabolism of each en-
antiomer may be by different enzymes [18]. Active metabo-
lites with their own metabolic pathways may enhance or in-
terfere with therapeutic or toxic effects predicted by presumed
metabolism of the parent drug [19, 65]. In most instances,
more than one genetic factor affects drug levels and disposi-
tion [5], and interactions between these factors can be difficult
to predict. Even a reliable relationship between genotype and
treatment response in populations of patients does not neces-
sarily translate into prediction of treatment response in a par-
ticular patient [3]. As a result, most studies of pharmacogenet-
ic technologies have not demonstrated clinical utility, even
when a significant number of people carry actionable variants
of genes that have been studied [10].

Patient factors not addressed in most studies also influence
the predictive value of genetic testing in actual practice. Ex-
pression of CYP450 and other genes involved in response to
treatment for anxiety and depression changes with age [17].
Smoking induces enzymes such as CYP1A2, which metab-
olizes a number of antidepressants to reduce levels by
50 % [15], but which is usually not controlled in clinical
studies [35]. Use of alcohol, hormones, herbal remedies
(especially St. John’s wort), caffeine, cabbage, grapefruit
juice, and other substances alter CYP phenotype in patients
with the same genotype [15]. It is also necessary to take
into consideration ethnic differences in drug metabolism by
the same CYP enzyme. For example, there are more Swed-
ish than Chinese CYP2D6 poor metabolizers, but Chinese
extensive metabolizers break down substrates more slowly
than Swedish extensive metabolizers [15]. Genetic studies
of treatment for anxiety and depression have not controlled
for nonadherence, which occurs in half of all depressed
patients [66]. As the rate of nonadherence increases in
any population, statistical power to detect a genotype effect
decreases substantially [3].

Should a pattern of genotypes be found to be clinically
useful, implementation may be slow. A survey of American
physicians found that only 29 % had received any training in
pharmacogenetics [2]. When genotyping for HLA-B*15:02
because it was found to predict risk of severe skin reactions
with carbamazepine in some Asian patients as noted earlier
was introduced in Hong Kong, prescriptions for carbamaze-
pine decreased and alternative drugs were prescribed, appar-
ently out of a desire to avoid genetic testing; as a result,
there was no decrease in the percentage of patients with this
severe side effect [2].
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Conclusions

Results of association studies in pharmacogenetics and
pharmacogenomics have been provocative, and automated
genotyping is becoming more affordable. It has been hoped
that pharmacogenetic testing in psychiatry will result in the
kind of Bpersonalized medicine^ for depression and anxiety
that has led to selection of therapies with a higher likelihood of
effectiveness and tolerability for specific types of cancer (e.g.,
trastuzumab for patients with human epidermal growth factor
receptor-2 [HER2] positive breast cancer). While this is an
exciting prospect, there are still important differences between
genotyping in cancer and anxiety and depression. In the for-
mer, a specific allelic variation of the HER2 gene conveys a
propensity toward aggressive growth as well as a receptor
conformation that fits a specific drug that is not likely to work
well for other breast cancers. Even in this case, the clinical
impact of HER2 testing has had a variable clinical impact
[10]. In depression and anxiety, no polymorphism or group
of polymorphisms has been found to reliably predict a specific
course or a need for a specific medication, the choice of which
remains largely empirical.

Therapeutic and adverse effects in the treatment of anxiety
and depression are the result of complex factors that are sev-
eral steps removed from simple biological pathways such as
metabolism by one or even a combination of enzymes, or a
particular receptor or transporter [7]. Prediction of treatment
outcome may be more successful using discrete intermediate
endophenotypes (e.g., anhedonia, energy, sensory gating, in-
formation processing, heart rate variability, or mood) rather
than overall response of complex and heterogeneous disorders
like depression and anxiety [8, 47, 67]. Genetic studies of such
features should assess gene pathways, networks and interac-
tions, epigenetics, gene-disease interactions, noncoding RNA,
and behavior [5]. If targeting more discrete genetic variants
associated with an endophenotype proves effective, broader
categorical diagnoses could be enriched for it, reducing the
sample size necessary for prospective studies.

To demonstrate the true clinical benefit of genotyping for
predicting treatment response or adverse effects, it would be
necessary to conduct prospective head-to-head comparisons
of different specific treatments chosen by genotype, which
have not yet been performed [3]. Useful studies should control
for comorbidity, polypharmacy, environmental exposure, age,
gender, ethnicity, substance use, and treatment adherence [7].
Studies integrating findings in multiple pharmacogenetic do-
mains have the greatest likelihood of success in this regard
[19], but funding sufficiently powered controlled studies of
genotyping effectiveness is likely to be more of a challenge
in psychiatry than it has been in cancer.

Until evidence emerges of clinical benefit and cost-
effectiveness of routine genetic testing [68], it might be rea-
sonable to consider genotyping CYP2D6 and 2C19 to

determine whether they are in the small number of poor
metabolizers in both classes, for compliant patients taking a
single medication who have severe side effects with small
initial doses or unexpected severe interactions with other
drugs that act on P450 enzymes or drug transporter proteins
[69]. CYP2D6 poor metabolizers may be more likely to have
adverse effects with tricyclic antidepressants (TCAs) [7], but
adjustment based on metabolizer status is valid only within
certain dosage ranges because elimination of some medica-
tions (e.g., clomipramine, desipramine, imipramine,
trimipramine) by 2D6 is saturable, and dose/blood-level rela-
tionships are not linear for medications such as imipramine,
desipramine, and fluvoxamine [35], and desipramine, nortrip-
tyline, imipramine, and possibly amitriptyline often require
therapeutic monitoring anyway. Whenever pharmacogenetic
testing is implemented, it is important to ensure that patients
are not ingesting substances or foods likely to interact with the
enzymes being studied. Treatment choice otherwise remains
based on clinical judgment to a greater degree than might be
desirable but a degree that permits rational decision-making
based on clinical features.
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