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Abstract Acute and chronic anxiety represents the core
symptoms in anxiety disorders. Anxiolytic pharmacologi-
cal treatment mainly consists in administration of benzo-
diazepines and antidepressants. Whereas benzodiazepines
show little, antidepressants show a relative large interin-
dividual variability in terms of drug response where about
one-third of patients do not respond at all. With no
meaningful predictors available, there is increasing hope
that genetics can help in adding important pieces of
information in order to avoid lengthy drug trials and/or to
avoid side effects. However, only few studies have been
conducted with antidepressants and benzodiazepines in
anxiety disorders. Similar to studies in major depression,
some significant findings indicate that presence of the long
allele of the serotonin transporter (5-HTT) gene is associ-
ated with favorable response. Other significant findings
pointed to the serotonin 2A (5-HT2A) receptor and to the
tryptophan hydroxylase (TPH1) genes. To date, the most
promising strategy in clinical practice appears to incorpo-
rate testing of functional CYP450 gene variants (CYP1A2,
CYP3A4, CYPD26 and CYP2C19) to avoid over- or
under-dosing in poor or rapid metabolizers, respectively.
As research progresses, it is likely that further gene variants
will be detected that in conjunction with clinical variables
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will lead to algorithms allowing for individualized anxio-
lytic drug treatment.
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Introduction

Acute (e.g., panic attacks) and chronic anxiety represents
the core symptoms within the heterogeneous group of
anxiety disorders. Clinically most relevant forms include
panic disorder (PD), general anxiety disorder (GAD),
posttraumatic stress disorder (PTSD) and obsessive com-
pulsive disorder (OCD). Despite this variety of disorders,
the main pharmacological treatment of the core symptom
anxiety typically includes benzodiazepines (as prototype of
anxiolytic drugs) and antidepressants, in particular the
newer selective serotonin reuptake inhibitors (SSRIs).
Other drugs with anxiolytic effects include the serotonin
(5-HT)-1A agonist buspirone and atypical antipsychotics.
However, these latter drugs are not considered medications
of first-choice, whereas SSRIs have become the pharma-
cological first-line treatment in anxiety disorders (Denys
and De Geus 2005). Benzodiazepines are effective and
mostly well tolerated for acute symptom relief but become
problematic in long-term treatment due to the well known
potential of abuse, tolerance, dependence and withdrawal
symptoms. Antidepressants, on the other hand, may have
1-3 weeks elapse before the anxiolytic activity becomes
evident but, if tolerated and efficacious, represent the cor-
nerstone of long-term treatment in anxiety disorders.
Benzodiazepines are composed by a variety of different
compounds which all act as GABA agonists (Stein and
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Stein 2008). Benzodiazepines show relatively little vari-
ability in response (with typically significant anxiolytic
effects in most individuals), but benzodiazepines vary
substantially in their metabolic pathways and in their half-
lives. In contrast, antidepressants can vary substantially in
their mechanism of action and generally do show a higher
variability in drug response with approximately one-third
of patients who do not respond at all on a given antide-
pressant (Holsboer 2008).

In general terms, the variability in drug response and
side effects is likely to depend to a large extent on genetic
factors (Roses 2000). One formal genetic study analyzing
benzodiazepines effects on a small numbers of healthy
twins (6 monozygotic and 4 dizygotic twin pairs) reported
that genetic factors seem to contribute to effects of diaze-
pam on affectivity (Alda et al. 1987). There is only limited
data available on formal genetic studies focusing on drug
response in anxiety disorders. However, anxiety disorders
overlap with major depression and increased anxiety is an
often reported symptom in depressed patients (i.e., anxious
depression). Since in major depression, the variability of
response to antidepressants has repeatedly been reported to
depend on genetic factors (Serretti et al. 2005), it is plau-
sible that drug response in anxiety disorders will be mod-
ulated by genetic factors as well. Furthermore, as will be
explained in more details below, the metabolism of both
benzodiazepines and antidepressants is modulated by
CYP450 enzymes who are showing significant activity
differences based on genetic polymorphisms. Altogether,
there is reasonable evidence to assume that genetic factors
are involved in anxiolytic drug response.

Genetic approaches to the drug response can either be
classified as hypothesis-free (generally using genome-wide
approaches and termed pharmacogenomics) or involve
hypothesis-driven approaches (generally termed pharma-
cogenetic approaches). Pharmacogenetics is based on
scrutinizing single genes, or genes belonging to a known
functional system or pathway. The pharmacokinetics of the
drug influence biotransformation/metabolism of the drug,
transportation of the active substances or metabolites to the
target sites, where all have the potential to significantly
modulate response and side effects. It has been noted that
the effect of modulation in pharmacokinetically relevant
genes on the levels of drug in blood plasma is larger and
easier to detect than psychopathologically defined out-
comes of modulation in genes involved in the pharmaco-
dynamics, as these are of minor magnitude (Maier and
Zobel 2008). Further along this line, pharmacodynamics
describe genes that code for particular target organs
involved in drug action and may modulate response to
treatment and also to some side effects. Due to the
importance of pharmacokinetics and the well-known liver
enzyme pathways (i.e., cytochrome P450 or CYP450
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genes) involved in the degradation of anxiolytic drugs, this
review will particularly emphasize on the potential of
genetic analyses in these genes to predict response and side
effects. Furthermore, this review will also highlight most
important findings in pharmacodynamics.

Pharmacokinetics of benzodiazepines
and antidepressants

The plasma level achieved by a drug is influenced at sev-
eral levels, starting from absorption, distribution up to the
elimination of a drug. The bioavailability of the drug is
determined by the first-pass or pre-systemic metabolism at
either the gut wall or in the liver. The plasma level of drug
may further be influenced by several sociodemographic
factors (e.g., age, sex and ethnicity) and environmental
factors including inhibition or induction by other com-
pounds (e.g., smoking, co-medication or dietary habits).
Besides these, genetic factors also play an important role in
determining the therapeutic level achieved by a drug in
other oxidative or conjugating systems. Drug metabolism
can be divided into Phase I (drug oxidation) and Phase II
metabolism (drug conjugation allowing for subsequent
excretion). Phase I metabolizers include cytochrome P450s
(CYP450), flavin containing monooxigenases, reductases,
esterases and alcohol dehydrogenases. The Phase II drug
metabolizing enzymes include N-acetyltransferase (NAT),
thiopurine methyltransferase (TPMT), glutathione trans-
ferase and UDP-glucurunosyltransferase (UGT). Despite
these various factors and enzymes influencing plasma
levels, the CYP450 enzymes play a key role, as about 80%
of all Phase I drug metabolism (including virtually all
anxiolytic and antidepressants drugs) are catalyzed by
CYP450 enzymes (Eichelbaum et al. 2006; Ingelman-
Sundberg et al. 2007).

The CYP450 are a highly diverse group of heme-
containing monooxygenases catalyzing a variety of reac-
tions including epoxidation, N-dealkylation, O-dealkylation,
S-oxidation and hydroxylation. Genetic polymorphisms
determining the functional activity of the CYP450s are
well documented. The presence of specific polymorphisms
can lead to (1) poor metabolizer (PM) phenotype, charac-
terized by complete absence of activity due to both alleles
being non-functional; (2) intermediate metabolizer (IM),
one allele is non-functional or both the alleles are partially
defective; (3) extensive metabolizer (EM) with both the
alleles functional; and (4) ultrarapid metabolizer (UM)
exhibiting the highest activity due to more than two func-
tional genes (Ingelman-Sundberg et al. 2007). PM status, if
undetected, may cause severe side effects in individuals
treated with standard doses (Phillips et al. 2001). On the
other hand, rapid metabolizers may not respond to normal
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Table 1 Important CYP enzymes involved in the metabolism of anxiolytic drugs

Class Drug Metabolism (CYP450) Reference
Benzodiazepines Alprazolam 3A4, 3A5, 3A43 Hirota et al. (2001)
Brotizolam 3A4 Senda et al. (1997)
Clobazam 3A4, 2C19 Contin et al. (1999)
Diazepam 3A4, 2C19 Andersson et al. (1994)
Etizolam 3A4 Araki et al. (2004)
Flunitrazepam 1A2, 2C19, 3A4 Coller et al. (1999)
Midazolam 3A4, 3A5 Wandel et al. (1994)
Quazepam 2C9, 2C19, 3A4 Fujisaki et al. (2001); Miura and Ohkubo (2004)
Triazolam 3A4 Kronbach et al. (1989)
Antidepressants Buspirone 3A4 Kivisto et al. (1997), Zhu et al. (2005)
TCA Anmitryptaline 2D6, 2C19, 1A2, 2C9, Ghahramani et al. (1997)
Nortriptyline 2D6, 2C19, 1A2, 3A4 Venkatakrishnan et al. (1998)
Clomipramine 1A2, 2C19, 3A4 2D6 Nielsen et al. (1996), Gardiner and Begg (2006)
Desipramine 2D6 Spina et al. (1993)
Imipramine 1A2, 2C19, 2D6, 3A4 Spina et al. (1993)
Maprotiline 2D6, 1A2 Firkusny and Gleiter (1994), Brachtendorf et al. (2002)
SSRI Citalopram 2C19, 3A4, 2D6, Jeppesen et al. (1996),
Escitalopram 2C19, 3A4, 2D6 Jeppesen et al. (1996), Rao (2007)
Fluoxetine 2C9, 2D6, 3A4 Otton et al. (1993)
Fluvoxamine 1A2, 2D6, 3A4 Brgsen et al. (1993)
Paroxetine 2D6, 3A4 Bloomer et al. (1992), Gardiner and Begg (2006)
Sertraline 2D6, 2C19, 2C9, 2B6, 3A4, Preskorn et al. (1997); Obach et al. (2005)
SNRI Duloxetine 1A2, 2D6 Skinner et al. (2003)
Venlafaxine 2D6, 3A4, 3AS5 Ball et al. (1997)
NaSSA Mianserin 1A2, 2D6 Koyama et al. (1996), Gardiner and Begg (2006)
Mirtazapine 2D6, 1A2, 3A4, 3A5 Timmer et al. (2000)

TCA Tricyclic antidepressants, SSRI Selective serotonin reuptake inhibitors, SNRI Selective noradrenaline and serotonin reuptake inhibitors,

NaSSA Noradrenergic and specific serotonergic antidepressant

doses and thus may falsely be classified as not complying
with drug treatment. The human CYP450 family of genes
consists of around 57 members of which CYP family 1,
family 2 and family 3 (CYP1, CYP2 and CYP3, respec-
tively) are expressed mainly in the smooth endoplasmic
reticulum of hepatocytes, and catalyze majority of the
biotransformations of drugs and xenobiotics (Ingelman-
Sundberg et al. 2007). Of these, CYP3A4, CYP2D6,
CYP1A2, CYP2C9 and CYP2C19 metabolize the majority
of the benzodiazepines and antidepressants.

CYPI, subfamily A, polypeptide 2 (CYP1A2)

CYPI1A2 is involved in the metabolism of antidepressants
such as amitriptyline, clomipramine, duloxetine (Table 1).
Considerable interindividual variability in the expression
(15-fold) and activity (30- to 60-fold) of CYP1A2 has been
observed. The gene is located on chr15q24.1 and more than
35 different allelic variants have been reported in this gene
of ~7.75 kb (http://www.cypalleles.ki.se). However, only

two SNPs, namely, CYPIA2*1C (—3,860 G>A) and
CYP1A2*1F (intron 1, C>A) have been reported to be of
functional relevance (Nakajima et al. 1999); the former
leading to decreased and the latter increased inducibility
among smokers. Recently, decreased serum levels of dul-
oxetine have been reported in smokers (Fric et al. 2008);
however, associations between genotypes and serum levels
have not been investigated.

CYP3, subfamily A, polypeptide 4 (CYP3A4)

CYP3A4 is a 27.2 kb gene located on chr7q21-q22.1 along
with the other members of the CYP3A sub-family
(CYP3A4, CYP3AS, CYP3A7 and CYP3A43). CYP3A4 is
involved in the metabolism of most benzodiazepines and
some antidepressants such as buspirone, mirtazapine and
venlafaxine (Table 1). Of note, CYP3A4 can be inhibited
and/or induced by a variety of substances and females may
have a higher CYP3A4 activity (Wolbold et al. 2003). The
CYP3A4 gene harbors more than 40 rare allelic variations.
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The CYP3A4*1B (—392 A>G; rs2740574) promoter
polymorphism is the most commonly investigated poly-
morphism. It varies in frequency from 2 to 4% in Euro-
peans, 60 to 75% in the African population but is absent in
Chinese and Japanese populations. The functional rele-
vance of this variant remains controversial (Yamazaki and
Shimada 1996; Rodriguez-Antona et al. 2005), but so far,
genetic variations in the CYP3A4 gene have not been
analyzed with respect to anxiolytic drug response.

CYP3, subfamily A, polypeptide 5 (CYP3AS)

CYP3AS5, like CYP3A4 is inducible and accounts for 30—
50% of the total CYP3A protein content. The gene is
31.8 kb and has ~ 23 polymorphisms, of these CYP3A5%3,
a 6,986 A>G substitution in intron 3 (rs776746) causes a
splicing defect leading to primarily non-functional protein.
This polymorphism is more common in Europeans than the
wild type, functional CYP3A5*1. The frequency of
CYP3A*3 varies from 85-98% in Europeans to 55-64% in
African American individuals, thus the frequency of
functional allele is considerably lower in Europeans than
African Americans. The other defective alleles CYP3AS5%6,
a splicing defect and CYP3A5*7, a frame-shift mutation,
occur at a frequency of 17% and 8% respectively in Afri-
can American individuals. These alleles are absent in
European and Asian individuals (Hustert et al. 2001; Lee
et al. 2003). The in vitro metabolism of midazolam, a
substrate of CYP3AS, is affected by the presence of these
polymorphisms; however, no in vivo effect has been
observed. On the other hand, metabolism of alprazolam
may be impaired, as higher plasma levels are observed in
subjects homozygous for the CYP3A5%3 polymorphism,
whereas heterozygous subjects (CYP3A5*1/*3) showed
intermediate plasma levels. The pharmacodynamic
response (measured by the change in Digit Symbol Sub-
stitution Test score) was higher in CYP3A5%3 homozy-
gotes but was statistically insignificant. Thus, an effect of
genotype on plasma levels of alprazolam has been reported
but no association with clinical measures has been
observed (Park et al. 2006; Kharasch et al. 2007).

CYP2, subfamily D, polypeptide 6 (CYP2D6)

CYP2D6 is one of the most polymorphic CYP450 gene
located on chr22q13.1 with a size of ~4.4 kb, with more
than 110 genetic known variations (Zanger et al. 2008) and
most of the interindividual variations has been attributed to
a genetic component (De Leon 2007). CYP2D6 is involved
in the metabolism of 25% of all the prescribed drugs and
80% of antidepressants and antipsychotics (Table 1).
Depending upon the activity status of the enzyme, an
individual can be classified as ultra rapid (UM), extensive
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(EM), intermediate (IM) and poor (PM) metabolizers. The
EM is the wild type CYP2D6*1, the IM phenotype is
primarily due to the presence of either of CYP2D6%*9
(lysine deletion), *10 (mis-sense), *17 (mis-sense) and *41
(splicing defect) alleles. The CYP2D6*41 variant is more
common in Europeans (10-15%), CYP2D6*17 in Africans
(30%) and CYP2D6*10 among Asians (50%) (Zanger et al.
2008). Major determinants of the PM phenotype are
CYP2D6*4 (splicing defect) and *5 (gene deletion). The
CYP2D6%4 is one of the most frequent inactivating poly-
morphism among FEuropeans occurring at a frequency
varying from 10 to 25% and accounting for 70-90% of PM
status. Finally, the UM phenotype is due to CYP2D6 gene
duplication where interethnic variation has also been
observed with up to 13 duplicated copies in some popu-
lations. The frequency of duplication varies from 1 to 5%
in Europeans, 21% in Saudi Arabia; and 29% in Ethiopia
and Algeria (Mclellan et al. 1997; Akillu et al. 1996).
Besides the duplication of the wildtype gene CYP2D6*1,
duplication of the various defective and partially active
alleles has also been observed.

The usefulness of predictive testing for the UM, IM and
PM phenotype has consistently been demonstrated (Gae-
digk et al. 2008; Kirchheiner 2008). For example, the UM
phenotype has been associated with increased clearance of
paroxetine and therefore UM patients would require higher
doses of the drug (Kirchheiner et al. 2004). Similarly,
Kawanishi et al. (2004) observed association between the
occurrence of CYP2D6 duplications and lack of response
to antidepressants evidenced by higher scores of the
Hamilton Depression Rating Scale. Furthermore, Rau et al.
(2004) reported increased occurrence of the UM’s among
non-responders and PMs in patients with adverse events
receiving antidepressants. It has been shown that variation
in plasma levels of these drugs (e.g. fluvoxamine and
paroxetine) may lead to different treatment response in
patients with PD (Sandmann et al. 1998, Watanabe et al.
2007). However, no correlation has been shown between
CYP2D6 genotypes and clinical response in anxious
patients using antidepressants. In summary, testing of
CYP2D6 polymorphisms may potentially become a valid
method to predict dosing and/or outcome in anxiolytic
drugs.

CYP2, subfamily C, polypeptide 19 (CYP2C19)

CYP2C19 is another important gene on chromosome
10g24.1-q24.3 involved in the metabolism of antidepres-
sants. The gene is ~90.2 kb in size and about 30 allelic
variants are known for CYP2C19, including CYP2C19%*2
(splicing defect, exon5), CYP2C19*3 (Trp212Ter, exon4)
and CYP2C*17 (—806 C>T, promoter region).
CYP2C19%2 and 3 are associated with the PM phenotype
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whereas CYP2C19*17 leads to increased activity due to an
increased transcription. The frequency of CYP2C19%*2
allele varies from 15% in Europeans up to ~28% in the
Japanese population and accounts for ~70-80% PM
individuals in both populations. CYP2C19%3 is only pres-
ent in the oriental population with a frequency from 3 to
4% and accounts for 25% PMs in this population. The
frequency of CYP2C19*17 varies from 20 to 25% in
Europeans and Africans, but is only present in ~2% in the
Chinese population. The usefulness of CYP2C19 geno-
typing to predict antidepressant side effects (e.g. amitrip-
tyline) and response (e.g. escitalopram) has consistently
been reported (Steimer et al. 2005; Ingelman-Sundberg
et al. 2007; Rudberg et al. 2008).

CYP2C19 also metabolizes several benzodiazepines for
e.g. clobazam, diazepam and others (Table 1). The pres-
ence of CYP2C19*2 polymorphism has been shown to lead
to a higher concentration of desmethylclobazam/clobazam
concentration ratio in epileptic patients (Giraud et al. 2004;
Kosaki et al. 2004, Parmeggiani et al. 2004). Similarly, Seo
et al. (2008) observed greater response in individuals who
were poor metablizers (PM). Although the incidence of
adverse events was higher in PM individuals, no associa-
tion either with adverse events or with tolerance was
observed. Thus genetic polymorphism in CYP2C19 may be
related to interindividual variation of plasma levels of
clobazam and possibly to the occurrence of side effects.
Similar increased plasma levels of diazepam etizolam and
quazepam have also been reported in the CYP2C19 PM
individuals (Bertilsson et al.1989; Qin et al. 1999; Fukas-
awa et al. 2005; Fukasawa et al. 2004).

In summary, variants of the CYP2D6 and CYP2C19
genes have been reported to be associated with dosage, side
effects and response of some of the drugs effective in
anxiety disorders suggesting its potential use for person-
alized medicine (Fukasawa et al. 2007). There is a plau-
sible potential for the CYP1A2 and CYP3A4 genes to be
included in further studies.

Pharmacogenetics of pharmacodynamic aspects
Serotonin transporter (5-HTT) gene

The neurotransmitter serotonin (5-HT) has been implicated
in a wide range of psychiatric conditions including
depression, anxiety disorders, obsessive—compulsive dis-
order, psychosis, eating disorders, and substance abuse/
dependence (Veenstra-VanderWeele et al. 2000). The
serotonin transporter (5-HTT) enzyme is a key modulator of
serotonergic neurotransmission in the synaptic cleft and the
main target of all SSRIs. Thus, any genetic variant affecting
5-HTT expression levels may intuitively be associated with

response to antidepressants. A cornerstone in the field of
psychiatric genetics has been the detection of a functional
insertion/deletion promoter polymorphism (5-HTTLPR)
where the short allele has been associated with lower
transcriptional activity (Lesch et al. 1993, 1996). Numerous
studies and meta-analyses have since consistently reported
a poorer response in s-allele carriers treated with SSRIs for
major depression (Serretti et al. 2005).

Stein et al. (2006) had initially demonstrated the pres-
ence of a genetic component in treatment response in social
anxiety disorder patients and showed that the short variant
of the 5S-HTTLPR has been associated with poorer response.
This was reflected by persistent higher scores in social
anxiety and social phobia scales (Table 2). Perna et al.
(2005) provided the first experimental evidence that allelic
variation of 5-HTTLPR influences the response to SSRIs at
equal bioavailability in PD, supporting the hypothesis that
the availability of 5-HT transporter is important for a clin-
ically useful effect. In their study, patients carrying one or
two long alleles showed better response. In further sub-
analyses, they observed that the effect of the 5S-HTTLPR
was driven specifically by female patients. The authors
further pointed out, that their findings were neither
explained by differences in clinical and/or demographical
features of the sample, nor to paroxetine plasma levels
(Perna et al. 2005). Kim et al. (2006) have examined PD
patients and, however, detected no significant association
with the 5S-HTTLPR polymorphism and clinical response.

Several studies have investigated the role of the
5-HTTLPR in the treatment response of OCD patients:
Billett et al. (1997) retrospectively analyzed patients after a
10-week trial and found no association with the 5S-HTTLPR
and OCD. In another study, McDougle et al. (1998) found a
non-significant trend for an association of the L-allele with
poorer response to several antidepressants including clo-
mipramine, fluvoxamine, fluoxetine, sertraline and par-
oxetine. Di Bella et al. (2002) and Zhang et al. (2004) failed
to find a relation among response and the 5-HTTLPR. In
contrast, Denys et al. (2007) reported that the heterozygous
form of the 5-HTTLPR genotype (short/long) has been
associated with favorable response to venlafaxine. Despite
some inconsistent findings, the highest or most consistent
level of evidence for an association between genotype and
clinical effects in anxiolytic drugs has thus far perhaps been
given for this serotonin transporter gene polymorphism.

Serotonin receptor 1A (5-HT,;,) gene

The 5-HT;4 receptor is a G protein-linked receptor that
acts primarily via inhibition of adenylyl cyclase and is
located both pre- and post-synaptically. Most of the interest
in this receptor centers on its possible involvement in the
pathogenesis and treatment of anxiety and depression.
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5-HT,a receptor partial agonists such as buspirone have
anxiolytic and antidepressant properties (De Vry 1995). The
5-HT, 5 receptor gene knockout mice exhibit increased anxi-
ety as indicated by decreased exploratory activity in multiple
paradigms (Heisleretal. 1998; Parks etal. 1998; Ramboz etal.
1998). Interestingly, these mice respond poorly to benzodi-
azepines, and these mice have decreased GABA, receptor
binding within the limbic system (Sibille et al. 2000). This ties
together the serotonergic and GABAergic pathways, the two
systems most frequently addressed by current anxiolytic
therapies. The efficacy of buspirone and other partial agonists
in the treatment of anxiety suggests that investigations of
HTRIA polymorphisms are warranted. The resistance of the
5-HT, 5 receptor gene knockout mouse to the effects of ben-
zodiazepines should serve to further stimulate research on
HTRIA variants in anxiety, such as the functional -1019C/G
promoter polymorphism. However, up to date, no pharma-
cogenetic study has been reported with buspirone. Such
studies need to be addressed in the future and 5-HT 5 receptor
gene should be considered a prime candidate gene in phar-
macogenetics studies of anxiolytic drugs.

Serotonin receptors 1B (5-HT;p)
and 2A (5-HT,A) genes

Genetic variants in receptors that might be involved in the
therapeutic efficacy of SSRIs, such as the terminal 5-HT g
autoreceptor and the postsynaptic 5-HT,, receptor, have
also been evaluated. Tot et al. (2003) firstly evaluated the
5-HT,, A1438G and TI102C variants and treatment
response in OCD patients but failed to detect significant
associations among 5-HT,, polymorphisms and treatment
response. Zhang et al. (2004) found a significant associa-
tion between the A1438G polymorphism of the5-HT,a
gene and response in OCD patients treated with serotonin
reuptake inhibitors. Consistent with that finding, Denys
et al. (2007) have shown that patients carrying the 1438 G
allele and G/G genotype in the 5-HT,5 gene have been
associated with paroxetine response in OCD patients.

Tryptophan hydroxylase (TPH),
catecol-O-methyltransferase (COMT)
and monoamino oxidase (MAO) genes

TPH is a rate-limiting enzyme in serotonin synthesis. Two
isoforms have been detected, TPH1 and TPH2 (Walther
and Bader 2003). Kim et al. (2006) reported no significant
association of CGI-I scores and the A218C variant of the
TPHl1gene in patients affected with PD. No studies with the
TPH2 gene with response to anxiolytic drugs have been
performed.

COMT is an enzyme inactivating catecholamines,
including norepinephrine and dopamine that have been

examined in genetic association studies conducted with
OCD and PD (Karayiorgou et al. 1999; Domschke et al.
2004; Rothe et al. 2006). MAOA and MAOB are enzymes
that degrade a variety of biogenic amines such as 5-HT,
dopamine and norepinephrine. MAOA gene has been
reported in genetic studies of OCD and PD (Deckert et al.
1999; Karayiorgou et al. 1999; Sand et al. 2000; Hamilton
et al. 2002). Regarding antidepressants response in OCD
patients, Zhang et al. (2004) reported no association neither
with COMT nor with MAOA gene variants.

Dopamine receptor 2 (DRD2) and 4 (DRD4)

Although none of the current drug treatments for anxiety
disorders appears to target dopamine receptors, the dopa-
minergic system represents another important neurotrans-
mitter system. However, the mechanism of action for
anxiolytic drugs such as antidepressants have not yet been
understood completely, and study findings related to
MAOA, MAOB and COMT which modulate dopamine
concentrations may serve as indirect evidence that the
dopaminergic system may be involved in anxiolysis.
Moreover, antidepressants such as buproprion exert their
therapeutic effect by increasing dopaminergic neurotrans-
mission. Lawford et al. (2003) have examined male Viet-
nam combat veterans patients with a diagnosis of PTSD
and found no significant association among Tagl A DRD2
genotypes and treatment response (Lawford et al. 2003).
Zhang et al. (2004) have reported no significant association
among DRD2 and DRD4 gene variants in OCD patients
and response to antidepressants.

Other genes

Domschke et al. (2008a, b) have presented that the can-
nabinoid receptor CNR1 rs1049353 G allele conferred an
increased risk for poor response to antidepressant treatment
particularly in the subgroup of patients with high anxiety
which was particularly present in the female subgroup of
patients. In another study, Domschke et al. (2009) have
shown that the TT variant of the brain-derived neurotrophic
factor (BDNF) rs7124442 polymorphism was associated
with poorer treatment outcome over 6 weeks in 81 German
anxious depression patients.

Discussion

Benzodiazepines and SSRIs play a major role in the acute
and chronic pharmacologic management in anxiety disor-
ders. Benzodiazepines are effective in most individuals (i.e.
with little interindividual variability in response) but are
only recommended for acute symptom relief. However, the
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success of long-term antidepressant treatment is limited
due to the fact that a large portion of patients do not
respond sufficiently (De Mooij-van Malsen et al. 2008).
Genetic factors affecting the metabolism and mechanism of
action of both classes of drugs are hypothesized to be
involved in drug response and side effects (Denys and De
Geus 2005, De Leon 2006). However, only few studies
(and mostly with relative small sample sizes) have thus far
investigated the role of variants in genes that modulate
plasma levels and outcome to anxiolytic drugs. Moreover,
no genome wide association studies have been performed
in drug response for anxiety disorders. Finally, virtually no
pharmacogenetic studies have been performed with ben-
zodiazepines and no single study has investigated gene
variants of the GABA genes. In other words, with respect
to anxiety disorders, pharmacogenetics is still in an early
stage of development and more studies need to be per-
formed. Moreover, a notable heterogeneity among studies
including sample sizes, response assessment, and statistical
methods hampers the comparison across studies. Despite
inconsistent findings across different anxiety-related phe-
notypes, studies focusing on the serotonin transporter
yielded the most consistent findings. Similar—and intui-
tively plausible-based on findings in depressive disorders—
subjects carrying at least one long allele showed in general
favorable outcomes (McDougle et al. 1998; Denys et al.
2007). Some positive results were also obtained with
polymorphisms of the 5-HT2A gene (Zhang et al. 2004;
Denys et al. 2007), although these findings need to be
replicated in further and larger samples before meaningful
conclusions can be drawn. One significant finding has been
reported for the TPHI gene (Kim et al. 2006). No signifi-
cant findings have been reported for the MAO-A, COMT,
DRD2 and DRD4 genes (Lawford et al. 2003; Zhang et al.
2004). No studies have yet been conducted involving the
5-HT1A, 5-HT1B or TPH2 genes, although they represent
good candidates for future studies.

At the present time, the CYP450 gene variants appear to
harbor the most promising potential in terms of their use-
fulness in predicting dosage (plasma levels), response and
side effects. Both the CYP2D6 and CYP2C19 genes are of
particular relevance in this context as both are involved in
the metabolism of most anxiolytic drugs with many known
functional gene variants (Black et al. 2007). The classifi-
cation into poor, intermediate, extensive and rapid meta-
bolizer status would allow to predict or adjust dosages in
some drugs to avoid toxic serum levels in poor responders
and to avoid non-response in rapid metabolizers (De Leon
2007). Such tests for the CYP2D6 and CYP2C19 genes are
commercially available as for example the FDA approved
Roche AmpliChip and are easily interpretable. However,
the costs associated to such commercially available tests
have hampered its widespread use in clinical practice until
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today (De Leon 2006). The CYP1A2 and CYP3A4 are
further important genes in anxiolytic drug metabolism that
have not been investigated yet, however. In Table 1, we
have listed the most important benzodiazepines and anti-
depressants and by which CYP450 enzymes these drugs are
mainly metabolized (for further details and current updates
including CYP450 inhibitors and inducers, we recommend
further reading such as the website http://www.medicine.
iupui.edu/flockhart/clinlist.htm.)

Obviously, even if dosing based on CYP450 genes has
appropriately been taken care of, there is neither a guar-
antee for a sufficient response nor for the absence of side
effects. However, information obtained from CYP450 gene
testing may provide important pieces of information which
is likely to be beneficial in some individuals. As research
progresses, further gene variants involved in metabolism
need to be included to optimize doing strategies. One very
promising example of the clinical use of genetic testing in
dosing strategies is the combination of CYP2C9 and vita-
min-K epoxide reductase (VKORC1) gene variants in the
dosing of warfarin. In 2007, the FDA has approved the
Nanosphere Verigene Warfarin Metabolism Nucleic Acid
Test that detects variants in both genes that account for 30—
50% of the variability in dosing of warfarin (Flockhart
et al. 2008).

As for anxiety disorders, the combination of genetic
variants and relevant clinical factors (e.g. age, sex, symp-
tomatology) as well as thorough assessment of co-medi-
cation, smoking and diet habits, will ultimately allow
designing useful treatment algorithms. These algorithms
will allow for a meaningful and clinical significant pre-
diction of dose, as well as for useful prediction of response
and side effects likelihood. Despite a scarcity of studies
available today, the first steps toward this vision of per-
sonalized medicine have been made. The collection of
large samples which may include anxious depression as
important phenotype, such as the STAR*D sample (e.g.
Fava et al. 2008) or from other groups (e.g. Domschke
et al. (2008a, b)), combined with high-throughput tech-
nology (allowing for genome-wide analysis) needed in this
area of research are on their way. Thus, optimism is timely
and, importantly, these findings will also enhance our
biological understanding of the underlying pathological
mechanisms and allow researchers to design novel drug
targets.
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