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Abstract Drug treatment of psychiatric disorders is troubled by severe adverse effects, low compliance and lack of

efficacy in about 30% of patients. Pharmacogenetic research in psychiatry aims to elucidate the reasons for
treatment failure and adverse reactions. Genetic variations in cytochrome P450 (CYP) enzymes have the
potential to directly influence the efficacy and tolerability of commonly used antipsychotic and antidepressant
drugs. The activity of psychiatric drugs can also be influenced by genetic alterations affecting the drug target
molecule. These include the dopaminergic and serotonergic receptors, neurotransmitter transporters and other
receptors and enzymes involved in psychiatric disorders. Association studies investigating the relation between
genetic polymorphisms in metabolic enzymes and neurotransmitter receptors on psychiatric treatment outcome
provide a step towards the individualization of psychiatric treatment through enabling the selection of the most
beneficial drug according to the individual’s genetic background.

1. Drug Therapy in Psychiatric Disorders

Treatment of psychiatric disorders is mainly based on drug
therapy. A wide range of classical and new drugs is available for
their treatment: antidepressants [including tricyclic compounds,
selective serotonin reuptake inhibitors (SSRIs), serotonin-nor-
adrenaline inhibitors (SNRIs), and monoamine-oxidase inhibi-
tors (MAOIs)] and antipsychotic drugs (dopaminergic blockers
and multitarget drugs with strong affinity for serotonergic recep-
tors) are widely used. However, treatment failure is poorly under-
stood and medication is selected on a trial and error basis. An
average 30 to 40% of treated patients show no improvement after
treatment with antipsychotics and 60 to 70% of those who re-
spond present severe adverse effects.l!2] The newer range of anti-

psychotic drugs minimise some of the most severe adverse ef-
fects. Their superiority in symptom improvement, however, is still
under discussion, with the exception of the potent antipsychotic
clozapine.P] Therefore, the growing interest in understanding the
mechanisms determining psychiatric treatment response, and in
particular of clozapine, is well justified. The purpose of this ar-
ticle is to review the latest advances in discerning the genetic
influence on the mechanism of action of psychiatric drugs.

In spite of the lack of epidemiologic studies illustrating their
exact contribution to clinical improvement, genes are hypothe-
sized to play an important role in the variability observed in re-
sponse to psychiatric treatment. The first studies in the field fo-
cused on single gene mutations related to toxic responses.®]
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Metabolic mutations directly responsible for altered drug trans-
formation have been identified in cytochrome P450 (CYP) en-
zymes and are well documented, as discussed in section 3. Genetic
variants in metabolic enzymes can cause accumulation or rapid
elimination of a drug, leading to a toxic reaction or to lack of effect
at therapeutic doses.’-71 However, the variability observed in re-
sponse to psychiatric treatment cannot be explained by variation
in single genes alone. Furthermore, the therapeutic efficacy of
psychiatric drugs may also be affected by alterations in target
sites. Recent studies linking mutations in targeted neurotransmit-
ter receptors with clinical outcome suggest that response to psy-
chiatric treatment is determined by a combination of variants in
several genes, including metabolic enzymes and/or drug targeted
receptors.[$9] In this review we aim to summarize the existing
evidence supporting this hypothesis and give an overview of
pharmacogenetic studies on psychiatric drugs.

2. Identifying Genes Related to Treatment Response

Before determining the entire combination of genes which
may influence the therapeutic efficacy of a particular drug, stud-
ies are performed to single out which individual genes may ex-
hibit DNA alterations affecting response. A variable number of
genes may be implicated in determining response, some having
a major role and others coding for proteins with minor contribu-
tions to response. The preferred strategy to search for such genes
is case-control (or nonresponder/responder) association stud-
ies.[10] This strategy is more sensitive for the detection of genes
with a minor influence in a particular phenotype when compared
to other possible strategies such as linkage studies. Linkage stud-
ies are more powerful for the detection of genes with a major
effect but very unlikely to find genes of weak effect. In the last
decade a vast number of association studies have been performed
with the goal of correlating polymorphisms in candidate genes
with individual’s response to treatment.[8] The candidate genes are
first screened for mutations using a variety of time-consuming
techniques such as single strand conformation polymorphism
(SSCP),['] denaturing high performance liquid chromatography
(dHPLC),['213] and mismatch cleaving, followed by charac-
terization of DNA change by sequencing.l!!15] This process has
been greatly accelerated in recent years with the development of
high-throughput automated sequencing and DNA arrays which
identify and characterize mutations directly.['6-18] These tech-
niques are generally used for the identification of genes related
to particular traits. In pharmacogenetics, the identification of
novel polymorphisms in candidate genes is followed by associa-
tion studies where the distribution of genotype and allele frequen-
cies are compared between patients responding versus those not
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responding to aparticular drug. Any significant difference in the
distribution of frequencies between the 2 groups is considered an
indication of involvement in the mechanism controlling treatment
response.

One of the main limitations of these studies is their suscepti-
bility to producing type I and II errors (false positives or nega-
tives) if the samples are small or not balanced (demographically
and/or in terms of patient numbers). In addition, the complexity
of the diagnosis and assessment of psychiatric disorders adds to
the difficulties in replicating positive associations. Often large
interstudy differences are observed, depending on the criteria and
assessment tools used to characterise the sample patients, their
illness status and their treatment response. Comparison of ex-
treme phenotypes (very good response versus total lack of im-
provement),!%20] standardization of response assessment cri-
teria,['% and collaborative studies involving large and balanced
clinical samples will help resolve these difficulties. In spite of
these problems, association studies remain useful for the discov-
ery of treatment-related genes.

3. The Influence of Metabolic Enzymes on Response

The first steps in the metabolism of psychiatric drugs are per-
formed by CYP enzymes.[?'] Genetic variations affecting the me-
tabolic rate of these enzymes can have direct implications for the
biotransformation of drugs.[*2] Mutations in the CYP2D6,
CYP2C9 and CYP2C19 genes have already been shown to cause
altered drug metabolism!7! (a full list of polymorphisms in meta-
bolic enzymes with updated nomenclature can be found in
http://www.imm.ki.se/CYPalleles[?3]). Alterations disrupting the
normal functioning of these enzymes have a direct impact in the
assimilation of drugs, which can cause severe adverse reactions

Table I. List of common mutations with functional effects in CYP metabolic
enzymes

Enzyme Mutation Effect
CYP2Dg <1441 CYP2D6*3A PM
CYP2D6*4B PM
CYP2D6*5 PM
CYP2D6*1XN UM
CYP2C 19128291
CYP2C19*2B PM
CYP2C19*3 PM
CYP2C19*3 PM
CYP1A2[30-32
CYP1A2*1C PM
CYP1A2*1F UM
CYP2C9l33-% CYP2C9*2 PM
CYP2C9*3 PM

PM = poor metabolisers; UM = ultra rapid metabolisers.
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(see table I).[?4] Individuals carrying these mutations may show
toxic accumulation (poor metabolisers, PM) or rapid elimination
(ultrarapid metabolisers, UM) of various drugs. The frequencies of
these mutations vary among populations, being relatively more com-
mon in Caucasians [with 7% of individuals showing CYP2D6
(PM) deficient phenotype] than in Asians (1% for the same defi-
ciency).[36:37]

Many psychiatric drugs are metabolized by CYP enzymes (see
table II). Most drugs can be metabolized by more than one en-
zyme, which may dilute the effect of a deficient (PM) CYP sub-
type. The effect of the rarer UM enzyme variants is unlikely to
be compensated for by other enzymes. Those drugs metabolized
by only one specific CYP enzyme are at higher risk of producing
adverse reactions in patients carrying the deficient variants. In
addition, treatment with two or more drugs metabolized by the
same subtypes may result in interactions such as competition for
the enzyme and decreased rates of metabolism.[64640] Important
interactions have been reported between SSRIs and other psychi-
atric drugs due to the effects of CYP450 enzymes on their meta-
bolism.[31:52] Recent studies have shown that fluvoxamine inhib-
its clozapine N-demethylation and causes a pronounced increase
in clozapine plasma concentration.[>3] However, several studies
have failed to find clear association between drug metabolism and
therapeutic response.[’4-3%1 More importantly, CYP2D6 variants
have been related to abnormal movements observed during neu-
roleptic treatment,’” and CYP2D6 and CYPIA2 alleles have
been associated with drug induced tardive dyskinesia in schizo-
phrenic patients.[583%]

In view of the adverse reactions caused by deficient drug me-
tabolism, previous knowledge of a patient’s metabolic status and
drug pharmacokinetics are vital to avoid such responses. There
are a variety of methods for the rapid detection of common me-
tabolic mutations including multiplex PCR,[6%61] allele-specific
amplification coupled with allele-specific fluorogenic 5" nuclease
chain reaction (Tagman®) technology!®?] and DNA-chip arrays
for the identification of CYPs polymorphisms in large samples
that have been devised by several companies.[93-:64] Pre-treatment
characterization of metabolic status will allow the adjustment of
therapeutic doses or the selection of alternative medication ac-
cording to the patient’s metabolic rate. The expected result will
be a reduction of drug interactions and toxic responses caused by
deficient enzymes.

4. Candidate Genes in Target Sites: The
Usual Suspects

Aside from the metabolic enzymes responsible for the bio-
transformation of drugs, therapeutic activity can be affected by
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Table Il. Commonly used antipsychotic and antidepressant drugs and their
metabolic enzymes

Drug Metabolic enzyme(s) References

Antipsychotics
bromperidol CYP3A4 38
ziprasidone CYP3A4 39
clozapine CYP1A2, CYP3A4 22,40-42
olanzapine CYP1A2, CYP2D6 6,22,43
risperidone CYP2D6, CYP3A4 6,22,40,42
chlorpromazine CYP2D6, CYP3A4 22,40,42
haloperidol CYP1A2, CYP2D6, CYP3A4 22,40,42,44
sertindole CYP2D6, CYP3A4 22
zotepine CYP3A4, CYP1A2, CYP2D6 45

Antidepressants

paroxetine CYP3A4,CYP2D6, CYP2C19 40
clomipramine CYP2D6,CYP2C19 46,40
desipramine CYP2D6 46,40
doxepin CYP2D6 47
mirtazapine CYP2D6, CYP3A4 48
trazodone CYP3A4 40,49
amitriptyline CYP2C19, CYP3A4, CYP2D6 40,50

alterations on the site of action. In recent years, pharmacogenetic
research has investigated genetic variants of receptors targeted by
antipsychotic and antidepressant drugs. The candidate genes for
these studies are the usual suspects: genes coding for neurotrans-
mitter systems known to be altered in psychiatric disorders, such
as dopaminergic and serotonergic receptors, which are strongly
targeted by psychiatric drugs. In the last decade numerous asso-
ciation studies have tried to correlate genetic variants in drug
targeted receptors with antipsychotic and antidepressant efficacy.
In particular, the genes coding for dopaminergic and serotonergic
receptors have been thoroughly analyzed for mutations, and the
numerous variants detected prompted extensive investigation of
their role in psychiatric disorders and psychiatric treatment.

4.1 Dopaminergic Receptors

Classical antipsychotic drugs used for the treatment of schizo-
phrenia, the most severe psychiatric disorder, strongly target
dopamine D, receptors in mesolimbic and striatal areas of the
brain. Their action on mesolimbic D, receptors is directly related
with antipsychotic efficacy. However, their affinity for striatal D,
receptors is also associated with production of severe extra-
pyramidal adverse effects (EPS).[]

Association studies investigating polymorphisms in dopamin-
ergic receptors have thus far produced inconclusive results. Re-
ports of association between D, polymorphisms and antipsychotic
responsel®>-%9] contradict previous studies which failed to find any
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association.l67:68] Association between a Dj structural polymor-
phism, Ser9Gly, and responsel®-71 was contradicted by Malhotra
and collaborators.[72] However, reports of association between
this polymorphism and tardive dyskenisial’3>-73] suggest that the
D3 receptor may mediate improvement of specific symptoms. Re-
ports of Dy variants associated with antipsychotic responsel76:77]
seemed to confirm their potential as therapeutic targets. However,
several studies failed to confirm this finding.[73-81]

4.2 Serotonergic Receptors

Newer antipsychotics, termed atypical for their lack of EPS
production, are multitarget drugs with strong affinities for sero-
tonin (5-hydroxytryptamine; 5-HT) receptors, among others. Al-
though it is not clear which receptor(s) mediates antipsychotic
activity, it is thought that the 5-HT,/D, affinity ratio is an impor-
tant determinant of therapeutic success.3%831 Antidepressant
therapy includes drugs which also target genes coding for pro-
teins of the serotonergic system (SSRIs and SNRIs). It is clear
that serotonergic receptors are major therapeutic targets for psy-
chiatric drugs, and therefore alterations in genes coding for these
receptors may play a major role in the interindividual differences
observed during psychiatric treatment.

The first report of association between a 5-HT;4 variant, 102-
T/C, and response to the atypical antipsychotic clozapinel® was
contradicted by several studies which failed to observe significant
association, although this polymorphism was found to be associ-
ated with neuroleptic response.®3] However, a meta-analysis of
6 studies that had published data on clozapine response showed
a clear trend of association between this polymorphism and
clozapine response.[!] The same meta-analysis included studies
investigating the relation between a 5-HT,,4 His452Tyr polymor-
phism!8¢-871 and clozapine response, and confirmed the correlation
between genetic variants of the receptor and clinical outcome. These
results constitute the strongest evidence of association between
receptor variants and treatment response, suggesting an important
role of the 5-HT;4 receptors in mediating the therapeutic activity
of clozapine. The reported association between a 5-HT ¢ struc-
tural polymorphism, Cys23Ser, and clozapine responsel®®] was
not confirmed by other investigators.[8*- However, a later meta-
analysisl®!l and a finding of association between a 5-HT,¢ poly-
morphic repeat (-330-GT/-244-CT) and clozapine responsel®?]
seem to support involvement of this receptor in mediating thera-
peutic activity. Although no association was found between
5-HTsa and antipsychotic response,[®3] a report of association
between a silent 5-HTs polymorphism (267-C/T) by Yu and col-
laborators!®#] suggests that other 5-HT receptors may be involved
in determining response.
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4.3 Neurotransmitter Transporters

Genes coding for transporters regulating neurotransmitter lev-
els have also been investigated. Their regulatory action on neu-
rotransmitter systems makes them strong candidates in the etiol-
ogy and treatment of psychiatric disorders. A positive finding of
association between a polymorphism in the serotonin transporter
(5-HTTLPR) and fluvoxaminel®3] was followed by studies show-
ing minor contribution of 5-HTT alleles to antipsychotic re-
sponse.’2%] Alleles of the dopamine transporter gene (DATI)
were observed to be associated with behavioural response to
methylphenidate, a drug used in children for the treatment of
attention-deficit hyperactivity disorder (ADHD).[*7]

4.4 Other Candidate Genes

Other neurotransmitter receptors including histaminergic,
muscarinic and adrenergic receptors have also been investigated.
However, several investigators have failed to detect strong asso-
ciations between these receptors and response.[*8-190] Further in-
vestigation of genetic variation in these genes is needed to con-
firm their role in psychiatric disorders. In addition, recent reports
of association have related mutations in genes encoding the G-
protein B3 subunit (G- 3), methylenetetrahydrofolate reductase
(MTHFR), and in the brain-derived-neurotrophic-factor (BDNF)
with treatment response (see table I11).[101-103]

In summary, these studies show that mutations in genes tar-
geted by psychiatric drugs may influence therapeutic success.
However, one of the problems of association studies is the diffi-
culty in replicating results by different groups. Most of the posi-
tive association findings reported here have been contradicted by
negative reports. The causes for these discrepancies could be sev-
eral, including chance findings, sample size, sample ethnic origin,
and clinical characterization.[194] Nevertheless, replication by in-
dependent investigators is vital to confirm the reliability of the
findings.

5. Individualization of Treatment: Can Response be
Predicted by Looking at Genes?

The overall picture given by association studies is that there is
no major gene controlling psychiatric response. Treatment re-
sponse is controlled by a variety of genes, in agreement with the
multitarget profile of most psychiatric drugs. Variants in metabo-
lic genes may influence the development of toxic reactions and
adverse effects; reports of association between polymorphisms in
CYP enzymes and drug induced adverse effects38:3%] confirm this
hypothesis. Contrary to expectations, no strong association has
yet been observed between polymorphisms in dopamine recep-
tors and response to dopamine blockers. However, new polymor-
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Table lll. Significant associations between genetic polymorphisms in neurotransmitter receptors and antipsychotic/antidepressant response

Gene (polymorphism) Association Reference
Dopamine receptor genes

D2 (-141C Ins/Del) response to clozapine 43
D2 (Taql) response to nemonapride 44
D3 (Ser9Gly) response to clozapine 47
D3 (Ser9Gly) response to clozapine 48
D3 (Ser9Gly) response to antipsychotics 49
D4 (48bp repeat) response to antipsychotics 54
D4 (48bp repeat) response to antipsychotics 55
Serotonin receptor genes

5-HT24 (-1438-G/A) response to clozapine 19
5-HT24 (102-T/C) response to clozapine 62
5-HT2a (102-T/C) response to antipsychotics 63
5-HT24 (His452Tyr) response to clozapine 64
5-HT24 (His452Tyr) response to clozapine 65
5-HT2c (-330-GT/244-CT) response to clozapine 70
5-HT2¢ (Cys23Ser) response to clozapine 66
5-HTs (267-C/T) response to clozapine 72
Neurotransmitter transporter genes

5-HTT (5-HTTLPR) response to fluvoxamine 73
DAT1(VNTR) response to methylphenidate 75
Other candidate genes

MTHFR (677-C/T) response to antipsychotics 79
BDNF (172/176 bp) response to antipsychotics 80
G-B3 (825-C/T) response to antidepressants 81

BDNF = brain-derived neurotrophic factor; DAT1 = dopamine transporter; MTHFR = methylenetetrahydrofolate reductase; 5-HTT = serotonin transporter.

phisms detected in the promoter regions of D3 and D4 receptor
genesl 1051961 with a potential effect on receptor expression should
be investigated. The strongest associations reported in section 4
referred to 5-HT, polymorphisms and clozapine response, in
agreement with the high affinity of the drug for those receptors.
However, minor contributions from other receptor variants are
not discounted as the variability observed in response to clozap-
ine treatment could not be explained by 5-HT, polymorphisms
alone. In the case of multitarget drugs such as clozapine, clinical
response is likely to be mediated primarily through one or two
systems, with other receptor systems having minor effects.

In spite of the important information provided by individual
association studies, these studies are of limited use for the predic-
tion of treatment outcome. A combination of variations in key
genes is more likely to determine an individual’s therapeutic re-
sponse. We investigated 33 polymorphisms in 19 genes including
metabolic enzymes, neurotransmitter transporters and receptors
targeted by clozapine in an effort to identify a combination of
polymorphisms that influence both positive and negative re-
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sponse to the drug. We found that a combination of six polymor-
phisms in genes coding for the 5-HT,4, 5-HT5c, histamine H;
receptors and the 5-HTT predicted clozapine response with nearly
80% success in a sample of patients with schizophrenia.?] Al-
though we are hoping to improve the prediction levels with the
incorporation of newly detected polymorphisms, this is the first
evidence suggesting that response to psychiatric treatment can be
predicted by looking at an individual’s genes, and opens the pos-
sibility for future personalization of antipsychotic therapy. We are
currently performing similar studies investigating genetic combin-
ations that would predict response to a variety of psychiatric drugs.

Although still not a diagnostic tool, studies like this will facil-
itate the early selection of beneficial treatments at the right doses
for each individual according to their pharmacogenetic propensi-
ties. Pre-treatment genotyping of key polymorphisms will indi-
cate which drugs are more likely to be well metabolized and have a
therapeutic effect. This will have a direct impact in clinical ther-
apy by reducing adverse reactions and increasing patient compli-
ance and clinical improvement.

Am J Pharmacogenomics 2001; 1 (1)
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6. Psychiatric Treatment in the 21st Century

Finding drug-response related polymorphisms and analysing
their influence is a time consuming process which has been greatly
accelerated by high-throughput techniques. Automated sequenc-
ing, DNA chips and microarrays are being used for the rapid
detection of mutations in the human genome and to investigate
their effect.[93:107] Ag a result, single nucleotide polymorphism
(SNP) databanks have already been created for use in medical
research.[!08] Several pharmaceutical companies have already en-
tered the race and are producing kits for the genetic detection of
disease susceptibility and selection of appropriate drugs for their
treatment.[03-64] [t is hoped that current research will lead to the
development of kits for the individualization of psychiatric treat-
ment.

7. Conclusion

Pharmacogenetic objectives in psychiatric research have
changed dramatically in the last decade. Genetic association stud-
ies have provided information on the contribution of gene muta-
tions to interindividual variability in treatment response. Poly-
morphisms in metabolic enzymes and in neurotransmitter
systems may influence the therapeutic efficacy of psychiatric
drugs. Mutations in genes encoding metabolic CYP450 enzymes,
neurotransmitter receptors and neurotransmitter transporters
have been singled out as responsible for interindividual variation
in response to psychopharmacotherapy. With increasing knowl-
edge of the human genome and rapid discovery of mutations,
studies of single gene mutations are being replaced by investiga-
tions of polymorphism combinations that will ultimately lead to
pre-treatment prediction of psychopharmacotherapeutic re-
sponse. In spite of the difficulties in diagnosis and assessment of
psychiatric disorders, pharmacogenetic research has produced the
first successful studies correlating genetic profile with antipsy-
chotic response. Similar studies investigating genetic determi-
nants of response to treatment with a variety of psychiatric drugs
are currently underway. These studies will ultimately allow for
pre-treatment selection of psychiatric drugs most likely to have a
positive effect according to the individual patient’s pharmacoge-
netic profile. It is not too optimistic to think that in the next decade
psychiatric drugs could be chosen on the basis of individual’s
genetic background.
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