M.S. Calafato et al. 1

Title page

The effect of CYP2D6 variation on antipsychotic-induced hyperprolactinaemia:

A systematic review and meta-analysis

Authors

Maria Stella Calafato'*, Isabelle Austin-Zimmerman'*, Johan H Thygesen®?, Mani Sairam?, Antonio
Metastasio?, Louise Marston?, Francisco Abad-Santos®, Anjali Bhat?, Jasmine Harju-Seppéanen?, Haritz
Irizar?, Eirini Zartaloudi' and Elvira Bramon?®¢”’

1 Division of Psychiatry, University College London, London, United Kingdom

2 |nstitute of Health Informatics, University College London, London, United Kingdom

3 Romsey Community Mental Health Team, Southern Health NHS Foundation Trust

4Department of Primary Care and Population Health, University College London, London, United Kingdom

5 Clinical Pharmacology Department, Hospital Universitario de la Princesa, Instituto Te éfilo Hernando, Universidad
Autonoma de Madrid, Institutode Investigaddn Sanitaria Princesa(IP), Madrid, Spain.

6 |nstitute of Psychiatry, Psychology and Neuroscience at King's College Londonand South London and Maudsley NHS

Foundation Trust, London, United Kingdom
7 Institute of Cognitive Neuroscience, University College London, London, UK
*Authors contributed equally to this paper.

Corresponding author: Elvira Bramon, Division of Psychiatry, University College London, London,

United Kingdom, Email: e.bramon@ucl.ac.uk

Abstract word count: 149

Text body word count: 2763


mailto:e.bramon@ucl.ac.uk

M.S. Calafato et al. 2

Abstract and keywords

Abstract

Hyperprolactinemiais a known adverse drug reaction to antipsychotictreatment. Antipsychotic blood
levelsare influenced by cytochrome P450enzymes, primarily CYP2D6. Variationin CYP450 genes may
affect the risk of antipsychotic-induced hyperprolactinemia. We undertook a systematic review and
meta-analysis to assesswhether CYP2D6 functional geneticvariants are associated with antipsychotic-
induced hyperprolactinemia. The systematicreview identified sixteen relevant papers, seven of which
were suitable for the meta-analysis (n=303 participants including 134 extreme metabolisers).
Participants were classified into four phenotype groups as poor, intermediate, extensive and ultra-
rapid metabolisers. A random effects meta-analysis was used and Cohen’s d calculated as the effect
size for each primary study. We found no significant differences in prolactin levels between CYP2D6
metabolic groups. Current evidence does not support using CYP2D6 genotyping to reduce risk of
antipsychotic-induced hyperprolactinemia. However, statistical power is limited. Future studies with

largersamplesandincluding arange of prolactin-elevating drugs are needed.
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1. Introduction

Antipsychotics are the mainstay treatment for schizophrenia and are also licensed for use in bipolar
disorder(1-3). Currently, the prescription of antipsychotics is largelyempirical and patients may have

several cycles of failed medications due to poorresponse and/or adverse events (4-6).

Antipsychotic adverse reactions are diverse and potentially serious, including metabolic as well as
extrapyramidal side effects (7). The emergence of adverse reactions is a contributing factor to poor
adherence to antipsychotics (8). Susceptibility to adverse reactions is likely to be dependent on

multiple factors thatinfluence drug metabolism and/ortheiraction (4,9).

Antipsychotic drugs are metabolized by the cytochrome P450 family of enzymes (CYP450), primarily
by CYP2D6, CYP2C19, CYP3A4 and CYP1A2 (9,10). CYP2D6 constitutes a major metabolic pathway for
many antipsychotics, including haloperidol, risperidone, aripiprazole and zuclophenthixol (10,11).
Variation in the CYP2D6 gene is known to influence enzyme activity and individuals can be classified
as poor, intermediate, extensive (normal), or ultra-rapid metabolisers (12). Over 70 allelicvariants of
CYP2D6 have been identified, including fully functional, reduced function and non-functional alleles
(11). Individuals considered ‘poor metabolisers’ (PM) are those who carry two copies of any of the
non-functional alleles (either homozygotes or heterozygotes). The intermediate metaboliser
phenotype (IM) is typically a result of one non-functional allele and one reduced function allele. The
most common phenotype, extensive or normal metabolisers (EM), results from one or two alleles with
normal function. The ultra-rapid phenotype (UM) is less well defined, usually relating to copy number

variationsin CYP2D6 (11).

There is substantial evidence showing a relationship between CYP2D6 genotypes and clinical
outcomes to psychotropic medications, with poor metabolisers being more susceptible to toxicity
(13,14) and ultra-rapid metabolisers being less likely to improve when treated with standard doses.

Thus pharmacogenetictesting hasthe potentialto benefit clinical practice (15-18).

Prolactin is a hormone produced in the anterior lobe of the pituitary gland. A rise in prolactin blood
levels (hyperprolactinemia) is a common adverse reaction to antipsychotics. It has been reported in
47-52% of women and 26-28% of men who are treated with antipsychotics(19-21). A diagnosis of
hyperprolactinemia is made when serum prolactin levels exceed the upper limit of well-established
ranges for particular age/sex groups (22). Mild hyperprolactinemia can be asymptomatic; however,
when prolactin levels exceed twice the upper normal limits various symptoms may appear. Women
may report galactorrhoea and amenorrhea, and men may experience gynecomastia, decreased libido

and erectile dysfunction(22,23). In the long term hyperprolactinemia can cause osteoporosis in both
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sexes, withits associated increasedrisk of fractures (24). Hyperprolactinaemiais therefore an adverse

reaction that impacts on quality of life and has potentially serious consequences.

Typical antipsychotics, such as haloperidol, are the most common cause of drug-induced
hyperprolactinemia (25). With the exception of Risperidone and Amisulpride, most atypical
antipsychotics are less likely to cause hyperprolactinemia. The atypical antipsychotic Aripiprazole can

in fact be usedto correct antipsychotic-induced hyperprolactinaemia (25).

For prolactin raising antipsychotics, such as Risperidone, prolactin levels have been shown to be
correlated positively with antipsychotic serum levels (26,27). Given that antipsychotics serum levels
are influenced by the functional status of CYP450 enzymes, such as CYP2D6, the latter might also

influencethe risk of antipsychoticinduced hyperprolactinemia (28).

Ina systematicreviewand meta-analysis, Fleetmanetal (29) showed an association between CYP2D6
genotype and extrapyramidal adverse effects, but they did not explore its influence on
hyperprolactinaemia. In another, more recent, systematicreview Dodsworth et al. (31) looked at the
impact of CYP2D6 variation on adverse events caused by risperidone specifically in children and
adolescents. They concluded that clinical impact of the relationship between CYP2D6 metabolic
phenotypes and risperidone levels on adverse events required further investigation. In the present
study, we aimed to undertake a systematic review and meta-analysis to assess whether CYP2D6
functional genetic variants are associated with serum prolactin levels in individuals taking

antipsychotics.

2 Material and methods

2.1 Search strategy and selection criteria

We searched the electronic databases PubMed, CINHAL, EMBASE, Medline and PsychINFO for
literature published from January 1995 to July 2019 usingthe following searchterms: (Cytochrome*
or CYP* or P450*) and (antipsychotic* or neuroleptic* or risperidone or olanzapine or thioridazine or
perphenazine or fluphenazine or zuclopenthixol or haloperidol or chlorpromazine or clozapine or
quetiapine or ziprasidone or flupentixol or flupenthixol or benperidol or levomepromazine or
methotrimeprazine or pericyazine or periciazine or pimozide or promazine or sulpiride or
trifluoperazine or amisulpride or sertindole or zotepine) and (genot™* or allel*) and (PRL or prolactin
or hyperprolactinemia or hyperPRL or galactorrhoea or infertility or period* or amenorrhoea or

hirsutism or gynecomastia or erectile dysfunction).
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We used a wide range of antipsychotics in our search to ensure that all studies investigating a link
between hyperprolactinemiaand CYP2D6 genotypes were identified. However, only studies involving

antipsychotics that are known CYP2D6 substrates were included in the meta-analysis.

We searched for studies published in English. In addition, we searched review articles for any other
relevantstudies. We selected all suitable papers based on the inclusion/exclusion criteria outlinedin
Supplementary Table 1. This assessment was conducted independently by two reviewers and any
disagreement was resolved by consensus or involvement of a third reviewer if required. Figure 1
describes the search process and results. We reviewed all primary studies to ensure they had no

sample overlap and contacted authors for clarification where necessary.

2.2 Data extraction

Data extraction was carried out by one reviewer. A second reviewer checked the accuracy of the
extracted data. The outcome of interest was the mean blood or plasma prolactin levels (ng/ml)
defined as aquantitative variable. We alsoincluded studies with hyperprolactinemia defined as a
categorical variable (present/absent). Genotypesforthe CYP2D6gene were also extracted.
Dependingontheirgenotype, subjects weredivided in four metabolic phenotypes as described in
Supplementary Table 2(33-35). We contacted the authors of 11 primary studies where data
required for the meta-analysis was mentioned, but not actually reported in the paper. This enabled

the inclusion of three additional primary studies.

2.3 Statistical analysis

We conducted a random effects meta-analysis to investigate the association between CYP2D6
geneticvariation and prolactin levels. Study participants were classified into four groups reflecting
theirmetabolic phenotype. The following comparisons were performed: (i) poorversus extensive
metabolisers, (ii) intermediate versus extensive metabolisers, (iii) combined poorand intermediate

againstthe combined extensive and ultra-rapid metabolisers.

For each primary study we calculated the effect size as the standardised difference in means

between the two groups being compared (Cohen’s d; (36)).

A random-effects meta-analysis was chosen due to the variability in methods across the primary
studies, including diverse participants and a range of antipsychoticdrugs used fortheirtreatment.
Heterogeneity between primary studies was assessed using the 12 statistic (37). Publication bias was
assessed using Egger’stest (38). We used R version 3.4.3 with the package “meta” to conductthe

meta-analysis (https://CRAN.R-project.org/package=meta).
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3 Results

From 94 papersidentifiedin the search, only 16 reported CYP2D6 genotypes and either prolactin
levels (13 studies: 38-49) or hyperprolactinemia (three studies 50-52)after antipsychotic
administration (see summary table4). A total of 1060 participants were included across the 16
papers. Of these 16 informative papers, seven provided the necessary datato undertake ameta-

analysis.

The key characteristics and main conclusions of the 16 studiesincluded in the systematicreviewand
meta-analysis are summarisedin Table 1. Furtherinformation on these studies can be foundin

supplementary tables3and 4.

3.1 Findings from the meta-analysis

After contactingauthors where necessary, atotal of seven primary studies provided the data
required to undertake a meta-analysis (Supplementary Table 5) (39,40,43,47—-49,54). Thisresultedin
a total sample of 303 participants: 47 poor, 72 intermediate, 169 extensive and 15 ultra-rapid

metabolisers.

We found nossignificant differencesin prolactin levels between CYP2D6 metabolicgroupsin any of
the three comparisons with the following standardised mean differences: (i) poor versus extensive
metabolisers 0.19 (95% Cl: -0.54 to 0.92, p = 0.61), (ii) intermediate versus extensive metabolisers -
0.1 (95% Cl: -0.44 to 0.24, p =0.58) and combined poor/intermediate versus combined
extensive/ultra-rapid metabolisers 0.06 (95% Cl: -0.26 to 0.38, p = 0.72). The results of these

analysesare describedin Figures 2,3 and 4.

Although six of the seven studiesincluded both male and female patients, therewas a higher
number of male patients than female patients overall. There is an established differencein prolactin
levelsin menand women, aswell asin children compared to adults. Thus, we ran the meta-analysis
twice, once combining male and female subjects and once including only male subjects. We found
the conclusionsto be the same. The forest plots showingthe results of the analysisin only male
subjects can be seeninthe supplementary material figures 1, 2 and 3. There were notenough

studiesto conducta female-only analysis.

Three of the seven studies included in this meta-analysis were conducted in healthy volunteers
following asingle dose oral administration of antipsychotic medication (39,40,43). The remaining
fourstudies were conducted in patients followinglong term treatment with antipsychotics. Given
the limited literature available, we included all seven studies together in the primary meta-analysis.

As hyperprolactinaemiais typically observed during ongoing treatment, we ran secondary me ta-
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analyses excluding all the single-dose healthy volunteer primary studies. The conclusions from our

results were found to be the same in both instances.

Three of the seven studies included paediatricsamples. To investigate the potential impact ofageon
prolactinlevels we ran the analysis using data from the adult only studies. As with the previous

analyses, we found no association between CYP2D6 metabolicstatus and prolactin levels. The forest
plots showingthe results of the analysis excluding paediatricdata can be seeninthe supplementary

material figures4,5and 6.

3.2 Systematic review of a further nine informative studies that could not be included in the meta-

analyses

Of the 16 informative studies reviewed, nine could not be included in the meta-analysis. The reasons
for theirexclusion, as well as an overview of the studies and their conclusions, are summarisedin
Table 1. Seven of these nine studies support the conclusions of the meta-analysis and do not show a
significantrelationship between CYP2D6 genotype hyperprolactinemia. One study (44) showed
higher prolactin levelsin patients with the poor metaboliser phenotype compared to extensive
metaboliser phenotype, but this result was only significantin female patients. A second study (42)
found that the number of active CYP2D6 alleles was associated with asignificant decreasein plasma

prolactinlevels, but thisresultwasseenonlyin men.

4 Discussion

This systematicreview and meta-analysis summarised and quantified the available evidence on the
effect of CYP2D6 variation on blood prolactin levels after antipsychotic treatment. This potential
gene-environmentinteraction hasamajor impactinclinical practice due tothe unpleasantand
potentially severe consequences of raised prolactin. Itis also a surprisingly under-researched

guestion, givenitsimportance.

We did notfind evidence of an association between CYP2D6 geneticvariation and prolactin blood
levels during antipsychotic exposure. The pooled effect sizes from our meta-analyses were small
(with Cohen’s of 0.2 or less) and none of them reached statistical significance. Though the effect
sizes calculated for many of the primary studies were of amedium or large magnitude, they showed
opposite directions, which resulted in the small overall effect size when combined into the meta-

analysis. Furthermore, very few of the primary studies reported statistically significant results.

However, this finding cannot be considered conclusive since there are several limitationsin the

literature. Only seven of the 16 studies identified provided the data necessary to enable their
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inclusioninthe meta-analysis. We also reviewed the findings of the remaining nine studies, which

coveredanoverall sample of 867 participants and mainly agreed in alack of association.

Only two of the 16 studiesincluded in this review concluded that there was a relationship between
CYP2D6 genotype and prolactinlevels (42,44). Vandenberghe et al. observed that prolactin levels
were more elevatedin poorandintermediate metabolisers, orif the subjects were taking CYP2D6
inhibitors. This result was significant only in women. Schoretsanitis et al. observed asignificant
decrease in plasma prolactinlevelsamong subjects with more active CYP2D6alleles. Thisresult was
observedonlyinmen, and was seen even after controlling forthe serum concentration of
risperidoneand its metabolite. Notably, these studies are some of the largestincluded in this review,
involving 150(41 poor, 10 intermeidate) and 110 (3 poor, 9 intermediate) patients respectively,

treated with risperidone.

The 16 studies reviewed had similar caveats: Each had only between 22 and 150 participants and
were individually underpowered to test this geneticassociation. There is extensive research showing
thatinthe general population only 7% of Caucasians, 3% of Africans and 1% of Asians are CYP2D6
poor metabolisers, and that ultra-rapid metabolisers are evenrarer (55-57). After poolingall the
published data, the total participants were 303 with only 44 poorand 72 intermediate metabolisers.
Thus, even a meta-analysis would have limited powerto detect a difference between metabolic
groups. Therefore, further studiesinvolving large samples and mega-analyses are necessary to
guarantee inclusion of sufficient participants with these rarer phenotypes. This was a key
recommendation from a Health Technology Assessment examining the potential benefits of CYP2D6

testing for mental health drugs (17), but such studies have notyetbeen conducted.

Anotherlimitation comes from the heterogeneity of the samples in the primary studies. Out of the
seven studies selected for meta-analysis, three were conducted with healthy volunteers, whereas
the remaining fourincluded patients receiving long-term antipsychotic treatment. Similarly,
prolactinlevels vary by sex butthe literature did not provide enough data to examine a potential sex

difference in CYP2D6influence on antipsychotic-induced hyperprolactinaemiarisk.

Although CYP2D6 is a key metabolic pathway forantipsychotics, other factors, such as otherenzyme
systems involved in the metabolism of some antipsychotics and genes coding for receptortargets,
could mediate the effect of antipsychotics on prolactin levels. As with other complex traits, prolactin
levels mightbe influenced by several geneticand environmental factors as well asinteractions
betweenthem. A genome-wide association study of prolactinidentified 12 single nucleotide
polymorphisms (SNPs) associated with increased prolactin levels in both plasma and cerebrospinal

fluid (58). A recent meta-analysis conducted in patients with schizophreniafound that prolactin
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levels were significantly higherin dopamine D2 receptor TaqlA (rs1800497) Al carriersthan innon-
carriers (59). In the future, investigating the influence of these geneticvariantsin combination with
CYP2D6 variants could improve the identification of patients at risk of developing

hyperprolactinemia when taking antipsychotic medication.

The majority of studiesincluded in this meta-analysis administered risperidone (4 studies: 42,46-48)
or haloperidol (1study: 53). Both risperidoneand haloperidol are known substrates of CYP2D6and
are primarily metabolised by this enzyme. However, two of the studies administered olanzapine (43)
or quetiapine (40). Although thereis evidence that CYP2D6 isinvolved in their metabolism, itis not
theironly pathway. Olanzapine is primarily metabolised by CYP1A2 and quetiapine by CYP3A4
(60,61). This could explain why thesetwo studies did not demonstrate any difference between
CYP2D6 metabolicgroups. Inorderto be confident thatthis was not skewingourresults we ran the
meta-analysis with only risperidone and haloperidol treated samples and found ourresults to be the

same.

The only randomised controlled clinical trial available looking at CYP2D6 testing concluded that poor
and ultra-rapid metaboliser patients incur higher treatment expenses and that CYP2D6 testing can
curtail these excess costs (62); however prolactin was not reportedas one of their outcomes. Thistrial
included over 200 participants and used methods to enrich the sample with sufficient numbers of
extreme metabolisers (20% poor or ultra-rapid metabolisers in each treatmentarm). There are very
few trials investigating the effect of CYP2D6 testing on specific adverse reactions to antipsychotics.
Future research shouldalso examine other pathways involved in the metabolismof antipsychotics and
polygenicrisk scores, capturing the effects of genome wide variants on the pharmacokinetics and

pharmacodynamics of antipsychotics.

Cytochrome P450 is a crucial metabolic pathway for most antipsychotics (33,63), thus the genetic
profiling of CYP2D6and other CYP functional polymorphisms offersa potential tool to identify patients
at particular risk of developing hyperprolactinaemia who would benefit from choosing alternative

antipsychotics.

Although our systematicreview and meta-analysis indicate that geneticvariation in CYP2D6 activity
does notinfluence antipsychotic-induced hyperprolactinemia, the statistical power of the current
literature, with 303 participants and only 134 of them with impaired drug metabolism, is limited.
Indeed, based on our meta-analysis the effect size forthe association between CYP2D6and
antipsychotic-induced hyperprolactinemiais estimated to be 0.2, whichisa small yet clinically

meaningful difference. Samples with at least 260 poor metabolisers would be required to reach 80%
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powerto detectsuch a small group difference inthisimportant gene-environmentinteraction. The

currentliterature does not have such large samples yet.

There is growing evidence from drug labels and clinical guidelines supporting the use of CYP2D6
testing to guide personalised treatment with antidepressants and antipsychotics (18,34,64,65).
Nevertheless, the prescription of mental health medication remains primarily empirical and
pharmacogenetics testingis not part of routine practice in the UK and most countries. Larger studies
and clinical trials designed to include sufficient extreme metabolisers are needed to investigate the

potential cost-effectiveness of pharmacogenetics testing for antipsychotics (10,66—68).



M.S. Calafato et al. 11

Acknowledgements

Financial Support

This study was supported by the National Institute for HealthResearch Biomedical Research Centre at

University College London Hospital (mental health theme).
Supportto MS Calafato: National Institute for Health Research AcademicClinical Fellowship 2015.

Support to E. Bramon: Mental Health Research UK John Grace QC Scholarship 2018, BMA Margaret
Temple Fellowships 2016 and 2006, Medical Research Council and Korean Health Industry
Development Institute Partnering Award (MC_PC_16014), Medical Research Council New Investigator
Award (G0901310) and MRC Centenary Award (G1100583), MRC project grant G1100583, a National
Institute of Health Research UK post-doctoral fellowship (PDA/02/06/016), the Psychiatry Research
Trust, the Schizophrenia Research Fund, the Brain and Behaviour Research foundation’s NARSAD
Young Investigator Awards 2005 and 2008, a Wellcome Trust Research Training Fellowship, and
Wellcome Trust Case Control Consortium awards (085475/B/08/Z, 085475/7/08/Z).

Further support to co-authors: Medical Research Council doctoral studentships to Isabelle Austin-
Zimmerman, Anjali Bhat and Jasmine Harju-Seppanen. British Medical Association Margaret Temple
grant 2016 to Johan Thygesen. Haritz Irizar has received funding from the European Union’s Horizon
2020 research and innovation programme under the Marie Sklodowska-Curie grant agreement No

747429.

Conflict of interest

The authors declare they have no conflict of interests.

References

1. Kennedy WK, Jann MW, Kutscher EC. Clinically significant druginteractions with atypical
antipsychotics.Vol.27, CNS Drugs. 2013. p. 1021-48.

2. NICE. Psychosisand Schizophrenia in Adults: Treatment and Management: Updated Edition 2014.
[Internet]. Psychosisand Schizophreniain Adults: Treatment and Management: Updated Edition 2014.
2014. Availablefrom: http://www.ncbi.nlm.nih.gov/pubmed/25340235

3. NICE. Bipolar disorder:assessmentand management. NICE Guidel [Internet]. 2014;(9):1-58. Available
from: https://www.nice.org.uk/guidance/cg185

4, Pirmohamed M, Park BK. Genetic susceptibility to adversedrug reactions. Trends Pharmacol Sci.
2001;22(6):298-305.



M.S. Calafato et al. 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Xu Q, Wu X, XiongY, XingQ, He L, QinS. Pharmacogenomics canimprove antipsychotic treatment in
schizophrenia. Frontiers of Medicine.2013;1-11.

Zhang J-P, Malhotra AK. Recent Progress in Pharmacogenomics of Antipsychotic Drug Response. Curr
Psychiatry Rep [Internet]. 2018;20(4):24. Availablefrom:
http://www.ncbi.nlm.nih.gov/pubmed/29589131%0Ahttp://link.springer.com/10.1007/s11920-018-
0886-y

Taylor D, Barnes T, Young A. The Maudsley Prescribing Guidelinesin Psychiatry, 13th Edition. Wiley-
Blackwell;2018.

McCann TV, ClarkE, Lu S. Subjective side effects of antipsychotics and medication adherencein
people with schizophrenia.) Adv Nurs. 2009;65(3):534-43.

Pouget JG, Shams TA, Tiwari AK, Miller DJ. Pharmacogenetics and outcome with antipsychotic drugs.
Dialogues Clin Neurosci.2014;16(4):555-66.

Corponi F, Fabbri C, Serretti A. Pharmacogenetics in Psychiatry.In: Advances in Pharmacology.2018.p.
297-331.

Zhou S-F. Polymorphismof Human Cytochrome P450 2D6 and Its Clinical Significance Partll.Clin
Pharmacokinet.2009;48(12):761-804.

Sim S, Kacevska M, Ingelman-Sundberg M. Pharmacogenomics of drug-metabolizingenzymes: a recent
update on clinical implications and endogenous effects. Pharmacogenomics J. 2012;13(10):1-11.

de Leon J, Susce MT, Pan R-M, Koch WH, Wedlund PJ. Polymorphic Variationsin GSTM1, GSTT1, PgP,
CYP2D6, CYP3A5, and Dopamine D2 and D3 Receptors and Their Association With Tardive Dyskinesia in
Severe Mental IlIness.) Clin Psychopharmacol.2005;25(5):448-56.

Haertter S. Recent examples on the clinicalrelevance of the CYP2D6 polymorphismand endogenous
functionality of CYP2D6. Vol. 28, Drug Metabolismand Drug Interactions.2013.p. 209-16.

Hamilton SP. The promise of psychiatricpharmacogenomics.Vol.77, Biological Psychiatry.2015.p.29—
35.

de Leon J, Spina E. What is needed to incorporateclinical pharmacogenetic tests into the practice of
psychopharmacotherapy? Expert Rev Clin Pharmacol.2016;9(3):351—4.

Fleeman N, MclLeod C, Bagust A, Beale S, Boland A, Dundar Y, et al.The clinical effectiveness and cost-
effectiveness of testing for cytochrome P450 polymorphisms in patients with schizophrenia treated
with antipsychotics: A systematic review and economic evaluation. Health Technol Assess (Rockv).
2010;

Walden LM, Brandl EJ, Tiwari AK, Cheema S, Freeman N, Braganza N, et al.Genetic testing for CYP2D6
and CYP2C19 suggests improved outcome for antidepressantand antipsychotic medication. Psychiatry
Research. 2018;

Bushe C, Shaw M. Prevalence of hyperprolactinaemia in a naturalistic cohortof schizophrenia and
bipolar outpatients during treatment with typical and atypical antipsychotics.JPsychopharmacol.
2007;21(7):768-73.

Bushe C, Yeomans D, Floyd T, Smith SM. Categorical prevalenceand severity of hyperprolactinaemiain
two UK cohorts of patients with severe mental illness during treatment with antipsychotics.)J

Psychopharmacol.2008;22(2 Suppl):56-62.

Young SL, Taylor M, Lawrie SM. “Firstdo no harm.” A systematic review of the prevalence and
management of antipsychotic adverseeffects. J Psychopharmacol.2015;29(4):353-62.

Melmed S, Casanueva FF, Hoffman AR, Kleinberg DL, Montori VM, Schlechte J, et al. Diagnosisand
treatment of hyperprolactinemia:an EndocrineSociety clinical practiceguideline.J) Clin Endocrinol
Metab. 2011;96(2):273-88.

Serri O, Chik CL, Ur E, Ezzat S. Diagnosis and management of hyperprolactinemia.Vol.169, CMAJ. 2003.



M.S. Calafato et al. 13

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.
42.

p.575-81.

GaoY, Chen W, YJ L, Li X, HL W, ZY C. - Osteoporotic fractures in patients with untreated
hyperprolactinemia vs.those. Peer). 2016;22(4).

Madhusoodanan S, Parida S,Jimenez C. Hyperprolactinemia associated with psychotropics --a review.
Hum Psychopharmacol.2010;25(4):281-97.

Kinon BJ, GilmoreJA, LiuH, Halbreich UM. Prevalence of hyperprolactinemia in schizophrenic patients
treated with conventional antipsychotic medicationsor risperidone. Psychoneuroendocrinology.
2003;28(SUPPL. 2):55-68.

Melkersson KI. Prolactin elevation of the antipsychotic risperidoneis predominantly related toits 9-
hydroxy metabolite. Hum Psychopharmacol.2006;21(8):529-32.

Scordo MG, Spina E, Facciola G, Avenoso A, Johansson |, Dahl ML. Cytochrome P450 2D6 genotype and
steady state plasma levels of risperidoneand 9-hydroxyrisperidone. Psychopharmacology (Berl).
1999;147(3):300-5.

Fleeman N, Dundar Y, Dickson R, Jorgensen A, Pushpakom S, MclLeod C, et al.Cytochrome P450 testing
for prescribing antipsychoticsin adults with schizophrenia: Systematic review and meta-analyses.
Pharmacogenomics Journal.2011.

Fleeman N, Dundar Y, Dickson R, Jorgensen A, Pushpakom S, MclLeod C, et al.Cytochrome P450 testing
for prescribing antipsychoticsin adults with schizophrenia:systematic reviewand meta-analyses.
Pharmacogenomics J. 2011;

Dodsworth T, Kim DD, Procyshyn RM, Ross CJ, Honer WG, Barr AM. A systematic review of the effects
of CYP2D6 phenotypes on risperidonetreatment in children and adolescents. Child and Adolescent
Psychiatry and Mental Health. 2018.

Moher D, Liberati A, Tetzlaff J, Altman DG, Altman D, Antes G, et al.Preferred reporting items for
systematic reviews and meta-analyses:The PRISMA statement. PLoS Medicine. 2009.

Stingl J, Viviani R. Polymorphismin CYP2D6 and CYP2C19, members of the cytochrome P450 mixed-
function oxidasesystem, in the metabolism of psychotropicdrugs.JIntern Med. 2015;277(2):167 -77.

Hicks JK, Sangkuhl K, Swen JJ, Ellingrod VL, Miller DJ, Shimoda K, et al.Clinical Pharmacogenetics
Implementation Consortium Guideline (CPIC®)for CYP2D6 and CYP2C19 Genotypes and Dosing of
TricyclicAntidepressants: 2016 Update. Clin Pharmacol Ther.2016;10(1002).

Bertilsson L, Dahl ML, Dalén P, Al-Shurbaji A. Molecular genetics of CYP2D6: Clinical relevance with
focus on psychotropic drugs.Vol.53, British Journal of Clinical Pharmacology.2002.p.111-22.

Cohen J. Statistical Power Analysis for the Behavioral Sciences. NY: Academic Press;1969.

Higgins JPT, Thompson SG, Deeks JJ, Altman DG. Measuringinconsistency in meta-analyses.BMJ Br
Med J. 2003;327(7414):557-60.

Sterne JA, Egger M, Moher D. Cochrane handbook: General methods for cochranereviews: Ch 10:
Addressingreporting biases.In:Cochrane Handbook for Systematic Reviews of Interventions. 2011.p.
297-334.

CabaleiroT,Ochoa D, Lopez-Rodriguez R, Roman M, Novalbos J, Ayuso C, et al. Effect of
polymorphisms on the pharmacokinetics, pharmacodynamics,and safety of risperidonein healthy
volunteers. Hum Psychopharmacol.2014;29(5):459-69.

CabaleiroT, Lopez-Rodriguez R, Roman M, Ochoa D, Novalbos J, Borobia A, et al. Pharmacogenetics of
quetiapinein healthy volunteers: association with pharmacokinetics, pharmacodynamics,and adverse
effects. Int Clin Psychopharmacol.2015;30(2):82-8.

PiorolL, Rosenow W. Letter to the Editors.2006;49:1205—7.

Schoretsanitis G, de Leon J, DiazFJ. Prolactin levels:sex differences in the effects of risperidone, 9-
hydroxyrisperidonelevels, CYP2D6 and ABCB1 variants. Pharmacogenomics.2018;9(10).



M.S. Calafato et al. 14

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

CabaleiroT, Lopez-Rodriguez R, Ochoa D, Roman M, Novalbos J, Abad-Santos F. Polymorphisms
influencing olanzapine metabolismand adverse effects in healthy subjects. Hum Psychopharmacol.

2013;28(3):205-14.

Vandenberghe F, Guidi M, Choong E, von Gunten A, Conus P, Csajka C, et al. Genetics -Based Population
Pharmacokinetics and Pharmacodynamics of Risperidonein a PsychiatricCohort. Clin Pharmacokinet.
2015;54(12):1259-72.

Novalbos J, Lopez-Rodriguez R, Roman M, Gallego-SandinS, Ochoa D, Abad-Santos F. Effects of CYP2D6
genotype on the pharmacokinetics, pharmacodynamics, and safety of risperidonein healthy
volunteers. J Clin Psychopharmacol.2010;30(5):504-11.

Ozdemir V, Bertilsson L, Miura J, Carpenter E, Reist C, Harper P, et al. CYP2D6 genotype inrelationto
perphenazine concentration and pituitary pharmacodynamictissuesensitivityin Asians: CYP2D6 -
serotonin-dopamine crosstalk revisited. Pharmacogenet Genomics. 2007;17(5):339-47.

Roke Y, van Harten PN, Franke B, Galesloot TE, Boot AM, Buitelaar JK. The effect of the TaglAvariant
inthe dopamine D, receptor gene and common CYP2D6 alleles on prolactin levels inrisperidone-
treated boys. Pharmacogenet Genomics. 2013;23(9):487-93.

Troost PW, Lahuis BE, Hermans MH, Buitelaar JK, van Engeland H, ScahillL, et al.Prolactinreleasein
children treated with risperidone:impactand role of CYP2D6 metabolism. J Clin Psychopharmacol.
2007;27(1):52-7.

Youngster I, Zachor DA, Gabis L V., Bar-ChaimA, Benveniste-Levkovitz P, Britzi M, et al. CYP2D6
genotyping in paediatric patients with autismtreated with risperidone: A preliminary cohortstudy. Dev

Med Child Neurol. 2014,56(10):990—4.

Wang L, Yu L, Zhang AP, Fang C, Du J, Gu NF, et al.Serum prolactinlevels, plasma risperidonelevels,
polymorphism of cytochrome P450 2D6 and clinical responsein patients with schizophrenia.)

Psychopharmacol.2007;21(8):837-42.

dos Santos Junior A, Henriques TB, de Mello MP, Neto APF, Paes LA, Torre OH Della, et al.
Hyperprolactinemia in Children and Adolescents with Use of Risperidone: Clinicaland Molecular
Genetics Aspects. ) Child Adolesc Psychopharmacol.2015;25(10):738-48.

Ivanova SA, Filipenko ML, Vyalova NM, Voronina EN, Pozhidaevl V., Osmanova DZ, et al.CYP1A2 and
CYP2D6 Gene Polymorphisms in Schizophrenic Patients with Neuroleptic Drug-Induced Side Effects.
Bull Exp Biol Med. 2016;160(5):687-90.

Sukasem C, Hongkaew Y, Ngamsamut N, Puangpetch A, Vanwong N, Chamnanphon M, et al.Impactof
Pharmacogenetic Markers of CYP2D6 and DRD2 on Prolactin Responsein Risperidone-Treated Thai
Children and Adolescents With Autism Spectrum Disorders.J Clin Psychopharmacol. 2016;36(2):1.

Yasui-Furukori N, Kondo T, Suzuki A, Mihara K, Tokinaga N, Inoue Y, et al. Effect of the CYP2D6
genotype on prolactin concentrationinschizophrenic patients treated with haloperidol.Schizophr Res.
2001 Oct;52(1-2):139-42.

Neafsey P, Ginsberg G, Hattis D, Sonawane B. Genetic Polymorphismin Cytochrome P450 2D6
(CYP2D6): Population Distribution of CYP2D6 Activity.) Toxicol Environ Heal PartB. 2009;12(5-6):334—
61.

LLerena A, Naranjo MEG, Rodrigues-Soares F, Penas-LLedd EM, Farifias H, Tarazona-Santos E.
Interethnic variability of CYP2D6 alleles and of predicted and measured metabolic phenotypes across

world populations. Expert Opin Drug Metab Toxicol.2014;10(11):1569-83.

Zhou Y, Ingelman-Sundberg M, Lauschke VM. Worldwide Distribution of Cytochrome P450 Alleles: A
Meta-analysis of Population-scale Sequencing Projects. Clin Pharmacol Ther.2017;

Staley LA, Ebbert MTW, ParkerS, Bailey M, Alzheimer’s Disease Neuroimaging Initiative, Ridge PG, et
al.Genome-wide association study of prolactinlevelsin blood plasma and cerebrospinal fluid. BMC

Genomics. 2016;17 Suppl 3:436.



M.S. Calafato et al. 15

59. Miural,Zhang J-P, Hagi K, Lencz T, Kane JM, Yabe H, et al.Variants inthe DRD2 locus and
antipsychotic-related prolactin levels: Ameta-analysis. Psychoneuroendocrinology.2016;72:1-10.

60. Bakken G V., Molden E, Hermann M. Impactof genetic variabilityin CYP2D6, CYP3A5, and ABCB1 on
serum concentrations of quetiapineand N-desalkylquetiapinein psychiatric patients. Ther Drug Monit.
2015;

61. CallaghanJT, Bergstrom RF, Ptak LR, Beasley CM. Pharmacokinetic and Pharmacodynamic Profile.Clin
Pharmacokinet. 1999;37(3):177-93.

62. Herbild L, Andersen SE, Werge T, Rasmussen HB, Jlirgens G. Does pharmacogenetic testing for CYP450
2D6 and 2C19 among patients with diagnoses within the schizophrenic spectrumreduce treatment
costs?Basic Clin Pharmacol Toxicol.2013;113(4):266-72.

63. Ingelman-Sundberg M. Genetic polymorphisms of cytochrome P450 2D6 (CYP2D6): clinical
consequences, evolutionary aspects and functional diversity. Pharmacogenomics J. 2005;5(1):6-13.

64. Otsuka America Pharmaceutical. ABILIFY: HIGHLIGHTS OF PRESCRIBING INFORMATION. 2014;

65. Hicks JK, Bishop JR, Sangkuhl K, Muller DJ, Ji Y, Leckband SG, et al.Clinical Pharmacogenetics
Implementation Consortium (CPIC) guidelinefor CYP2D6 and CYP2C19 genotypes and dosing of
selectiveserotonin reuptake inhibitors. Clin Pharmacol Ther. 2015;98(2):127-34.

66. Brandl EJ, Kennedy JL, Miller DJ. Pharmacogenetics of antipsychotics. CanJPsychiatry.2014;59(2):76—
88.

67. Walden LM, Brandl EJ, Changasi A, Sturgess JE, Soibel A, Notario JFD, et al.Physicians’ opinions
following pharmacogenetic testing for psychotropic medication. Psychiatry Res.2015;229(3):913-8.

68. Whirl-Carrillo M, McDonagh EM, Hebert JM, Gong L, Sangkuhl K, Thorn CF, et al.Pharmacogenomics
knowledge for personalized medicine.Vol. 92, Clinical Pharmacology and Therapeutics.2012.p. 414 7.

Figure Legends

Figure 1. PRISMA 2009 flowdiagramoutlining search process and results (32).

Table 1. Summary of the key characteristics and main conclusions of the 16 papers included in the systematic

review and the meta-analysis
Figure 2. Forest plots comparing prolactin levels between 44 poor (PMs)and 115 extensive metabolisers (EMs).

Figure3. Forest plots comparing prolactin levels between 72 intermediate (IMs)and 124 extensive metabolisers

(EMs).

Figure 4. Forest plots comparing prolactin levels between 133 poor and intermediate metabolisers combined

(PMs +IMs) versus 170 extensive and ultra-rapid metabolisers combined (EMs + UMs).



