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ABSTRACT

Introduction: Aripiprazole and olanzapine are
atypical antipsychotics. Both drugs can induce
metabolic changes; however, the metabolic side
effects produced by aripiprazole are more
benign. The aim of the study was to evaluate if
aripiprazole and olanzapine alter prolactin
levels, lipid and glucose metabolism and
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hepatic, haematological, thyroid and renal
function.

Methods: Twenty-four healthy  volunteers
received a daily oral dose of 10 mg aripiprazole
and 5 mg olanzapine tablets for 5days in a
crossover randomised clinical trial and were
genotyped for 51 polymorphisms in 18 genes by
gPCR. Drug plasma concentrations were mea-
sured by LC-MS. The biochemical and haema-
tological analyses were performed by enzymatic
methods.

Results: Olanzapine induced hyperprolacti-
naemia but aripiprazole did not. Dopamine D3
receptor (DRD3) Ser/Gly and ATP binding cas-
sette subfamily B member 1 (ABCB1)
1510280101, rs12720067 and rs11983225 poly-
morphisms and cytochrome P450 3A (CYP3A)
phenotype had an impact on plasma prolactin
levels. C-peptide concentrations were higher
after aripiprazole administration and were
influenced by catechol-O-methyltransferase
(COMT) 154680 and 1513306278 polymor-
phisms. Olanzapine and the UDP glucurono-
syltransferase family 1 member A1 (UGT1A1)
rs887829 polymorphism were associated with
elevated glucose levels. CYP3A poor metaboliz-
ers had increased insulin levels. Volunteers’
weight decreased significantly during aripipra-
zole treatment and a tendency for weight gain
was observed during olanzapine treatment.
Triglyceride concentrations decreased as a result
of olanzapine and aripiprazole treatment, and
varied on the basis of CYP3A phenotypes and
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the apolipoprotein C-III (APOC3) rs4520 geno-
type. Cholesterol levels were also decreased and
depended on 5-hydroxytryptamine receptor 2A
(HTR2A) 156314 polymorphism. All hepatic
enzymes, platelet and albumin levels, and pro-
thrombin time were altered during both treat-
ments. Additionally, olanzapine reduced the
leucocyte count, aripiprazole increased free T4
and both decreased uric acid concentrations.

Conclusions: Short-term treatment with arip-
iprazole and olanzapine had a significant influ-
ence on the metabolic parameters. However, it
seems that aripiprazole provokes less severe
metabolic changes.

Trial Registration: Clinical trial registration
number (EUDRA-CT): 2018-000744-26
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Key Summary Points

Why carry out this study?

The metabolic side effects of aripiprazole
and olanzapine were reported previously
in patients and healthy volunteers. Our
clinical trial is unique as we administered
five doses of both drugs in a crossover
design and we additionally associated the
metabolic effects with genetic
polymorphisms, which is also a novelty.

The hypothesis of the study was that
genetic biomarkers may predict metabolic
side effects induced by aripiprazole and
olanzapine.

What was learned from the study?

Both antipsychotics have significant
metabolic effects in acute treatment and
several genetic polymorphisms are
potential biomarkers to predict these
changes.

These antipsychotics, especially
olanzapine, induce metabolic changes
even after five doses. These changes seem
to be associated with genetic biomarkers,
which ideally can be used to predict them
for each individual before treatment
initiation.

DIGITAL FEATURES

This article is published with digital features,
including a graphical abstract and summary
slide, to facilitate understanding of the article.
To view digital features for this article go to
https://doi.org/10.6084/m9.figshare.13200650.

INTRODUCTION

Antipsychotic drugs are indicated for the treat-
ment of schizophrenia and other psychotic
disorders (schizoaffective disorder, delusional
disorder and bipolar affective disorder, among
others). They are categorized as first-generation
(typical) antipsychotics (FGAs) or second-gen-
eration (atypical) antipsychotics (SGAs) [1].
Olanzapine (OLA) acts as an antagonist at
dopamine D2 receptors (DRD2) and at sero-
tonin (5-HT) 1A, 2A and 2C receptors similarly
to other SGAs [2]. In contrast, aripiprazole (ARI)
acts as a partial agonist at DRD2 and dopamine
D3 receptors (DRD3) and at 5-HT; and 5-HT,¢
receptors, and has antagonistic activity at
5-HT,, receptors. Therefore, ARI possesses a
unique mechanism of action compared to other
SGAs [3].

ARI is extensively metabolized by cyto-
chrome P450 (CYP) isoforms CYP3A4 and
CYP2D6. The main active metabolite—dehy-
droaripiprazole (DARI)—represents 40% of the
parent drug in steady state [4]. OLA is metabo-
lized predominantly by direct glucuronidation
via the UDP-glucuronosyltransferase (UGT)
enzyme family and CYP1A2, and to a lesser
extent by CYP2D6 and CYP3A4 [5].

Several atypical antipsychotics—including
OLA—cause plasma prolactin level elevation
[6]. Normally, while switching the therapy from
OLA to ARI mean prolactin levels decrease sig-
nificantly even after 1 week of treatment and
are maintained thereafter [7]. Nevertheless, ARI
can also cause mild prolactin elevation in less
than 5% of patients [6]. OLA is a D2 receptor
antagonist and induces hyperprolactinaemia
via inhibition of dopamine action at D2 recep-
tors in the hypothalamus, where prolactin
secretion is regulated [6]. On the contrary,
serotonin stimulates prolactin secretion proba-
bly via stimulation of prolactin-releasing factors
[8]. ARI acts as a functional antagonist under
hyperdopaminergic conditions while it acts as a
functional agonist under hypodopaminergic
conditions at dopamine D2 receptors. D2
receptor stimulation provokes a suppression on
prolactin secretion; therefore, ARI’'s high D2
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receptor occupancy does not induce hyperpro-
lactinaemia in the majority of subjects [9].

DRD2 polymorphisms affected prolactin
secretion induced by OLA in healthy volunteers
after a single dose administration and in
patients with schizophrenia under chronic
treatment [10, 11]. Nevertheless, prolactin
concentrations were not affected by DRD2
polymorphisms and CYP2D6 phenotype after
ARl  administration in  patients with
schizophrenia [12]. On the contrary, an associ-
ation was found between prolactin levels and
CYP2D6 phenotype and HTR2C polymorphisms
in healthy volunteers [13].

Previous clinical trials with patients with
schizophrenia demonstrated that ARI has a
more benign side effect profile—regarding
weight gain, blood sugar level and lipid pro-
file—as compared to OLA in short-term treat-
ment. Weight gain was observed more
frequently in OLA-treated patients when com-
pared with ARL. Mean serum triglyceride, blood
glucose and cholesterol levels in patients trea-
ted with OLA were higher than in patients
treated with ARI [14, 15]. Additionally, OLA was
associated with significantly increased glucose
levels compared to placebo and with a signifi-
cantly greater change in the glucose levels
compared to other antipsychotics [16]. In
addition, when comparing lean mice and others
on a high-fat diet, OLA induced hyperglycaemia
and therefore systemic insulin resistance [17].

The aim of the current study was to evaluate
the effect of ARI and OLA after multiple dose
administration to healthy volunteers on lipid
and glucose metabolism, hepatic, haematologi-
cal and thyroid performance, and prolactin
levels and its correlation with various factors
including sex, plasma drug concentrations and
selected genetic polymorphisms. This study is
the first to administer five doses of these atypi-
cal antipsychotics to healthy volunteers in a
crossover design and to associate the metabolic
changes induced by them with genetic
polymorphisms.

METHODS

Study Population and Design

The study population comprised 24 healthy
volunteers (12 men and 12 women) who were
enrolled in a phase I, multiple oral doses, open-
label, randomised, crossover, two-period, two-
sequence, single-centre, comparative clinical
trial. This sample size was considered sufficient
to detect a clinically important difference in
metabolism. Volunteers administered
10 mg/day ARI tablets or 5 mg/day film-coated
OLA tablets (Laboratorios Alter, Madrid, Spain).
Block randomization was used to assign the
treatment to each volunteer on the first day
[18]. The whole duration of the hospitalization
was S days since 1 h before the first dose until
24 h after the administration of the last dose.
The drug was administered at 0900 hours each
day under fasting conditions. After a washout
period of 28 days, each volunteer received the
drug that they had not received in the first
period. The random allocation sequence, the
recruitment of participants and their assign-
ment to interventions were performed by
investigators of the clinical trials unit.

The clinical trial was performed at the clini-
cal trials unit of our hospital. The protocol was
approved by its research ethics committee
(Comité Etico de Investigacién Clinica (CEIC)
of Hospital de La Princesa, registry number
3411) authorized by the Spanish Drugs Agency
and the study was performed under the guide-
lines of Good Clinical Practice and the Decla-
ration of Helsinki (clinical trial registry name,
registration number, URL and date: TREAT-
MENT-HV; EUDRA-CT 2018-000744-26; https://
reec.aemps.es/reec/public/detail. html; 23 May
2018). All subjects signed the informed consent
before inclusion and were free to withdraw from
the study at any time.

The inclusion criteria were the following:
male and female volunteers between 18 and
635 years old; free from any known organic or
psychiatric conditions; normal vital signs and
electrocardiogram (ECG); normal medical
records and physical examination; no clinically
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significant abnormalities in haematology, bio-
chemistry, serology and urine tests.

The exclusion criteria were the following:
received prescribed pharmacological treatment
in the last 15 days or any kind of medication in
the last 48 h prior to receiving the study medi-
cation; body mass index (BMI) outside the
18.5-30.0 kg/m? range; history of drug allergy;
having galactose intolerance, lactase deficiency
or glucose-galactose malabsorption; suspected
consumers of controlled substances; smokers;
daily alcohol consumers and/or experienced
acute alcohol poisoning the previous week;
donated blood last month; pregnant or breast-
feeding women; investigational drug study
participants in the previous 3 months and sub-
jects unable to follow instructions or collabo-
rate during the study.

Pharmacokinetic Analysis

Twenty-two blood samples were collected until
10 days after the last dose in EDTA K2 tubes for
pharmacokinetic assessments during each per-
iod of the study. Samples were centrifuged at
3500 rpm (1900xg) for 10 min and then the
plasma was collected and stored at — 80°C
until the determination of plasma concentra-
tions. Plasma concentrations of ARI, DARI and
OLA were quantified by a high-performance
liquid chromatography tandem mass spec-
trometry (HPLC-MS/MS) method developed
and validated in our laboratory [19].

The pharmacokinetic parameters were cal-
culated by noncompartmental analysis by
Phoenix® WinNonlin® (version 8, Pharsight,
Mountain View, CA, USA). The peak concen-
tration (Cpax) was obtained directly from the
original data. The area under the plasma con-
centration-time curve from time zero to the last
observed time point (AUCps) was calculated
using the trapezoidal rule. The AUC from time
zero to infinity (AUC;,¢) was determined as the
sum of the AUCp and the extrapolated area
beyond the last plasma concentration. The ter-
minal rate constant (k.) used for the extrapola-
tion was determined by regression analysis of
the log-linear part of the concentration-time
curve. The AUC and Cp,,x were adjusted for dose

and weight (AUC/dW and C,,x/dW, respec-
tively) and were logarithmically transformed for
statistical analysis [20].

Biochemical and Haematological Analyses

The biochemical and haematological analyses
were carried out by Eurofins Megalab S.A.
(Madrid, Spain). All subjects underwent the oral
glucose tolerance test (GTT) on days1 and 6
with 75 g of oral anhydrous glucose dissolved in
250 mL water. Glucose, triglyceride, bilirubin,
glutamate-oxaloacetate transaminase (GOT),
glutamate-pyruvate transaminase (GPD),
gamma-glutamyl transferase (GGT), albumin,
alkaline phosphatase (ALP), uric acid, urea and
creatinine concentrations were measured spec-
trophotometrically and the samples were col-
lected at screening and on days 3, 6 and 15.
Cholesterol levels were analysed by enzymatic
colorimetric method at screening and days 3, 6
and 15. Prolactin levels were analysed on
days 1, 3 and 5 before and after dosing and
days 6 and 15, and C-peptide, insulin, thyroid
stimulating hormone (TSH) and free thyroxine
(T4) concentrations were quantified on days 1
and 6 by enzyme-linked immunosorbent assay
(ELISA). Haemoglobin Alc (HbAlc) was mea-
sured on days 1 and 6. Haematocrit, platelet,
leucocyte, haemoglobin and red blood cell
(RBC) counts were measured by flow cytometry
at screening and on days 3, 6 and 15. Finally,
prothrombin time was determined by coagu-
lometry at screening and on days 3, 6 and 15.

Genotyping

DNA was extracted from 1mL of peripheral
blood samples using a MagNA Pure LC DNA
Isolation Kit in an automatic DNA extractor
(MagNa Pure® System, Roche Applied Science,
Indianapolis, Indiana). It was then quantified
spectrophotometrically in a NanoDrop® ND-
1000 Spectrophotometer (Nanodrop Technolo-
gies, Wilmington, Delaware, USA) and the pur-
ity of the samples was measured by the Az¢0,250
absorbance ratio.

The samples were genotyped with TagMan
assays using the OpenArray platform on a
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QuantStudio 12K Flex instrument (Thermo
Fisher Scientificc, Waltham, Massachusetts,
USA). The genotyping array included 120 single
nucleotide polymorphism (SNPs), of which the
following 51 were analysed in 18 genes because
of their importance in the metabolism and the
mechanism of action of ARI and OLA:
CYPIA2*1C (1s2069514), *1F (1s762551), *1B
5347T>C (1s2470890), CYP2D6*3 (1s35742686),
*4 (rs3892097), *6 (1s5030655), *7 (rs5030867),
*8  (rs5030865), *9  (1s5030656),  *10
(rs1065852), *14 (rs5030865), *17 (rs28371706),
*41 (rs28371725), CYP3A4*22 (rs35599367),
1s55785340, 154646438, CYP3A5*3 (1s776746),
*6 (rs10264272), ATP binding cassette subfam-
ily B member 1 (ABCB1) C3435T (rs1045642),
G2677 T/A (1s2032582), C1236T (rs1128503),

rs3842, 1000-44G>T (rs10276036),
2895 + 3559C>T (rs7787082), 330-3208C>T
(rs4728709), 2481 + 788T>C  (rs10248420),
2686-3393T>G  (1s10280101), 2320-695G A
(rs12720067), 2482-707A>G  (rs11983225),

2212-372A>G (rs4148737), ADRA2A 151800544,
APOC3 155128, 154520, APOAS 15662799, brain-
derived neurotrophic factor (BDNF) Val66Met
(rs6265), COMT 154680, 1513306278, DRD2
TaqlA (rs1800497), 957C>T (1s6277), — 141 Ins/
Del (rs1799732), DRD3 Ser9Gly (rs6280), HTR2A
T102C (rs6313), C1354T (rs6314), rs7997012,
HTR2C —759C/T (rs3813929), —697G/C
(rs518147), rs1414334, leptin (LEP) rs7799039,
leptin receptor (LEPR) 1s1137101, opioid recep-
tor mu 1 (OPRM1) 151799971 and UGTI1AI
1s887829 [20].

Results were analysed within both the
QuantStudio™ 12K Flex and Thermo Fisher
Cloud softwares (Thermo Fisher Scientific,
Waltham, Massachusetts, USA). Finally, a
matrix of genotypic calls was exported for each
polymorphism.

The copy number variations (CNVs) in the
CYP2D6 gene were determined with the Tag-
Man® Copy Number Assay (Assay ID:
Hs00010001_cn; Thermo Fisher Scientific,
Waltham, Massachusetts, USA) which detects a
specific sequence on exon 9. The samples were
run in the same instrument.

Whereas the CYP2D6*29 (rs16947) poly-
morphism was not included in the array, it was
genotyped with the same instrument using

individual TagMan® probes. Additionally, the
CYP3A4*20 (rs67666821) polymorphism was
genotyped by the KASPar SNP Genotyping Sys-
tem (LGC Genomics, Herts, UK). The ABI PRISM
7900HT Sequence Detection System (Thermo
Fisher Scientific, Waltham, Massachusetts, USA)
was used for fluorescence detection and allele
assignment [21].

Statistical Analysis

The statistical analysis was performed with the
SPSS 24.0 software (SPSS Inc., Chicago, Illinois,
USA). P values lower than 0.05 were considered
statistically significant. The Hardy-Weinberg
equilibrium was estimated for all genetic vari-
ants. Deviations from the equilibrium were
detected by comparing the observed and
expected frequencies using a Fisher exact test
based on the De Finetti program (available at
http://ihg.gsf.de/cgi-bin/hw/hwal.pl). The
metabolic parameters were analysed by repeated
measures analysis of variance (ANOVA). Phar-
macokinetic parameters and polymorphisms
were analysed as covariates. Multivariate anal-
ysis of variance (MANOVA) was used to study
factors related to all metabolic data and phar-
macokinetic variables. Estimate of effect size
(partial eta squared, npz), i.e. the proportion of
the total variance that is attributed to an effect,
is reported for each ANOVA test to avoid type Il
errors. The larger this value is, the more signif-
icant the effect is. The Bonferroni post hoc test
for multiple comparisons was applied for each
analysis to avoid type I errors.

CYP2D6*3, *4, *5, *6, *7, *8, *9, *10, *14,
*17, *29 and *41 were classified in phenotypes
based on the functionality of the alleles [22, 23].
CYP3A4*2, *20, *22, and CYP3A5*3 and *6
genotypes were merged into a CYP3A pheno-
type based on Sanchez Spitman et al. [24].
CYP1A2*1C, *1F and *1B variants were also
merged into a phenotype as previously reported
[25]. ABCBI variants were merged into haplo-
types: 0-8 mutated alleles were assigned to
group 1, 9-12 mutated alleles were assigned to
group2 and 13-17 mutated alleles were
assigned to group 3. Another ABCB1 haplotype
was assembled by only considering C3435T,
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G2677T/A and C1236T polymorphisms owing
to their greater impact on the transporter’s
activity or expression levels [26]. Zero or one
mutated allele carriers were assigned to group 1,
carriers of 2 or 3 mutated alleles were assigned
to group 2 and carriers bearing 4, 5 or 6 mutated
alleles were assigned to group3. COMT
1513306278 and rs4680 polymorphisms were
merged into a haplotype: carrying no mutant
allele was assigned as wild type, carrying one
mutant allele was considered as heterozygous
while bearing more than one mutant allele was
considered as mutant.

RESULTS

Demographic Characteristics

The study was performed between June 2018
and April 2019 including recruitment and fol-
low-up visits. Demographic data are shown in
Table S1 in the electronic supplementary mate-
rial. Ten subjects were Caucasian and 14 were
Latino. Average age was similar between men
and women (p = 0.204). Men had greater weight
and height than women (p < 0.001); however,
the BMI values did not differ significantly
(p =0.798).

Genotype Frequencies

The genotype frequencies of the analysed genes
are shown in Table S2. HTR2C rs3813929 and
1518147, ABCB1 154728709 and COMT
1513306278 were not in Hardy—Weinberg equi-
librium (p < 0.05). The rest of the polymor-
phisms were in Hardy-Weinberg equilibrium
(p = 0.05).

Genotype frequencies of ABCB1 C1236T,
G2677T/A, 10276036 and 154148737 and
HTR2C 15518147 polymorphisms were signifi-
cantly different between men and women
(Table S2).

Pharmacokinetic Analysis

Mean and standard deviation (SD) of ARI, DARI
and OLA pharmacokinetic parameters are

shown in Table 1. Women had lower DARI/ARI
ratio than men (p =0.046). The remaining
pharmacokinetic parameters were not statisti-
cally different between the two sexes. Associa-
tions between pharmacokinetic parameters and
polymorphisms were reported previously [20].

Prolactin Concentrations and Their
Relationship with Pharmacogenetics

OLA caused a significant elevation in prolactin
levels (p < 0.001, n,> = 0.474) (Fig. 1; men and
women are shown separately because of the
known differences of prolactin levels between
the two sexes). Men had lower prolactin levels
than women; however, the extent of the incre-
ment did not differ between them. Addition-
ally, a significant interaction was found
between OLA Cha.x and prolactin levels
(p = 0.006, npz = 0.168). Moreover, DRD3 Gly
carriers had significantly higher prolactin con-
centrations than volunteers with the Ser/Ser
genotype (p = 0.036, 5, = 0.121).

Compared to OLA, ARI did not elevate pro-
lactin levels. On the contrary, a tendency for
decrease was observed but it did not reach sig-
nificance (p =0.052) (Fig.1). Additionally,
CYP3A poor metabolizers (PMs) had higher
prolactin concentrations during ARI treatment
compared to intermediate metabolizers (IMs)
and extensive metabolizers (EMs) (p = 0.001,
np> = 0.226).  ABCBI rs10280101 A/A,
1512720067 C/C and rs11983225 T/T subjects
had significantly higher prolactin concentra-
tions compared to C, T and C allele carriers
(p = 0.037, n,” = 0.123). However, when ana-
lysing ABCB1 haplotypes, this association could
not be detected.

The same genetic associations were found in
men and women. Prolactin levels were signifi-
cantly higher during OLA treatment compared
to ARI (p < 0.0001, npz = 0.356). Prolactin levels
were outside of the recommended range (men,
2-18 ng/mL; women, 3-30 ng/mL) during OLA
treatment in 9 (75%) men and 9 (75%) women
[27].
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Table 1 Pharmacokinetic parameters of aripiprazole, dehydroaripiprazole and olanzapine after administration of five

multiple doses

All (7 = 24)

Men (z = 12)

Women (2 = 12)

Aripiprazole
AUC;,¢ (ng-h/mL)
Cinax (ng/mL)
Dehydroaripiprazole
AUCyy4;, (ng-h/mL)
Cmax (ng/mL)

11,1024 + 8234.0
137.94 + 45.92

5149.8 £ 1628.6
34.88 + 8.45

Aripiprazole + dehydroaripiprazole

AUC24h (ngh/mL)
Cmax (ng/mL)

Dchydroaripiprazole/aripiprazole

AUC ratio

C oy ratio
Olanzapine

AUC,¢ (ng-h/mL)
Cinax (ng/mL)

14,596.1 £ 6639.1
172.82 + 48.74

0.64 + 0.25
0.27 £ 0.08

1289.4 + 370.1
19.10 + 4.77

7789.1 £ 4071.5
129.6 £ 47.4

47213 £ 1670.3
35.62 £ 9.62

11,883.5 £ 4788.9
165.27 £ 53.98

0.74 £ 0.27
0.29 £+ 0.07

1142.7 £ 291.2
18.35 + 4.04

14,415.7 £ 10,061.4
146.3 & 44.9

5578.3 £+ 1534.8
34.13 + 745

17,308.6 £ 7292.2
180.38 + 43.93

0.54 £ 0.20*
0.25 £+ 0.09

1436.2 + 393.1
19.85 £ 5.48

Values are shown as mean &= SD

Cynax maximum plasma concentration, 4UC;,rarea under the curve from zero to infinity, #UC,,, area under the curve over

24 h, AUC ratio dehydroaripiprazole/aripiprazole AUC ratio, C,,,,, ratio dehydroaripiprazole/aripiprazole C,,, ratio

*P < 0.05 versus men

Glucose Metabolism and Its Relationship
with Pharmacogenetics

C-peptide concentrations were significantly
higher after completing ARI treatment com-
pared to its initial levels (p = 0.030, ,> = 0.205)
(Table 2). Additionally, the increase of C-pep-
tide levels was greater in COMT 154680 G/G
subjects and rs13306278 T carriers compared to
A carriers and C/C homozygotes, respectively
(p = 0.010, ny> =0.289; p < 0.001, n,> = 0.535,
respectively). This association could not be
detected when analysing the COMT phenotype.
Moreover, although the insulin levels only
tended to increase after ARI administration
(p =0.073), BDNF 156265 C/C subjects had
greater increment compared to the other geno-
types (p = 0.040, n,” = 0.237). Likewise, DARI

AUCps+ was indirectly proportional to the
changes in insulin levels (p = 0.045,
np> = 0.228).

After completing OLA treatment, the 1 and
2 h glucose levels after performing GTT were
higher compared to the measurements on the
first day (p =0.007, n,”=0.213) (Table 2). In
addition, these changes were dependent on the
UGT1A1 rs887829 genotype: C/C homozygote
subjects had significantly higher glucose con-
centrations in GTT both after 1 h and 2 h than
the T allele carriers (p =0.014, n,> = 0.186).
Moreover, this polymorphism was additionally
related to a higher increase in glucose levels in
C/C subjects compared to the T allele carriers
(p = 0.013, 5,* = 0.258). Additionally, the insu-
lin levels of CYP3A PMs incremented more
compared to EMs and IMs (p =0.029, 5, =
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Fig. 1 Prolactin concentrations during the administration of a daily oral dose of aripiprazole 10 mg and olanzapine 5 mg
tablets for 5 days in a men and b women. Results are shown as mean £ SD

0.217). Moreover, OLA  administration
increased the C-peptide/insulin ratio (p = 0.044,
np> = 0.196).

Glucose levels in the first day’s GTT test were
higher in OLA-treated subjects compared to
ARI-treated subjects (p =0.011, npz =0.131);
however, ARI showed the same tendency. The
increment in glucose levels after GTT and the
increment of C-peptide levels did not differ
between ARI and OLA (Table 2). No changes
were detected in HbAlc.

No differences were found between men and
women, nor in C-peptide, insulin, glucose and
GTT levels, and nor in the genetic associations.
No levels were outside of the normal range.

Weight and Lipid Metabolism and Their
Relationship with Pharmacogenetics

During ARI treatment, volunteers’ weight
decreased significantly (p < 0.0001, r/pz =
0.301). On the contrary, a tendency for weight
gain was observed during OLA treatment, but it
did not reach significance (p = 0.120) (Fig. 2).
Additionally, a significant difference was found
when comparing weight changes between ARI
and OLA treatment (p < 0.001, 5,>=0.301).
Moreover, HTR2C 151414334 C/C subjects
gained significantly more weight compared to T
carriers (p = 0.002; 5,” = 0.196).
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Table 2 C-peptide, insulin, haemoglobin Alc and glucose levels during aripiprazole and olanzapine multiple dose

treatment
Aripiprazole
Day 1 Day 6
C-peptide (ng/mL)* 1.60 £+ 0.35 350 £ 3.85
Insulin (mcU/mL) 7.84 + 237 9.61 + 4.37
C-peptide/insulin ratio 0.22 £ 0.06 0.24 £ 0.09
HbAIc (%) 530 + 0.22 528 + 021
Screening Day 3 Day 6 Day 15
Glucose (mg/dL) 80.33 £ 6.64 79.71 + 6.49 80.87 £ 9.01 79.17 £ 5.84
Day 1 Day 6
0h 60 min 120 min 0h 60 min 120 min
GTT (mg/dL) 81.79 £ 7.79 103.38 + 35.63 76.00 + 13.40 84.54 + 8.82 122.04 £ 31.80 97.38 &+ 21.56
Olanzapine
Day 1 Day 6
C-peptide (ng/mL) 1.69 £ 051 2.60 £ 2.29
Insulin (mcU/mL) 8.19 + 2.31 10.40 + 12.76
C-peptide/insulin ratio* 0.21 £ 0.03 0.25 £ 0.08
HbAlc (%) 5.36 & 0.23 5.07 £ 1.09
Screening Day 3 Day 6 Day 15
Glucose (mg/dL) 79.96 & 7.52 79.38 £+ 6.50 79.14 £ 8.05 80.71 £ 6.22
Day 1 Day 6
0h 60 min 120 min 0h 60 min 120 min
GTT (mg/dL)* 81.88 £ 6.73 104.08 + 33.81 89.38 + 20.98" 79.71 &+ 8.65 12421 + 38.07 101.96 £ 2851

*P < 0.05. #p < 0.05 compared to aripiprazole. Values are shown as mean & SD

HbAIc haemoglobin Alc, GTT glucose tolerance test

Triglyceride levels linearly decreased as a
result of ARI and OLA administration
(p = 0.009, n,>=0.177; p=0.047, n,> = 0.125,
respectively) (Fig. 2). No significant difference
was found in the extent of this decrease
between ARI and OLA (p = 0.593). Additionally,
ARI Cpax, DARI Cpax and ARI + DARI Cy,,x were
inversely proportional to triglyceride levels
(p = 0.003, ngz = 0.203; p < 0.001, n,> = 0.327;
p <0.001, n,” = 0.258, respectively). Moreover,
CYP3A PMs had a significantly greater decrease
in triglyceride levels during ARI treatment
compared to the other phenotypes (p < 0.001,
np> = 0.296). Furthermore, APOC3 154520 C/C
homozygotes had a lesser decrease in triglyc-
eride concentrations after OLA administration
than T allele carriers (p = 0.018, 5,> = 0.162).

Likewise, total cholesterol levels diminished
significantly during ARI and OLA treatment

(p = 0.002, np>=0.250; p =0.004, n,>=0.209,
respectively) (Fig. 2). No significant difference
was found between ARI and OLA in the extent
of this reduction (p = 0.241). Moreover, HTR2A
1s6314 C/C subjects had higher cholesterol
concentrations during ARI treatment compared
to T allele carriers (p = 0.037, 5,* = 0.141).

No differences were found between men and
women in terms of changes of weight and
triglyceride and cholesterol levels. No levels
were outside of the normal range.

Hepatic Performance

GOT, GPT, GGT, ALP and albumin levels sig-
nificantly decreased during ARI treatment
(p = 0.001, n,>=0.249; p =0.004, n,> = 0.209;
p=0.001, n,>=0.224; p<0.001, n,>=0.312;
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Fig. 2 a Weight and b triglyceride and ¢ cholesterol
concentrations during the administration of a daily oral
dose of aripiprazole 10 mg and olanzapine 5 mg tablets for
5 days. Values are shown as mean £ SD.

p <0.001, n,% = 0.307, respectively) (Table S3).
Additionally, GGT levels were inversely pro-
portional to DARI and ARI + DARI Cpax
(p = 0.050, 1> = 0.116; p = 0.043, 5,> = 0.121).
Likewise, ALP levels were dependent on ARI and

ARI + DARI  Cpax  (p = 0.042,
p=0.048, 5, = 0.117).

OLA treatment produced a decline in GGT,
bilirubin, ALP and albumin levels (p < 0.001,
np> = 0.281; p=0.045, 5,> =0.123; p=0.007,
np” = 0.215; p=0.004, 5,>=0.285, respec-
tively). All GOT, GPT, GGT, bilirubin and ALP
levels normalized after discontinuing ARI or
OLA treatment (Table S3).

No differences were found between men and
women in GOT, GPT, GGT, ALP, bilirubin and
albumin levels. Additionally, the changes in
albumin levels differed between ARI and OLA
treatment (p = 0.009, npz = 0.183). The changes
in the rest of the parameters were not depen-
dent on the treatment (ARI versus OLA). No
levels were outside of the normal range.

np” = 0.121;

Haematological Parameters

Platelet count significantly decreased during
ARI treatment (p < 0.001, n,” = 0.361). Addi-
tionally, the prothrombin time increased and
the prothrombin index decreased over time
(p < 0.001, 5,” = 0.360; p < 0.001, n,> = 0.410,
respectively) (Table S4).

On the contrary, the leucocyte and platelet
count decreased during OLA treatment
(p = 0.004, n,>=0.217; p =0.007, n,> = 0.199,
respectively). Similarly to ARI, the prothrombin
index decreased over time (p = 0.006, npz =

0.237) (Table S4).

No differences were found between men and
women in leucocyte, platelet, haemoglobin, red
blood cell and haematocrit count, and pro-
thrombin time and index. No levels were out-
side of the normal range.

Thyroid Function

Free T4 levels significantly increased after ARI
treatment (p = 0.035, ,> = 0.180). On the con-
trary, after OLA treatment, decreased levels were
observed. However, this association did not
reach significance (p = 0.230). Neither ARI nor
OLA had a significant effect on TSH levels
(Fig. 3). Nonetheless, a significant difference
was found between ARI and OLA treatment in
both free T4 and TSH levels (p = 0.010, 5,” =
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0.267; p =0.022, n,> = 0.216). No differences
were found between men and women in free T4
and TSH levels. No levels were outside of the
normal range.

Renal Function

Uric acid levels significantly decreased during
ARI and OLA treatment (p < 0.001, n,> = 0.324;
p =0.045, npz =0.116) (TableS5). No differ-
ences were found between men and women in
urea, creatinine and uric acid levels. Addition-
ally, the changes in their levels were not
dependent on the treatment (ARI versus OLA).
The uric acid levels were not outside of the
normal range.

A summary of the effects of ARI and OLA on
all metabolic parameters is shown in Table 3.

DISCUSSION

The present study is the first to associate genetic
polymorphisms with metabolic changes
induced by ARI and OLA after 5 days of drug
administration to healthy volunteers in a
crossover design. Although metabolic side
effects were reported in both patients and
healthy volunteers, the same design was not
followed previously [14, 28]. Furthermore, our
study administered both drugs to all individu-
als; therefore, the presence of several con-
founding factors can be ruled out.

Hyperprolactinaemia is known to cause
galactorrhoea, abnormal menstruation, infer-
tility and osteoporosis in women. Likewise, it
can cause galactorrhoea, impotence and infer-
tility in men. Therefore, both sexes are affected
and prolactin levels of patients taking SGAs,
especially OLA, should be monitored frequently
[29]. In the current study, OLA caused prolactin
elevation instantly after administering the first
dose. Hyperprolactinaemia is produced by
DRD?2 blockage. Therefore, it causes loss of the
dopaminergic prolactin inhibitory factor in the
lactotroph cells in the anterior pituitary. Hence,
antipsychotics with a greater D2 occupation
index produce significant prolactin elevation
[30]. Our previous study revealed that prolactin
levels significantly increase after administering
a single dose of OLA [31]. Our current study
confirms that five multiple doses of OLA treat-
ment also cause prolactin elevation.

Prolactin levels decreased after changing the
therapy from other SGAs—including OLA—to
ARI [32]. Our previous study showed that a
single dose of ARI mildly increases prolactin
levels compared to the controls [13]. However,
compared to OLA, no change was observed in
prolactin levels after administration in the pre-
sent study. Our study is the first to report a
comparison between prolactin elevation
induced by ARI and OLA in the same subjects.
Therefore, the results can be considered reliable
as intraindividual variability is avoided. Patients
with schizophrenia usually receive several SGA
agents before ARI and therefore they are almost
never drug-naive [32]. Our healthy subjects had
not received any SGA medication previously;
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Table 3 Effects of aripiprazole and olanzapine on all measured metabolic parameters

Aripiprazole Olanzapine
Prolactin (ng/mL)* 0
C-peptide (ng/mL) 1 1} ns
Insulin (uU/mL) 1 ns 1 ns
C-peptide/insulin ratio 1
HbAlc (%)
Glucose (ng/mL)
GTT (mg/dL)* 1 ns 1)
Weight (kg)* | ns 1 ns
Triglyceride (mg/dL) U J
Cholesterol (mg/dL) (8 (3
GOT (U/L) i3
GPT (U/L) i3
GGT (U/L) Il Il
Total bilirubin (mg/dL) (3
ALP (U/L) i} 2
Leucocytes (/uL (10%)) U ns )
Platelets (/uL (10°)) [} [}
Haemoglobin (mg/dL) J ns | ns
Red blood cells (/uL (10°)) U ns U ns
Haematocrit (vol%) | ns | ns
Prothrombin time (s) i
Prothrombin index (%) (8 (8
Albumin (g/dL)* U \
Free T4 (ng/dL)* 0

TSH (WUI/mL)* 1 ns
Urea (mg/dL)

Creatinine (mg/dL)

Uric acid (mg/dL) () [}

HbAIc haemoglobin Alc, GTT glucose tolerance test, GOT glutamate-oxaloacetate transaminase, GPT glutamate-pyruvate
transaminase, GGT gamma-glutamyl transferase, ALP alkaline phosphatase, free T4 free thyroxine, T7SH thyroid stimulating
hormone, 7s non—signiﬁcant

*P < 0.05 aripiprazole compared to olanzapine
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hence, no prior drug treatment could cause
prolactin elevation. The current clinical practice
recommends switching to ARI monotherapy in
case of having high prolactin levels and if it
does not appear to be normalized after 4 weeks
of treatment, it should be discontinued [33].

Sex has a clear effect on prolactin concen-
trations, as was confirmed in several studies
[12, 34]. Prolactin levels tend to be higher in
women than in men [34]. Therefore, effects of
ARI and OLA on prolactin secretion were anal-
ysed both jointly and separately.

HTR2C rs17326429 and 1s3813929,
COMT 154680, DRD2 rs1800497, DRD3 rs6280
and ABCBI1 1s1045642, rs1128503, rs2032582
and rs2235048 polymorphisms and CYP2D6
phenotypes were previously associated with
prolactin levels after risperidone, quetiapine,
clozapine, ARI or OLA treatment
[10, 13, 35, 36]. We expected similar results as
ARI is a partial agonist at DRD2 and at 5-HT4
receptors, and an antagonist at 5-HT,, receptors
while OLA is an antagonist at DRD2 and at
5-HT,a and 5-HT,c receptors [37, 38]. In addi-
tion, ARI is metabolized by CYP2D6 and
CYP3A4. However, ARI usually does not induce
hyperprolactinaemia [6]; therefore, a clear dif-
ference in prolactin levels would not be expec-
ted among phenotype groups. However, CYP3A
PM subjects had significantly higher prolactin
concentrations compared to the other pheno-
types during ARI treatment. These subjects were
under prolonged ARI exposure which could
cause mild prolactin increase. Regarding
ABCBI1, subjects with rs10280101, rs12720067
and 1511983225 A-C-T haplotype had higher
prolactin concentrations compared to those
carrying the mutated alleles. This confirms the
hypothesis that ABCBI polymorphisms and
haplotypes might affect P-glycoprotein activity
and therefore ARI brain availability and pro-
lactin levels [36]. Regarding OLA, DRD3 156280
Ser/Ser subjects had lower prolactin levels
compared to those carrying the Gly allele.
Consequently, they may show higher DRD3
occupancy and thus dopamine can inhibit
prolactin release [6]. Previous findings imply
that DRD3 does not play a major role in OLA-
induced prolactin secretion [39]. Nevertheless,
we did not expect these results considering that

none of the DRDZ2 polymorphisms affected
prolactin levels. More studies are needed to
resolve the ambiguity.

C-peptide levels were significantly higher
after ARI treatment. However, these levels were
not significantly different between ARI and
OLA. Clozapine, OLA, risperidone and sulpiride
were associated with an increase in C-peptide
levels in patients with schizophrenia [40]. In
our study, OLA tended to increase C-peptide
levels without reaching statistical significance;
however, the C-peptide/insulin ratio was higher
after the 5 days of treatment. This ratio is an
indirect index of hepatic insulin clearance [41].
The observed increase in the ratio may be due to
the increase in hepatic insulin clearance and
therefore decreased insulin secretion [42]. A
similar study design used by Teff et al.—3 days
of OLA treatment in healthy volunteers—found
the contrary: a decrease was observed in the
ratio which may imply an increase in insulin
secretion [43]. In the latter study, ARI did not
cause elevation in C-peptide levels [43]; this was
the opposite result to ours. High C-peptide
levels can imply insulin resistance and finally
can lead to type 2 diabetes, atherosclerosis and
metabolic syndrome. Thus, it may serve as a
biomarker to identify the risk of developing
these diseases [44].

COMT 154680 G/G and rs1330678 T carriers
had a higher increase in C-peptide levels after
ARI treatment. COMT polymorphisms were
previously associated with glycaemic function
and type 2 diabetes, which can alter cate-
cholamine production [45]. COMT rs4680 A
carriers achieved a significantly lower change in
C-peptide levels compared to subjects with G/G
genotype, which is consistent with a previous
study [46]. Thus, A may be the protective allele
against changes in glucose metabolism. ARI and
OLA seem to have an effect on C-peptide levels;
however, more studies are needed both in
patients and healthy volunteers to confirm
these findings.

OLA is associated with glucoregulatory
abnormalities. The 5-HT; antagonism may
decrease the responsiveness of the pancreatic
beta cells, thus reducing the secretion of insulin
and causing hyperglycaemia [47]. In our study,
basal glucose levels did not change during acute
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treatment; however, the GTT performed after
treatment showed higher 1 and 2h glucose
levels compared to the first day. These levels
were significantly higher than during ARI
treatment. Previous findings show the same
association in patients undergoing chronic
treatment and healthy volunteers with acute
treatment [28, 48]. UGT1A1 1s887829 C/C
homozygotes had higher basal glucose levels
and also higher glucose levels in GTT after 1h
and 2 h on day 6 compared to the first day. OLA
is metabolized predominantly by the UGT
enzyme family, but clear evidence was found
only for UGT1A4 [49]. On the basis of our
results, T allele carriers may be under prolonged
OLA exposure and therefore show higher glu-
cose concentrations. This result is confirmed by
our previous study as this polymorphism affec-
ted OLA pharmacokinetics [20].

ARI and OLA tended to increase insulin
levels. In addition, BDNF 156265 C/C subjects
showed higher insulin levels compared to the
other genotypes after ARI administration and in
CYP3A PMs compared to the other phenotypes
after OLA administration. In a previous study
the BDNF 156265 polymorphism did not affect
insulin levels during chronic risperidone and
OLA treatment [50]. To the best of our knowl-
edge, our study is the first to report this rela-
tionship with ARI. C/C subjects may be more
predisposed to develop high insulin levels and
finally insulin resistance during ARI treatment.

It is not completely understood how SGAs
cause weight gain, but 5-HT,c and 5-HTja
receptors, histamine H; receptor and DRD2
presumably play a role [51]. However, OLA
pharmacology is not the only factor to affect
weight gain; diet and activity level may also
play a role. Weight increases rapidly within the
first 6 weeks of OLA treatment and patients
continue to gain weight [52]. To the best of our
knowledge, our study is the first to report OLA-
related weight gain during only 5 days of treat-
ment. ARI did not induce weight gain in the
same volunteers, which strengthens our results
as we can discard the effect of diet. HTR2C
polymorphisms are clearly linked to suscepti-
bility to gain weight with antipsychotics [53].
The HTR2C 151414334 polymorphism was
widely analysed and the C allele was associated

with OLA-, clozapine- and risperidone-induced
weight gain and metabolic syndrome [54],
which we confirm in our study.

On the basis of current knowledge, OLA, but
not ARI, increments triglyceride and cholesterol
levels in chronic treatment [55]. Moreover, in a
previous study, after three daily doses of OLA
were administered to healthy volunteers, the
cholesterol and the triglyceride levels were
higher [28]. These results suggest that OLA may
have acute adverse effects on lipid profiles as
well. However, in our study, both triglyceride
and cholesterol levels decreased during ARI and
OLA treatment. The observed decrease could be
due to the participants’ low carbohydrate diet
during their stay [56]. It could explain why
triglyceride and cholesterol levels recovered by
the safety visit (10 days after discontinuing the
treatment).

CYP3A PMs showed a greater decrease in
triglyceride levels during ARI treatment com-
pared to the other phenotypes. PMs could have
a prolonged ARI exposure and therefore higher
effect on the triglyceride levels as ARI is
metabolized by CYP3A [5]. Furthermore, APOC3
154520 C/C homozygotes had higher triglyc-
eride concentrations after OLA administration
than T allele carriers, which is consistent with a
previous study [57]. Polymorphisms in this gene
influence serum or plasma triglyceride levels as
the APOC3 protein raises plasma triglyceride
levels by the inhibition of lipoprotein lipase,
stimulates low-density lipoprotein secretion
and intestinal triglyceride trafficking modula-
tion [58]. The HTR2A 156314 C/C homozygotes
had greater cholesterol levels during ARI ther-
apy. In a previous study the contrary was found:
T carriers had higher cholesterol levels. How-
ever, Koreans have a lower frequency of HTR2A
C allele (approximately 0.515) when compared
to Caucasians; therefore, the frequency varia-
tion among different ethnic groups could cause
this variation [59]. Our study is the first to
report differences between HTR2A rs6314 alleles
in cholesterol level changes during antipsy-
chotic therapy.

In a previous study, ARI elevated transami-
nase levels (e.g. GOT and GPT) mildly, while
OLA elevated them greatly [60]. The effects of
ARI on GGT and ALP levels were not reported
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previously. However, OLA was reported to
increase GGT, ALP and bilirubin levels [60]. To
the best of our knowledge, our study is the first
to report changes in hepatic enzyme and
bilirubin levels during short-term antipsychotic
treatment in healthy volunteers. In our study,
GOT, GPT, GGT and ALP levels significantly
decreased during ARI treatment while GGT,
bilirubin and ALP levels significantly decreased
during OLA treatment. The observed decrease
could be explained by the participants’ low
carbohydrate diet during their stay [56]. Addi-
tionally, the albumin levels also decreased dur-
ing ARI and OLA treatment as with risperidone
and clozapine, which suggests that these drugs
have a negative impact on serum antioxidant
protection [61]. In addition, none of these levels
were outside of the reference range.

OLA may cause leukopenia [62], thrombo-
cytopenia [63] and thromboembolism [64]. ARI
only causes these conditions when co-adminis-
tered with other CYP2D6 substrates [65]. Our
study confirms that both antipsychotics cause
significant decrease in platelet count and OLA
additionally induces a decrease in leucocyte
count. The current study is the first to report
that these alterations start immediately after
starting treatment, although none of these
levels were outside of the reference range.

The free T4 levels significantly increased
after ARI treatment. The ARI drug label states
that it can induce both hypo- and hyperthy-
roidism. Nevertheless, the underlying mecha-
nism is currently unknown [4]. In studies with
quetiapine, only free T4 changes were detected,
and not TSH [66], similar to our results. Addi-
tionally, compared to the ARI group, the OLA
group had higher TSH and lower free T4 levels
after treatment. OLA was associated with lower
free T4 and higher TSH levels in patients com-
pared to healthy controls in a previous study
[67]. Our study is the first to report increase in
free T4 levels after ARI treatment in healthy
volunteers.

SGAs can increase the risk of developing
chronic Kidney diseases through the elevation
of urea and creatinine levels [68, 69]. After the
acute treatment with ARI and OLA we could not
see this effect. Uric acid levels decreased during
haloperidol [70], but not risperidone or

clozapine treatment [61]. In the current study,
we observed that both ARI and OLA reduced
uric acid levels during treatment, but the levels
were normalized after discontinuing the drugs.
Uric acid is one of the principal antioxidants in
human plasma and therefore its low levels may
cause oxidative stress [61]. To the best of our
knowledge, this is the first study to analyse uric
acid alterations in acute ARI and OLA
treatment.

STUDY LIMITATIONS

Our study should be repeated in healthy vol-
unteers to increase the sample size as well as in
patients with schizophrenia to demonstrate its
clinical utility. Despite application of the Bon-
ferroni post hoc test to each analysis, some of
our results could be false positives due to the
high number of analysed variables. Moreover,
neither ARI nor OLA reached steady state during
5 days of treatment. Both could have had a
greater effect on metabolism if they had reached
steady state. However, the ethics committee
would rarely authorize more than 5 days of
treatment with antipsychotics in healthy vol-
unteers. Nevertheless, we had very well con-
trolled conditions which can reduce the
influence of other factors, e.g. comorbidity,
smoking and nutrition, and we administered
both drugs to each volunteer.

CONCLUSIONS

OLA caused significant prolactin elevation, but
ARI did not. CYP3A phenotype and ABCB1 and
DRD3 genes affected prolactin levels. ARI
caused C-peptide elevation and was dependent
on COMT genotypes while the C-peptide/in-
sulin ratio was higher after OLA treatment.
Glucose levels in GTT were higher after five
doses of OLA and were influenced by UGT1A1
genotypes. Insulin levels did not change but
were dependent on BDNF genotypes and CYP3A
phenotypes. ARI caused weight loss and OLA
caused weight gain, and the latter was influ-
enced by HTR2C alleles. Triglyceride and
cholesterol levels decreased during ARI and OLA
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treatment, and varied on the basis of CYP3A
phenotypes and APOC3 genotypes. Cholesterol
levels were dependent on HTR2A genotypes.
ARI induced an increase in free T4 levels. Both
ARI and OLA reduced uric acid levels. In con-
clusion, both antipsychotics have significant
metabolic effects in acute treatment. However,
it seems that aripiprazole provokes less severe
metabolic changes.
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