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Neurotransmitters (NTs) are specific endogenous metabolites that act as “messengers” in synaptic
transmission and are widely distributed in the central nervous system. Olanzapine (OLZ), a first-line
antipsychotic drug, plays a key role in sedation and hypnosis, but, it presents clinical problems with
a narrow therapeutic window, large individual differences and serious adverse effects, as well as an
unclear mechanism in vivo. Herein, a simultaneous targeted NT quantification and nontargeted
metabolomics method was developed and validated for pharmacometabolomics analysis of OLZ by
using ultra-high-performance liquid chromatography coupled with high-resolution mass spectrometry
(UPLC-HRMS). Considering the low physiological concentrations of NTs, a full MS scan and target
selective ion monitoring (tSIM) scan were combined for nontargeted metabolomics and targeted NT
quantification, respectively. By using this strategy, NTs at a very low physiological concentration can be
accurately detected and quantified in biological samples by tSIM scans. Moreover, simultaneously
nontargeted profiling was also achieved by the full MS scan. The newly established UPLC-HRMS method
was further used for the pharmacometabolomics study of OLZ. Statistical analysis revealed that

tryptophan, 5-hydroxytryptophan, 5-hydroxytryptamine, y-aminobutyric acid etc. were significantl
Received 15th March 2020 yprop Y yirypiop Y Viyp Y J Y

Accepted 21st April 2020 downregulated, while tyrosine was significantly upregulated, which suggested that OLZ could promote

the downstream phase Il reaction of 5-hydroxytryptamine, inhibit tyrosine hydroxylase activity, and
DOI: 10.1035/d0ra02406f increase the activity of y-aminobutyric acid transaminase. In conclusion, this method could provide

rsc.li/rsc-advances novel insights for revealing the pharmacodynamic effect and mechanism of antipsychotic drugs.

World Federation of Societies of Biological Psychiatry recom-
mended OLZ as the first-line drug for the treatment of schizo-
phrenia.* However, the mechanism of the specific action of OLZ
is still not understood very clearly in vivo. Some studies have

1. Introduction

Schizophrenia is a severe mental illness characterized by
emotional reactions and deep confusion in the thinking

process, occurs mostly in young adults, and affects approxi-
mately 1% of the world's population.* At present, antipsychotic
drugs (APDs) can be divided into two categories according to
their pharmacological effects: typical and atypical.” Atypical
antipsychotics mainly include clozapine, quetiapine, olanza-
pine (OLZ), lurasidone, aripiprazole and ziprasidone.* The
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shown that OLZ acts on the receptors for a variety of mono-
amine neurotransmitters (NTs).> For example, D2 receptor
blockers are commonly affected by APDs® and play a key role in
schizophrenia by regulating NTs,” which are specific endoge-
nous metabolites that act as “messengers” in synaptic trans-
mission and are widely distributed in the central nervous
system.® Moreover, metabolic disorders are more commonly
observed in patients with schizophrenia, and the effects of OLZ
on metabolism have been widely studied.® OLZ has a low inci-
dence of neurological side effects and risk of extrapyramidal
symptoms,'® but has severe metabolic side effects in clinical
treatment, including weight gain,"* dyslipidemia and insulin
resistance.">"?

Metabolomics is the science of investigating the overall or
seasonal changes in endogenous small molecule metabolites in
biological systems after disturbances.'* Metabolomics has been
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applied to various fields of research, such as drug development,
drug treatment response, individualized treatment and therapy
monitoring.*>'* Methodological approaches for performing
metabolomics experiments are classified into nontargeted and
targeted analysis.'” Nontargeted metabolomics provides a large
and complex amount of information for the overall analysis of
all metabolite components and their levels in biological
samples, with the advantage of obtaining relatively complete
metabolite information.® However, there are also obvious
deficiencies: fluctuations in instrument parameter conditions
affect data repeatability, and peak alignment errors occur in
complex data preprocessing.*** It is impossible to detect and
accurately quantify some key trace amounts of endogenous
metabolites.”* Targeted metabolomics, with the advantages of
high sensitivity, accuracy, measure a precisely targeted set of
metabolites of low-content substances in complex biological
samples.”> However, it is necessary to establish a specific
analytical method for the detection of low-level metabolites in
biological samples, avoiding in the loss of information on other
metabolites. Recently, nontargeted metabolomics research was
applied to identify biomarkers related to OLZ treatment by
analyzing plasma in women with first-episode schizophrenia.*
However, the detection of specific NTs was not taken into
consideration, and some low-abundance but important
substances closely related to the disease and drug effects were
missed. NTs are characterized by strong polarity and low
content in biosamples. Some LC-MS methods have been
developed for the targeted detection of certain NTs, such as
acetylcholine,” glutamate, acetylcholine, choline, dopamine, 5-
hydroxytryptamine, and some metabolites.*>**

In this study, a simultaneous targeted NTs quantification
and nontargeted metabolomics method was developed and
validated for pharmacometabolomics analysis of OLZ by using
ultra-high-performance liquid chromatography coupled with
high-resolution mass spectrometry (UPLC-HRMS). We can
detect the low physiological concentrations of NTs by a target
selective ion monitoring (tSIM) scan and simultaneously
acquire nontargeted metabolic profiling by the full MS (full MS)
scan, and this method was further used for the pharmacome-
tabolomics study of the antipsychotic drug, OLZ.

2. Experimental

2.1. Chemicals and reagents

HPLC grade methanol (MeOH), acetonitrile (ACN), and formic
acid (FA) were purchased from Merck (Darmstadt, Germany),
and pure water was obtained from Wahaha Group Co., Ltd
(Hangzhou, China). Other chemicals were of analytical grade.
Standard compounds, including ir-tryptophan (Trp), -tyrosine
(Tyr), glutamine (Gln), 5-hydroxyindoleacetic acid (5-HIAA), 5-
hydroxytryptophan (5-HTP), glutamate (Glu), taurine, 1-3,4-
dihydroxyphenylalanine (1-DOP), 1-asparagine (Asn), 5-
hydroxytryptamine (5-HT), acetylcholine (Ach), y-aminobutyric
acid (GABA), kynurenine, and ten stable isotope-labeled
internal standards: y-aminobutyric acid-d,, choline-dy, 5-
hydroxytryptamine-d,, taurine-"°N, indoleacetic acid-d,, gluta-
mine-"’N, glutamate-ds, 1-tryptophan-ds, 1-tyrosine-d,, -
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asparagine-d; were purchased from Sigma-Aldrich (St. Louis,
MO, USA), and olanzapine (OLZ) bulk drug were purchased
from Shanghai Yuan Ye Biotechnology Co., Ltd.

2.2. Standard solution

Stock solutions of the standards with concentrations ranging
from 1 to 2 mg mL~" were separately prepared in methanol/
water (50/50, v/v). Standard working solutions were prepared
by serial dilutions of the stock solutions to produce lower
concentration levels. Ten stable isotopic internal standards
were dissolved in methanol to obtain an IS mixture solution.
Then, the IS mixture solution was diluted to a working
concentration of 50 ng mL " for each IS. Both the standard
stock solutions and IS working solutions were stored at 4 °C
before use.

2.3. Clinical sample collection

17 Chinese adult volunteers employed in this pharmacometa-
bolomics study were collected from bioequivalence tests of OLZ
orally disintegrating tablets (SWDXX-201627) at Beijing Chao-
Yang Hospital, Capital Medical University. This bio-
equivalence study (http://www.chinadrugtrials.org.cn/, identi-
fier: CTR20170069) was conducted between May 16, 2017, and
May 14, 2018, at a single study center in the Phase I clinical trial
center of Beijing Chao-Yang Hospital. The present study was
conducted in accordance with Declaration of Helsinki, Inter-
national Conference on Harmonization (ICH) and Good Clin-
ical Practice guidelines. All study documentation, such as study
protocol and consent forms, were reviewed and approved by the
Institutional Review Board of Beijing Chao-Yang Hospital
(ethical approval number: 2016-Drug-43) before the initiation of
the clinical trial. All subjects were provided with a written
informed consent form before inclusion and were able to
adhere to study restrictions issued by the Phase I Clinical Trial
Center protocol. As the plasma samples used in this study were
the remaining samples from the pharmacokinetic study, the
pharmacometabolomic study was eligible for exemption from
informed consent. The plasma samples collected at the time-
points of baseline and Cy,,x were used for UPLC-HRMS analysis.
Specific sample information is shown in ESI Methods 1.2.F

2.4. Animals and drug treatments

For the animal experiments, twelve male Sprague-Dawley (SD)
rats (6 weeks, body weight: 200 + 20 g) were purchased from
Vital River Laboratory Animal Technology Company (Beijing,
China). The animals were maintained for a week with unlimited
standard food and water at a constant room temperature of 22
£ 2 °C and 45-55% humidity under a 12 h light/dark cycle. In
experiments, all animal procedures were performed in accor-
dance with the Guidelines for Care and Use of Laboratory
Animals of “the Institute of Materia Medica, Chinese Academy
of Medical Science and Peking Union Medical College” and all
experiments were conducted with the approval of the Animal
Ethical Committee at the Institute of Materia Medica, Chinese
Academy of Medical Science and Peking Union Medical College.
After acclimating, all rats were randomly divided into control

This journal is © The Royal Society of Chemistry 2020
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group and model group, with 6 animals for each group. Powder
of OLZ was prepared in normal saline (50 mg mL™") and orally
administered to animals of model group (4 mg kg™ ). The equal
volume of saline was administered to rats of control group.
Blood samples were collected from the eye sockets of the rats
and placed in tubes containing the anticoagulant heparin
sodium. Plasma samples were placed at 4 °C after gentle
shaking. The supernatants were then collected by centrifuga-
tion at 4000 rpm at 4 °C for 10 min. The plasma samples
collected at the timepoints of baseline and C,,x were used for
UPLC-HRMS analysis.

2.5. Sample preparation

Standard working solutions were prepared by adding 10 pL of each
concentration of the mixed standard solution dilutions in 50 pL
purified water (blank matrix). Prepare the standard working
solution according to the Plasma Sample Pretreatment. Quality
control (QC) samples of the mixed standards at low, medium and
high levels were prepared with different vials of standard working
solutions. The frozen plasma samples were thawed at 4 °C before
analysis. A pooled QC sample was prepared by mixing the same
volume (10 pL) of each sample. 10 pL of MeOH solvent and 5 pL of
mixed internal standards were added to each tube for the 50 pL
plasma samples. Then, 150 pL of acetonitrile (stored at 4 °C;
Merck, Darmstadt, Germany) was added, and the mixture was
vortexed for 5 min on a vortex mixer (IKA, MS) at 2500 rpm and
then centrifuged at 10 000 rpm and 4 °C for 5 min. The super-
natant was transferred into a 1.5 mL centrifuge tube and evapo-
rated to dryness in a Doprah A502200 (Xueyu Technology Co. Ltd.).
The residues were reconstituted in 50 mL of reconstitution solu-
tion (acetonitrile/0.1% aqueous formic acid, 98 : 2, v/v), mixed for
5 min at 2500 rpm on a vortex mixer and then centrifuged at
10 000 rpm for 5 min. The supernatants were filtered with a 96-
well plate filter (Captiva, Agilent Technologies, USA) for LC-MS
analysis, and 5 pL was injected into the LC-MS/MS system.

2.6. UPLC-HRMS analysis

The analysis was performed on a two-dimensional ultra-high-
performance liquid chromatography system (ACQUITY UPLC
I-Class, Waters, Milford, MA, USA) coupled to a high-resolution
quadrupole-orbitrap tandem mass spectrometer with a heated
electrospray (HESI) probe (Q-Exactive, Thermo Fisher Scientific,
Waltham, MA). Chromatographic separation was performed on
a Waters HSS T3 (C18) column (2.1 x 100 mm, 1.8 mm) for the
reversed-phase separation of weakly polar solutes and a Thermo
Scientific Hypercarb porous graphitized carbon (PGC) column
(2.1 x 150 mm, 3 mm) for supplemental separation of strongly
polar solutes in the second dimension with two six-port-two-
position valves. The mobile phase for the T3 column con-
sisted of 0.1% formic acid water solution (A1) and acetonitrile
(B1); the PGC column also consisted of 0.1% formic acid water
solution (A2) and acetonitrile (B2). The injection volume was 5
mL, and the column oven temperature was maintained at 45 °C.
The gradient conditions were from a previously reported.*”
The instrumental setup is shown in ESI Fig. S1.T From 0 to
2.5 min at position A (Fig. S1At), the T3 and PGC columns were
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simply coupled; thus, the components eluted from the T3
column were all automatically transferred and loaded to the
PGC column for further subdivision. When the valves were
switched to position B at 2.5 min (Fig. S1Bf), pump 1 (P1)
stopped flowing, while separation on the PGC column began.
When the valves were switched to position C (Fig. S1CY) at
8.5 min, P1 started to operate again, leading to separation on
the T3 column, while the PGC column underwent washing and
pre-equilibration steps. The detailed elution gradient and flow
rate are presented in ESI Table S1.f

MS analysis scanning was performed in positive and nega-
tive ion modes. The electrospray ionization source parameters
were optimized as follows: sheath gas 40/45, auxiliary gas 11/10,
auxiliary gas heater temperature 220 °C, spray voltage 3.5/—3.2
kv, capillary temperature 350 °C. Alternate settings for the full
MS assay and tSIM assay were implemented as described below.

To relatively quantify polar metabolites with relatively low
content and obtain mass spectral data containing as much
information as possible on metabolite content, a combination
of full MS and tSIM scanning was used, which consisted of a full
MS scan (m/z 66.7-1000) and a tSIM scan. The resolution, AGC
target, and maximum injection time (IT) for the full MS scan
were set at 35 000, 3 x 10°, and 100 ms, and those for the tSIM
scans were set at 35 000, 3 x 10°, and 200 ms, respectively. The
window width of tSIM was 4 Da.

2.7. Data processing and statistical analysis

Accurate and relatively targeted quantification was performed
using Xcalibur 2.2 (Thermo Fisher Scientific). All calibration
curves were linear and weighted 1/x. For nontargeted analysis,
the MM File Conversion 3.9 (http://mm-file-conversion.software.
informer.com/3.9/) was used to convert the full scan raw data files
from the LC-MS analysis to the mzXML format. Then, R 2.15.2
was applied to peak detection, filtering, alignment, scaling, and
identification using XCMS software (http://masspec.scripps.edu/
xcems/xems.php) (the detailed parameters are shown in the
ESIt). Multivariate statistical analysis was carried out using
SIMCA-P 14.0 (Umetrics AB, Umea, Sweden), which included
principal component analysis (PCA) and orthogonal partial least
squares discriminant analysis (OPLS-DA). Variables were
considered to be potential markers, which satisfied the following
conditions: variables with a VIP value =1.0; independent ¢-test (p
< 0.05). Finally, the isotope and adduct ions were deleted
according to the corresponding extracted ion chromatograms
(XICs). Potential biomarkers were identified by searching the
databases including HMDB (http://www.hmdb.ca/), MassBank
(http://www.massbank.jp/), and Metlin (http://metlin.scripps.
edu/), and then the high-resolution LC-MS/MS spectra were
used for further identification. Then, available commercial
standards were applied to further verify the potential structures.
Finally, visually displayed heat maps were used to present the
discriminatory power of potential biomarkers.

2.8. Method validation procedure

According to the US Food and Drug Administration (FDA)
guidelines on bioanalytical method validation. Method

RSC Adv, 2020, 10, 18305-18314 | 18307
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validation needs to assess several quality parameters of the
method, such as linearity, selectivity, accuracy, precision,
stability and recovery. The details of the method validation
procedure are shown in ESI Methods 1.3.f

3. Results and discussion

3.1. Methods development

The detection of NTs using HPLC-MS is highly challenging due
to their strong polarity, short chromatographic retention time
and low content. To simultaneously detect highly polar
metabolites, including NTs, and weakly polar metabolites for
comprehensive targeted quantification and nontargeted
metabolomics, a dual UPLC-HRMS method was proposed,
modified from our previously reported method. A T3 column
with high column efficiency, good stability and large peak
capacity was used as the first-dimension column, and the PGC
column was used as the second-dimension column. Two six-way
valves were used as the column switching valve. The first and
secondary dimensional chromatographic mobile phases were
both 0.1% formic acid water-acetonitrile systems. A T3 column
was used for the reversed-phase separation of moderately and
weakly polar solutes and a PGC column for the supplemental
separation of strongly polar solutes. The total ion chromato-
graphs (TICs) of actual plasma samples measured in positive
and negative ion mode are shown in Fig. 1A and B. The typical
extracted ion chromatographs (XICs) of some NTs and related
metabolites in positive ion mode are shown in Fig. 1C and D.
The results indicated that the plasma samples were well sepa-
rated under the chromatographic conditions, and the peak
shape was good. The number of features detected by LC-MS is
shown in Fig. S2.1

Furthermore, this method was specifically focused on the
detection of antipsychotic drug mechanism-related endogenous
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metabolites, including most NTs and metabolic pathway-
related metabolites. Thirteen endogenous metabolites,
including NTs, were quantified. Large differences in the inten-
sity of the MS signal of the 13 metabolites in human plasma
were observed, as shown in Table 1. Here, we used a combina-
tion of a full MS scan and tSIM scan for data acquisition to
improve the throughput for nontargeted metabolomics and the
selectivity, sensitivity for low-level endogenous metabolites to
achieve the quantification accuracy requirements of targeted
metabolomics. The advantage of the tSIM scan is that the target
ions can be scanned with a narrow sampling window width to
eliminate interference from other ions and improve the signal-
noise ratio of the target compound. The low-level endogenous
metabolites 5-HTP, 5-HT and 1-DOPA were acquired using the
tSIM scan, and other metabolites were quantified using XIC in
full MS. Take 5-HT as an example, as shown in Fig. S3.7 The
results indicated that the tSIM mode can effectively improve the
peak shape and detection sensitivity (S/N) compared with the
full MS scan. Therefore, the established method had the ability
to quantify multiple metabolites with large differences in
content to acquire more comprehensive metabolite information
for pharmacometabolomics.

3.2. Method validation

3.2.1 Linearity. The linear regression equations, correla-
tion coefficients and calibration ranges of the validated models
are shown in Table S2.1 The correlation coefficient (R2) of linear
regressions was above 0.99 for all analytes. The calibration
standards had a range of 0.1-20 ug mL™" for Trp, GABA and
taurine, 1-200 ng mL " for 5-HTP, 0.02-4 pg mL ™" for 5-HT, 1-
DOPA and Ach, 2-400 ng mL " for 5-HIAA, 0.01-2 pg mL ™" for
kynurenine, 0.2-40 pg mL " for Tyr and Gln, 0.5-100 pg mL "
for Glu, and 0.04-8 pg mL™" for Asn.
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Fig.1 Typical metabolomics TICs obtained from humans in positive ion mode (A) and in negative ion mode (B) by UPLC-HRMS analysis. Typical
XICs of some NTs and related metabolites obtained by LC-MS/MS in positive ion mode (C and D). Detailed information on typical XICs of 13

quantified metabolites in human plasma is shown in Table 1.
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Table 1 The information and ion intensity of 13 quantified metabolites in human plasma“

Ion intensity in

No. Compound name Formula Theoretical m/z Measured m/z Error (ppm) human plasma RT (min)
1 Glu CsHoNO, 148.0604 148.0598 —-4.1 3.50 x 10’ 4.00
2 Gln CsH,(N,0; 147.0764 147.0758 —41 6.00 x 107 3.78
3 GABA C4HoNO, 104.0706 104.0710 3.8 1.40 x 107 3.35
4 Ach C,H,6NO, 146.1176 146.1178 1.4 1.00 x 10° 3.88
5 Asn C4HgN,0; 133.0608 133.0602 —4.5 1.40 x 107 3.63
6 Taurine C,H,NO;S 126.0219 126.0215 —3.2 3.50 x 10° 3.69
7 Trp C11H1,N,0, 205.0972 205.0964 —3.9 8.00 x 10° 12.39
8 Kynurenine C1oH1,N,05 209.0921 209.0915 —2.9 2.00 x 107 12.26
9 Tyr CoH,,NO;, 182.0812 182.0805 3.8 7.00 x 10° 9.11
10 L-DOPA CyH,;NO, 198.0761 198.0765 2.0 5.00 x 10* 8.60
11 5-HTP C,,H,,N,0; 221.0920 221.0915 -2.3 2.00 x 10* 11.12
12 5-HT C1oH1,N,0 177.1022 177.1029 4.0 6.00 x 10* 10.88
13 5-HIAA C10HoNO; 192.0655 192.0651 —-2.1 4.00 x 10° 11.41

“ Abbreviations: r-tryptophan (Trp), r-tyrosine (

1), glutamine (Gln), -asparagine (Asn), acetylcholine (Ach), 5-hydroxytryptophan (5-HTP), 5-

hydroxyindoleacetic acid (5-HIAA), 5-hydroxytryptamine (5-HT), y-aminobutyric acid (GABA), glutamate (Glu), and 1-3,4-dihydroxyphenylalanine

(-DOPA).

3.2.2 Accuracy and precision. The intraday and interday
accuracy and precision of the method are summarized in Tables
S3 and S4.f The intraday and interday accuracy were 89.8-
112.7% and 91.0-108.9%, respectively. The intraday and inter-
day precision were 0.34-8.82% and 0.34-8.82%, respectively.

3.2.3 Extraction recovery. The results of the extraction
recovery assay of the method at three concentration levels are
shown in Table S5. The recoveries of each compound at low,
medium and high concentrations ranged from 71.9-114.8%,
and the RSD values were less than 15%.

3.2.4 Stability studies. The freeze-thaw stability and auto-
sampler stability for the QC samples of the method are
summarized in Tables S6-S8.1 The biases of the accuracy and
precision of QC samples at three concentrations in this evalu-
ation were lower than 20%. This suggests that all the assayed
metabolites were stable in prepared samples in the autosampler
at4 °C for 12 h and 48 h and stable in frozen samples at —80 °C
for three freeze-thaw cycles.

3.2.5 Validation for nontargeted metabolomics. These
results demonstrated that this method was reliable to measure
the metabolic changes associated with the intake of drugs. The
details are shown in ESI Methods 1.3.7

3.3. Targeted analysis of NTs and related metabolites

The validated method was successfully applied to the determi-
nation of NTs and their related metabolites in healthy human
and rat plasma before and after OLZ dosing. The comparison
results from the measurement of the 13 metabolites associated
with the mechanism of OLZ are shown in Fig. 2. In the trypto-
phan metabolic pathway (Fig. 3A), the contents of Trp, 5-HTP, 5-
HT, 5-HIAA, kynurenine, and kynurenine acid were decreased
significantly in human plasma compared to the preadminis-
tration levels. Notably, a decrease in Trp was observed after drug
treatment, indicating that OLZ promotes the metabolism of
tryptophan. It was reported that 5-HT and 5-HIAA were

This journal is © The Royal Society of Chemistry 2020

inhibitory NTs improving insomnia and extend sleep time.*®*
However, 5-HT and 5-HIAA were decreased after drug treatment,
which suggested that OLZ may promote the downstream
metabolism of 5-HT and could be related to downstream UDP-
glucuronosyltransferase (UGT) enzymes.*** Glu is an excitatory
amino acid.*” In the glutamate and y-aminobutyric acid meta-
bolic pathways (Fig. 3B), there were significant decreases in Glu
and GABA levels, which can reduce neurotoxicity. GABA content
decreased, but the downstream metabolite succinic acid semi-
aldehyde increased, indicating that OLZ may increase the
enzyme activity of y-aminobutyric acid transaminase (GABA-T),
thereby promoting GABA metabolism. In the dopamine and
noradrenaline metabolic pathways (Fig. 3C), the levels of 1-
DOPA were significantly decreased, whereas the levels of Tyr
were increased, which indicates that OLZ may inhibit tyrosine
hydroxylase (TH) activity, inhibiting .-DOPA synthesis of the
dopamine precursor and reducing dopamine synthesis.
Thereby achieving anti-excitatory mania. Moreover, there was
an increase in the content of the dopamine metabolites
homovanillic acid (HVA) and 3,4-dihydroxyphenylacetic acid
(DOPAC) after administration, which is further evidence that
OLZ promotes the metabolism of the excitatory neurotrans-
mitter dopamine (DA). Decreases in Ach and taurine concen-
trations were observed after administration. Asn levels were
increased significantly (Fig. 2). The above results were focused
on the analysis of three related target metabolic pathways based
on the neurotransmitter hypothesis of schizophrenia patho-
genesis. Compared to the human results, similar changed
trends of NTs were reported in rat plasma samples. Trp, 5-HIAA,
kynurenine, kynurenine acid, .-DOPA and GABA were decreased
significantly in rat plasma with drug administration. But the
results that the contents of 5-HTP and 5-HT were increased, the
levels of Tyr were decreased in rats, indicated the species
differences. UGT is encoded by a polymorphic gene, which may
be differences in the types, contents and activities in different
species. Rats and humans have different living environments,
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Fig. 2 Contents of NTs and related metabolites in predosing (M) and after-dosing (M) samples. ***p < 0.001, **p < 0.01, *p < 0.05. Abbrevi-
ations: HVA: homovanillic acid, DOPAC: 3,4-dihydroxyphenylacetic acid, MHPG: 3-methoxy-4-hydroxyphenylglycol, 3,4-DDMD: 3,4-dihy-
droxymandelic acid, akA: a-ketoglutaric acid, SSA: succinic semialdehyde.

what's more rats are very sensitive for external stimuli, which
easily caused the changes of metabolism in the body. Therefore,
in the process of new drug development and evaluation,
attention should be paid to the impact of differences between
species.

3.4. Nontargeted metabolomics

To evaluate the clinical utility of this method, plasma samples
collected from healthy volunteers before and after taking the
antipsychotic drug (OLZ) were subjected to metabolomics
analyses to discover the metabolic differences and in vivo effects
of drug treatment. In order to prevent the influence of prototype
drugs and metabolites on the grouping of models, they were
excluded before modeling, and only the endogenous metabo-
lites were included for statistical analysis. The projection results
of each sample on the first principal component are shown in
Fig. S4A and B.f It can be seen from the figure that the relative
deviations of the peak areas of QC samples are controlled within
the 2SD range. The OPLS-DA results indicated that the pre-
dosing and after-dosing groups were clearly separated based
on quantitative analysis. The results are shown in Fig. S5C and
D.f The OPLS-DA model parameters R*Y (cum) = 94.1% and Q>
(cum) = 77.4% and model parameters R*Y (cum) = 98.3% and
Q’ (cum) = 79.4% for the LC- (&) ESI-MS, respectively. Metab-
olites were selected for discrimination with differences (VIP

18310 | RSC Adv, 2020, 10, 18305-18314

value =1) and p < 0.05 in Student's t-tests. From the data ob-
tained from the metabolic profiling analysis, 41 differential
metabolites that contributed greatly to the group before and
after administration were screened, 34 were upregulated after
administration, and 7 were downregulated. The change rates of
differential metabolites are shown in Fig. 4A and B.

The differential metabolites in plasma were further identi-
fied by LC-MS/MS (Table S9%). Hierarchical cluster analysis
(HCA) was used to visualize the changes in these potential
biomarkers in each sample between the two groups, and the
results indicated that these biomarkers could be used to
distinguish between the pre-dosing and after-dosing groups
(Fig. 4C). Correlation analysis was used to determine the asso-
ciation of identified differential metabolites, and the results are
presented in Fig. 4D.

The altered metabolic pathways after OLZ drug treatment
were further examined by MetaboAnalyst 4.0. The result is
shown in Fig. S6.7 Multiple metabolic pathways including
alanine, aspartate and glutamate metabolism, glutamine and
glutamate metabolism, arginine and proline metabolism,
tryptophan metabolism, glycerophospholipid metabolism,
tyrosine metabolism, sphingolipid metabolism, aminoacyl-
tRNA biosynthesis, and nitrogen metabolism were identified.
To more accurately explore changes in metabolic levels, we
focused on the analysis of abnormal metabolic levels with

This journal is © The Royal Society of Chemistry 2020
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pathway impact (PI) greater than 0.1. The details are shown in
Table S10.7 Alanine, aspartate and glutamate metabolism,
tryptophan metabolism and tyrosine metabolism are related to
the pathogenesis hypothesis NT theory of schizophrenia.’***
Thus, changes in the NTs in the metabolic pathway can be used
to explain the role of OLZ in the treatment of schizophrenia,
which can provide a basis for further study of their mechanisms
of action. Compared with the predosing group, the tricarboxylic
acid (TCA) cycle showed increased succinic acid, fumaric acid,
malic acid, oxaloacetic acid, citric acid, and a-ketoglutaric acid
levels (Fig. 2), indicating that the energy supply changed after
administration. This may be related to the side effects of OLZ. It
is consistent with the previous results of the stimulating cell
experiment of OLZ, which attempted to balance cell energy by
promoting glucose uptake. The downregulation of AMPK in the
absence of glucose reduction may result in a deleterious effect
of OLZ on energy metabolism, which may be the basis for the
well-known metabolic side effects of the drug.*® In the arginine
and proline metabolic pathways, the arginine content was
upregulated after administration, inline with previous studies
showing that OLZ treatment of schizophrenia leads to upregu-
lation of arginine and the synthesis of novel NTs. Agmatine is
considered to play an important role in the development of
schizophrenia, and its level decreases following antipsychotic
treatment.’® In addition, arginine and proline can be

This journal is © The Royal Society of Chemistry 2020

transformed into ornithine and are very dependent on the
energy and nitrogen sources provided by glutamine metabolism
in biosynthesis.”” Disorders of glycerophospholipids and
sphingolipid metabolism after administration may be associ-
ated with the well-known obesity and weight gain side effects of
OLZ.?® Currently, there is evidence that taking OLZ daily for four
weeks increases the levels of total cholesterol, free cholesterol,
fatty acids and glycerol in the liver. In summary, OLZ may
aggravate atherosclerosis by dysregulating liver lipid metabo-
lism, aggravating hyperlipidemia and aortic inflammation.* It
has been reported that sphingolipids also play an important
role in blood glucose balance and insulin resistance.*® Atypical
anti-schizophrenia drugs can significantly decrease sphingoli-
pid levels in the liver and significantly reduce the content of
hepatic ceramide and sphingomyelin, as well as exerting
specific effects on lipid species.

It should be noted that this targeted neurotransmitters
quantification and nontargeted metabolic profiling method can
be not only applied to the study of the metabolic changes in
plasma samples, but also in cerebrospinal fluid or brain samples,
as well as those samples from schizophrenia patients. What's
more this method can also analyze the metabolism of other
antipsychotic drugs, because antipsychotic drugs have some
common characteristics in the mechanism of action. This
method can simultaneously detect the metabolic changes in

RSC Adv, 2020, 10, 18305-18314 | 18311
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neurotransmitter substances and other metabolites with high
coverage. Although our study conducted a pharmacometabolo-
mics analysis of OLZ, which provided deep and comprehensive
information on its metabolic alteration effects in vivo at the
molecular level, it was not ruled out the interferes of diet, and the
metabolic changes in biological samples associated with the
occurrence of disease. Therefore, in the future, we will focus on
the metabolic alterations and distribution information not only
in the plasma but also in the whole body of animals and targeted
organs using spatially-resolved metabolomics, to verify the
function of key metabolites and the activities of related metabolic
enzymes. It will provide a basis for individualized treatment and
precise medication of schizophrenia using antipsychotic drugs.
In general, there are still deficiencies in researches on the
pharmacometabolomics analysis of OLZ in the previous studies,
which focused mostly on nontargeted metabolomics.*"** Although
the range of target metabolites detected was wide, it is impossible

18312 | RSC Adv,, 2020, 10, 18305-18314
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to high sensitively detect metabolites with special properties, such
as NTs with strong polarity and very low physiological content.
What's more some important metabolites closely related to the
disease or drug action but with low endogenous abundance may
be omitted. This method combined the two advantages of targeted
metabolomics and nontargeted metabolomics analysis, and has
been demonstrated to achieve simultaneous nontargeted profiling
and targeted NTs quantitative analysis of the same biological
sample in a single needle injection. It provides an effective and
accurate research tool for metabolomics analysis.

Schizophrenia is a clinical syndrome composed of a group of
symptoms, which is a multifactorial disease that is affected by
both genetic and environmental factors, and its' mechanism is
still unclear. There are three main biochemical hypotheses
regarding the pathogenesis of schizophrenia: dopamine
hypothesis; serotonin hypothesis; glutamate hypothesis. Based
on the above hypothesis, a number of antipsychotic drugs have

This journal is © The Royal Society of Chemistry 2020
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been developed, such as chlorpromazine, risperidone,** and
OLZ. In this study, we quantified the NTs with wide dynamic
range by a tSIM scan and simultaneously acquire nontargeted
metabolic profiling by the full MS scan, respectively, and
discovered the metabolic changes especially the metabolic
pathway on NTs in the body caused by drugs, further supporting
the explanation of drug responses in molecular level.

It is well known that, as the first-line drug for the treatment
of schizophrenia, OLZ has severe clinical problems in treat-
ment, including narrow therapeutic window, large individual
differences, weight gain, dyslipidemia and insulin resistance
side effects. At present, there is no evaluation index of curative
effect and individualized prognosis of such drugs. Therefore,
this method would have the potential to provide novel insights
into the molecular alterations for the treatment of neurode-
generative diseases and mental illness. It is expected to discover
the comprehensive metabolic changes for the understanding of
drug treatment response and the molecular mechanisms of
drug effects in vivo, and providing a basis for individualized
drug treatment and precise medication.

4. Conclusions

In this study, a simultaneous targeted NTs quantification and
nontargeted metabolomics method was developed and vali-
dated for pharmacometabolomics analysis by UPLC-HRMS. By
using this strategy, NTs with very low physiological content can
be sensitively detected and accurately quantified in biological
samples. Moreover, simultaneously nontargeted profiling were
also achieved. Then the newly established UPLC-HRMS method
was further applied to the pharmacometabolomics study of
OLZ. Results showed that 5-HT, 5-HIAA, .-DOPA and GABA were
decreased. The levels of Tyr were increased. Furthermore,
nontargeted metabolomics analysis revealed altered metabolic
pathways after drug treatment, including glycerophospholipid
metabolism, sphingolipid metabolism, and the citrate cycle.
These results can further provide a basis for studying the
mechanism of OLZ in the treatment of schizophrenia.

Overall, these results demonstrated that this targeted NTs
quantification and nontargeted metabolic profiling method has
the advantages of efficiency and accuracy for pharmacometa-
bolomics research of antipsychotic drugs. And it would be
a powerful tool to provide novel insights into the molecular
alterations of their action for the treatment of neurodegenera-
tive diseases and mental illness.
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