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Purpose: We developed and validated an ultra-performance liquid chromatography-
tandem mass spectrometry (UPLC-MS/MS) method for simultaneous therapeutic drug
monitoring (TDM) and clinical pharmacokinetic antipsychotic drugs: clozapine (CLP),
chlorpromazine (CPZ), risperidone (RPD), paliperidone (PLD), quetiapine (QTP;), aripi-
prazole (APZ), dehydroaripiprazole (DAP), olanzapine (OZP), ziprasidone (ZRD), and
amisulpride (ASP).

Methods: Analytes and internal standards (ISs) were separated using a Phenomenex phenyl-
hexyl column (50.0 x 2.1 mm, 1.7 um) with water containing 0.1% formic acid and 2 mM
ammonium acetate, and methanol containing 0.1% formic acid and 2 mM ammonium acetate
as the mobile phase. The antipsychotic drugs and ISs were extracted from 50 pL of plasma
using acetonitrile.

Results: The calibration ranges were 25.0-1500.0 ng/mL for CLP, CPZ, DAP, and QTP,
10.0-600.0 ng/mL for CPZ and ZRD, 2.5-150.0 ng/mL for RPD, 5.0-300.0 ng/mL for PLD
and OZP, and 20.0-1200.0 ng/mL for ASP. Validation was carried out according to the
guidelines for bioanalytical validation, including assessment of calibration curves, specificity,
accuracy, precision, recovery, stability, dilution integrity, and matrix effect. All the results
satisfied the requirements.

Conclusion: The results provided significant information to support future clinical TDM
and rational drug use research. The proposed method also provided a simple, reliable,
specific, and suitable technique for TDM and pharmacokinetic studies.

Keywords: UPLC, tandem mass spectrometry, antipsychotic drug, therapeutic drug
monitoring, individualized therapy

Introduction

Mental illness can seriously endanger human health and life. More than
400 million people worldwide are currently suffering from psychosocial, neu-
rological, or mental disorders according to a World Health Organization report,
and the number of patients with mental disorders is growing rapidly.' There
are currently approximately 16 million people with mental illnesses in China,
including 9 million patients with schizophrenia.* The main treatment methods
for mental illnesses include drug treatment supplemented by psychological
support.”® However, mental illnesses such as Schizophrenia have a chronic
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relapsing course, despite the intake of anti psychotic
therapy as well as the specific characteristics of the
drug. The drug concentration may have an important
impact, with similar doses having different effects
because of individual differences in
pharmacokinetics.'®!" In addition, clinical judgments
regarding the use of antipsychotic drugs are hampered
by a lack of clear indicators, and diagnoses may thus
be influenced by clinical training, experience, and other
subjective factors.'? It is also difficult to distinguish
side effects and toxic reactions from aggravated disease
symptoms.'>*'* Combination therapies involving differ-
ent classes of drugs are commonly used to maximize
therapeutic benefit while minimizing toxic side effects
in patients with mental illness, in light of the reported
side effects associated with the use of psychotropic
drugs. However, drug—drug interactions may also affect
the concentration and efficacy of antipsychotic drugs
used in combination. Previous clinical studies showed
that the efficacy and toxicity of antipsychotic drugs
both their

concentrations.'>'® Drug dosages should thus be indi-

were closely related to serum
vidualized for different patients to maintain plasma
drug concentrations within a safe and effective range,
to ensure the efficacy and control the side effects of
antipsychotic drugs in clinical practice.

Therapeutic drug monitoring (TDM) is a clinical
technology developed in the 1970s. It uses modern
analytical techniques to determine the concentrations
of drugs in body fluids based on pharmacokinetic and
pharmacodynamic principles, to study the relationships
between drug concentration and clinical efficacy and
toxicity, and to provide a theoretical basis for indivi-
dualized clinical dosing regimens. TDM is currently
more commonly used and standardized in developed
regions such as Europe, America, and Japan. TDM
has become a routine aspect of clinical rational drug
use for some drugs, including immunosuppressants
(cyclosporine, tacrolimus), psychotropic drugs (anti-
epileptic drugs), antibiotics (voriconazole, linezolid,
vancomycin), anti-tumor drugs (methotrexate, imatinib,
paclitaxel), and cardiovascular drugs (digoxin). TDM
has become an important role for modern hospital
pharmacies. Regarding the application status of anti-
psychotic drugs, inter-individual pharmacokinetic dif-
ferences are an important factor affecting the poor
clinical efficacy of psychotropic drugs.'” "' Numerous

factors can cause fluctuations in blood concentration of
psychotropic drugs, including genetic polymorphisms
of metabolic enzymes and transporters, differences in
drug preparations, changes in liver and kidney func-
tions, and drug—drug interactions.’*?*> TDM is there-
fore important for guiding the individualized clinical
application of antipsychotic drugs.

TDM of antipsychotic drug levels in plasma requires
a rapid, simple, reproducible, and highly sensitive ana-
lytical method. Various methods, including fluorescent
polarization immunoassay (FPIA), high-performance
liquid chromatography (HPLC), HPLC-tandem mass
spectrometry (MS/MS), and ultra-performance liquid
chromatography (UPLC)-MS/MS are currently used for
TDM of antipsychotic drugs.”>** Among these methods,
UPLC-MS/MS is the most common and promising
method. UPLC-MS/MS has several obvious advantages

25-2
over other methods,”> %

including: 1) higher selectivity
and sensitivity than HPLC and FPIA; 2) lower operating
costs than FPIA with no need for specific immunoassay
kits; 3) high specificity and unaffected by metabolites
and other drugs, making it especially suitable for ana-
lyzing combinations of drugs; and 4) the ability to
detect multiple drugs at the same time. UPLC-MS/MS
has thus become the most common method for the
in vivo determination of drugs and TDM.

The current study thus aimed to develop and vali-
date a new UPLC-MS/MS method for the simultaneous
determination of 10 antipsychotic drugs in human
plasma using the corresponding isotopic-labeled inter-
nal standards (ISs) and to investigate its application in
clinical TDM. The study also aimed to examine the
relationship between the blood concentrations of anti-
psychotic drugs and their efficacy and toxicity. The
results showed that the established method could
simultaneously determine the 10 tested antipsychotic
drugs, with fast detection speed, high accuracy, high
sensitivity, and low cost. These results will support the
use of clinical TDM and rational drug use research.

Methods

Chemicals and Reagents

Clozapine (CLP), chlorpromazine (CPZ), risperidone
(RPD), paliperidone (PLD), quetiapine (QTP), aripipra-
zole (APZ), dehydroaripiprazole (DAP), olanzapine
(OZP), ziprasidone (ZRD), amisulpride (ASP) and
internal standards (CLP-d8, RPD-d4, APZ-d8, OZP-
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d8, ASP-d5) were obtained from the National Institutes
for Food and Drug Control (Beijing, China) and TRC
(Toronto, Canada). The chemical structure diagram of
analytes and internal standards were shown in Figure 2.
Plasma sample-processing kits were purchased from
Ltd. (Hangzhou,
China). Methanol and acetonitrile were purchased

Calibra Medical Equipment Co.,

from Fisher Scientific, chromatography-grade ammo-
nium acetate was purchased from J&K Scientific Ltd.,
and formic acid was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Pure water was prepared using
a Milli-Q water
Corp., USA).

purification system (Millipore

Equipment and Conditions
UPLC

Chromatography was performed using an Agilent 1290 UPLC
system. Compounds were separated on a Phenomenex phenyl-
hexyl Cyg column (50.0 x 2.1 mm, 1.7 pm; Phenomenex Inc.,
USA). The mobile phase was composed of water containing
0.1% (v/v) formic acid and 2 mM/L ammonium acetate, and
methanol containing 0.1% (v/v) formic acid and 2 mM/L
ammonium acetate. The gradient method is shown in
Table 1. The column temperature was set to 35°C and the
sample injection volume was 2.0 pL.

MS

MS was carried out using a QTRAP 4500 MS system
(AB Sciex) with electrospray ionization as the detector.
Data were processed using Analyst v1.6.2 software was
used as data processing system. High-purity nitrogen
was produced by the nitrogen generator SCIWAY
ZABN (Shanghai, China). Critical MS parameters
including ion spray voltage, collision energy, and
declustering potential were optimized to maximize sen-
sitivity. The results are presented in Table 2 and Figure

Table | Gradient Condition of HPLC

Time (min) Flow Rate (mL/min) A (%)* B (%)°
Initial 0.50 70 30
0.4 0.50 70 30
0.6 0.50 20 80
24 0.50 20 80
25 0.50 70 30
3.0 0.50 70 30

Notes: *Water (2 mm ammonium acetate and 0.1% formic acid); ®methanol (2 mm
ammonium acetate and 0.1% formic acid).

3. Other optimized MS parameters included source
temperature 400°C, entrance potential 20, curtain gas
30, GS1 25, and GS2 20.

Preparation of Calibrators and Quality
Control (QC) Samples

Analyses and IS stock solutions were prepared by dis-
solving the standards in HPLC-grade methanol to
a final concentration of 100.0 pg/mL. The calibration
and QC solutions were prepared by diluting the stock
with HPLC-grade methanol.
curve and QC samples were then prepared by adding

solutions Calibration
different concentrations of the standard solutions to
50.0 pL blank plasma to produce the following calibra-
tion concentrations: 25.0, 50.0, 100.0, 300.0, 750.0,
and 1500.0 ng/mL for CLP, APZ, DAP, and QTP;
10.0, 20.0, 40.0, 120.0, 300.0, and 600.0 ng/mL for
CPZ and ZRD; 2.5, 5.0, 10.0, 30.0, 75.0, and 150.0 ng/
mL for RPD; 5.0, 10.0, 20.0, 60.0, 150.0, and 300.0
ng/mL for PLD and OZP; and 20.0, 40.0, 80.0240.0,
600.0, and 1200.0 ng/mL for ASP. The concentration
selection of the calibration curve and QC samples is
mainly based on the effective concentration range of
these ten antipsychotic drugs. Therefore, the wide lin-
ear range and low LLOQ did not have much applica-
tion significance in terms of TDM.

Four QC samples to determine the lower limit of
quantification (LLOQ), low concentration quality con-
trol (LQC), medium concentration quality control
(MQC), and high
(HQC), respectively, were freshly prepared, and the

concentration quality control
following concentrations were used: 25.0, 50.0, 500.0,
and 1200.0 ng/mL for CLP, APZ, DAP, and QTP; 10.0,
20.0, 50.0, and 480.0 ng/mL for CPZ and ZRD; 2.5,
5.0, 25.0, and 120.0 ng/mL for RPD; 5.0, 10.0, 50.0,
and 240.0 ng/mL for PLD and OZP; and 20.0, 40.0,
200.0, and 960.0 ng/mL for ASP.

The LLOQs were 25.0 ng/mL for CLP, APZ, DAP, and
QTP, 10.0 ng/mL for CPZ and ZRD, 2.5 ng/mL for RPD,
5.0 ng/mL for PLD, and 20.0 ng/mL for ASP.

IS working solutions of 100 ng/mL for CLP-d8, APZ-
d8, and ASP-d5, and 20 ng/mL for RPD-d4 and OZP-d8
were prepared by dilution of the stock solution of each IS
in methanol. APZ-d8 was used as a common IS for APZ,
DAP, CLP, QTP, DAP, and ZRD, and RPD-d4 was chosen
as a common IS for RPD and PLD.
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Table 2 MS Parameters of Analytes and IS

lonization Transition Collision Energy Declustering Spray Source

Mode (eVv) Potential (s) Voltage (V) Temperature (°C)
CLP Positive 327.0—-270.2 30 50 4500 400
CpPz Positive 319.3-246.2 23 40 4500 400
RPD Positive 411.1—-191.2 45 45 4500 400
PLD Positive 427.3—207.2 39 50 4500 400
QTP Positive 384.2-221.2 50 30 4500 400
APZ Positive 448.2—285.2 40 45 4500 400
DAP Positive 446.8—285.3 42 50 4500 400
ozZP Positive 312.9-256.1 44 60 4500 400
ZRD Positive 413.1-194.3 30 40 4500 400
ASP Positive 370.0—242.1 25 30 4500 400
CLP-d8 Positive 334.6—275.2 30 50 4500 400
RPD-d4 Positive 414.9—195.3 45 45 4500 400
APZ-d8 Positive 456.0—293.3 40 45 4500 400
OZP-d8 Positive 320.9-261.1 44 60 4500 400
ASP-d5 Positive 375.0-242.1 25 30 4500 400

Plasma Samples

Plasma samples were prepared by protein precipitation using
acetonitrile. The plasma samples were processed as follows:
50.0 pL plasma sample, 20.0 pL IS solution, and 150.0 pL
protein precipitant were transferred to an Eppendorf tube
and vortexed for 5.0 min. The samples were then centrifuged
at 15,000.0 rpm for 8.0 min at 4°C and 200 pL of purified
water was added to 40 pL supernatant. After thorough
vortexing for 1.0 min, the analyte solutions were injected
into the UPLC-MS/MS system for analysis.

Method Validation

The method was fully validated using healthy human
plasma according to the European Medicines Agency?’
and US Food and Drug Administration guidelines for
bioanalytical method validation.*

Specificity

Specificity was determined by comparing chromato-
grams of blank plasma (eight different human plasma
samples) with corresponding spiked plasma samples to
eliminate the effects of interference from endogenous
compounds. Specificity was also investigated by ana-
lyzing 30 potential co-medications, including nine anti-
epileptics (levetiracetam, oxcarbazepine, topiramate,
phenytoin, phenobarbital, lamotrigine, mono-hydroxy-
carbazepine, carbamazepine, valproic acid), eight anti-
insomnia drugs (diazepam, nitrazepam, flunitrazepam,

triazolam, estazolam, oxazepam, zolpidem, zopiclone),
10 antidepressants (clomipramine, amitriptyline, doxe-
pin, venlafaxine, maprotiline, amoxapine, trazodone,
mianserin, fluoxetine, moclobemide), and three anxio-
lytics (buspirone, gepirone, ipsapirone) at therapeutic
plasma levels. The MRM signal of interference for
each analyte should be <20% of the LLOQ for the
corresponding analytes and <5% for the corresponding
IS. We also examined crosstalk between the analytes
and the IS. We evaluated the effect of the IS on the
response of each analyte by analyzing extracted blank
plasma spiked with only IS in five replicates. The
MRM signal in the transition window of each analyte
should be <20% of the LLOQ. The effect of the ana-
lytes on the response of each IS was evaluated by
analyzing the highest standard samples without IS in
five replicates. The MRM signals in the transition win-
dow of each IS should be <5% of the IS in the LLOQ.

Linearity and LLOQ

We determined linearity by analyzing three complete
standard curves on three different days. The calibration
curve concentration ranges were 25-1500 ng/mL for
CLP, CPZ, DAP, and QTP, 10.0-600.0 ng/mL for
CPZ and ZRD, 2.5-150.0 ng/mL for RPD, 5.0-300.0
ng/mL for PLD and OZP, and 20.0-1200.0 ng/mL for
ASP. The LLOQ of each molecule was determined
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based on the signal-to-noise ratio, which was at
least 10:1.

Accuracy and Precision

Repeatability and reproducibility were investigated by
analyzing the intra- and inter-day precision (RSD%)
and accuracy (RE%) of the four levels of QCs. Six
replicates of each level of QC were assayed in one
run for the intra-day study and in three runs on three
different days for the inter-day study. The RSD and RE
should be within +15%, except LLOQ which should
not exceed 20%. The carryover was evaluated by
injecting a blank sample after the ULOQ sample of
the calibration standard, which should not exceed
20% of LLOQ.

Recovery and Matrix Effect

The absolute extraction recoveries of the analytes and IS
were calculated by comparing the peak area of blank
plasma spiked with analytes before extraction with those
of the extracted blank plasma spiked with analytes. The
matrix effect was obtained by comparing the mean peak
areas of the analytes directly diluted in extracted blank
plasma with the peak areas of the analytes diluted in water
at the same concentration. For the recovery and matrix
effect tests, four concentrations at LLOQ and three QCs
were analyzed with six replicates in a single run.
According to the guidelines, recovery and matrix effects
<15% were considered acceptable.

Stability

Stability tests were carried out at three QC levels under
different conditions to ensure the stability and correctness
of the method, including room temperature (12 h), auto-
sampler (24 h in the autosampler at 4°C), freeze-thaw
(three freeze-thaw cycles (—20.0°C to room temperature)),
and long-term stabilities (at —80°C for 30 days).

Dilution Integrity

Dilution integrity was investigated to ensure the dilution
reliability of the plasma samples, because the concentra-
tions of some clinical samples were higher than the
ULOQ. This was determined by diluting the samples
with a 15-fold concentration of ULOQ for each antipsy-
chotic drug to the respective QC level for the standard
plasma using a blank samples matrix. The criteria were
deemed acceptable when the precision and the accuracy
were within +15%.

Application

We chose steady-state trough concentrations of antipsy-
chotic drugs as the TDM index because these concen-
trations are highly correlated with efficacy and side
effects. Meanwhile, we determined the therapeutic
ranges of the antipsychotic drugs based on the
TDM in

Neuropsychopharmacology: Update 2017.'° Inclusion

Consensus Guidelines for
criteria were established because of the many different
factors affecting drug concentration, including severe
liver and kidney damage, drug-drug interactions, and
patient compliance. The inclusion criteria were as fol-
lows: all patients with a chief psychiatric complaint
who were administered one antipsychotic medication;
drugs administered according to the manufacturer’s
instructions; normal liver and kidney functions or
liver and kidney function damage should not affect
the in vivo processes of the antipsychotic drugs; and
patients should show good compliance with the medi-
cation regimen, given that patients with severe mental
illness may have medication-compliance issues result-
ing in exacerbations.

In this study, we collected clinical samples from
patients with mental illnesses who were taking anti-
psychotic drugs (CLP, CPZ, DAP, QTP, CPZ, ZRD,
RPD, PLD, OZP, and/or ASP) in the period between
April 2018 and May 2020. Consent for the use of the
patients’ clinical data for clinical study was signed by
the patients’ guardians. Blood samples obtained from
the clinic were centrifuged immediately at 5000 rpm
for 10 min at 4°C and the plasma layer was transferred
to Eppendorf tubes. Blank plasma was obtained from
the Hematology Department of Shengjing Hospital for
method development and validation.

Results and Discussion

Equipment Optimization

In this study, we chose the Phenomenex phenyl-hexyl
column (50.0 x 2.1 mm, 1.7 um) as the analytical
chromatographic column to produce symmetric sharp
peaks, appropriate retention times, and good separation
for all the tested antipsychotic drugs. It terms of the
mobile phase, we used methanol as the organic phase
because acetonitrile interacts with the phenyl-hexyl
column. We added 2 mM/L ammonium acetate and
0.1% formic acid (v/v) in the mobile phase (water
and methanol) to optimize ionization of the analytes.

Drug Design, Development and Therapy 2021:15
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The gradient elution method was applied to improve
the peak shapes of all the analytes (Table 1). Under
these chromatographic conditions, the retention times
were as follows: 1.26 min for OZP, 1.29 min for ASP,
1.36 min for PLD, 1.38 min for RPD, 1.40 min for
CLP and DAP, 1.41 min for QTP, 1.44 min for ZRD,
1.46 min for APZ, and 1.48 min for CPZ. In addition,
we found that a stronger and more stable signal could
be obtained in the positive compared with the negative
ion mode. The detected ion pairs for all analytes and
the main MS parameters are shown in Table 2. The
LLOQs of the 10 antipsychotic drugs were all >3-fold
lower than the minimum concentration required for
TDM according to the consensus guidelines (LLOQ/
recommendation: 25/350 ng/mL for CLP, 10/30 ng/
mL for CPZ, 2.5/20 ng/mL for RPD, 5/20 ng/mL for
PLD, 25/100 ng/mL for QTP, 25/100 ng/mL for APZ,
25/150 ng/mL for DAP, 5/20 ng/mL for OZP, 10/50 ng/
mL for ZRD, and 20/100 ng/mL for ASP).'¢

Method Validation

The method was fully validated using healthy human
plasma according to the European Medicines Agency”’
and US Food and Drug Administration guidelines for
bioanalytical method validation.**

Selectivity and Crosstalk

Typical UPLC-MS/MS chromatograms of analytes are
presented in Figure 1. The retention times of CLP,
CPZ, RPD, PLD, QTP, APZ, DAP, OZP, ZRD, and
ASP were 1.40, 1.48, 1.38, 1.36, 1.41, 1.46, 1.44,
1.26, 1.40, and 1.29 min, respectively. The endogenous
substances in the blank plasma samples did not inter-
fere with the determination of the analytes and ISs
based on the chromatograms. These results showed
that it was feasible to process plasma samples by
protein precipitation. In the selectivity analysis, we
tested 39 drugs and eight different blank human plasma
samples. No significant interference from exogenous or
endogenous compounds was detected in any of the
tests, and there was no obvious crosstalk between the
analytes and IS.

Linearity and LLOQ

Good linearity was obtained from the calibration curves at
concentration ranges of 25-1500 ng/mL for CLP, CPZ,
DAP, and QTP, 10.0-600.0 ng/mL for CPZ and ZRD,
2.5-150.0 ng/mL for RPD, 5.0-300.0 ng/mL for PLD

and OZP, and 20.0-1200.0 ng/mL for ASP. Typical equa-
tions of the calibration curves were as follows: y=0.0676x
+0.225 (r=0.9976, CLP), y=0.0023x+0.0026 (r=0.9992,
CPZ), y=0.0302x+0.0226 (r=0.9993, RPD), y=0226x
+0.0205 (r=0.9981, PLD), y=0.0169x-0.0173 (r=0.9983,
QTP), y=0.0170x+0.0119 (r=0.9988, APZ), y=0.0036x
+0.0124 (r=0.9978, DAP), y=0.0140x+0.0259 (1=0.9943,
0OZP), y=0.0018x+0.0210 (r=0.9976, ZRP), and
y=0.0065x-0.0030 (r=0.9986, ASP). The LLOQs of CLP,
CPZ, DAP, QTP, CPZ, ZRD, RPD, PLD, OZP, and ASP
were 25.0, 25.0, 25.0, 25.0, 10.0, 10.0, 2.5, 5.0, 5.0, and
20.0 ng/mL respectively.

Precision and Accuracy

The current method exhibited satisfactory precision
and accuracy. The intra- and inter-day precisions and
accuracies for CLP, CPZ, DAP, QTP, APZ, ZRD, RPD,
PLD, OZP, and ASP are summarized in Table 3. All
the accuracy and precision values were <10% for the
intra- and inter-day studies, respectively.

Recovery, Matrix Effect, and Carry Over

The recovery and matrix effects were evaluated using six
replicates of QC samples at three concentrations and LLOQ.
The extraction recoveries of CLP, CPZ, DAP, QTP, APZ,
ZRD, RPD, PLD, OZP, and ASP ranged from 96.64—
98.32%, 96.52-102.71%, 96.19-98.86%, 95.71-101.58%,
96.65-100.21%, 95.67-98.54%, 97.78-102.13%, 96.65—
98.62%, 95.23-99.43%, and 95.68%-98.75%, respectively,
and the extraction recovery of IS ranged from 98.6%-
101.32%. The absolute matrix effects were 96.73%-—
99.63% for CLP, 99.22%-102.42% for CPZ, 98.51%-
101.38% for RPD, 97.38-101.35% for PLD, 98.17-101.56%
for QTP, 97.25%-98.82% for APZ, 97.63%-99.82% for
DAP, 96.64%-98.58% for OZP, 97.24%-102.71% for ZRD,
and 96.49%-99.52% for ASP, suggesting no ionization
enhancement or suppression. The matrix effect of IS ranged
from 97.35%-102.20%. The results are shown in Table 3. In
addition, there was no significant carry-over effect for all
analytes and IS.

Stability

The stability of the analytes in human plasma is summar-
ized in Table 4. The simulated human plasma samples
showed good room temperature, freeze/thaw, long-term,
and autosampler stabilities. The stability tests thus ensured
the controllability of the sample processing process and
the accuracy of the results.
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Figure | Representative HPLC-MS/MS chromatograms for ten antipsychotic drugs in human plasma samples: (B) a blank plasma sample; (S) a blank plasma sample spiked

with ten antipsychotic drugs at LLOQ and IS, and (P) clinical plasma sample.

Dilution Integrity

The dilution integrities of the 10 analytes were investi-
gated by diluting the samples with the 15-fold concentra-
tion of ULOQ for each antipsychotic drug to the respective
QC level (Table 4). The dilution integrity was qualified,
indicating that diluting high-concentration clinical plasma
samples with blank plasma would not affect the accuracy
of the analysis results.

Application

In this study, we carried out TDM for 105 cases of
CLP, 170 cases of CPZ, 108 cases of QTP, 156 cases
of APZ, 129 cases of ZRD, 181 cases of RPD, 127
cases of PLD, 164 cases of OZP, and 94 cases of ASP
using the UPLC/MS-MS method (Table 5). Plasma
drug concentrations varied among individuals, even if
they were administered the same dose. To improve
treatment effects while avoiding side effects, we

hoped that the plasma drug concentrations would be
maintained between the lowest effective concentration
and the lowest toxic concentration. However, TDM
results demonstrated marked inter-individual variabil-
ity in plasma concentrations, producing trough concen-
trations lower than the MEC in 346 of 1234 patients
(28.0%) and trough concentrations higher than the
MTC in 194 of 1234 patients (15.7%). These results
demonstrated the need to monitor the blood concentra-
tions of antipsychotic drugs. There are several possible
reasons for these findings and differences. Diversity
and genetic polymorphisms of metabolic enzymes
might explain the large individual differences. For
example, CLP may be metabolized by CYP1A2,
CYP2C19, and CYP3A4 and OZP may be metabolized
by UGT1A4, CYP1A2, and CYP2D6, while RPD,
QTP, and APZ are predominantly metabolized by
CYP2D6 and CYP3A4.'’"** In addition to the

Drug Design, Development and Therapy 2021:15

submit your manuscript

473

Dove


http://www.dovepress.com
http://www.dovepress.com

Qi and Liu

PLD

A D
ASP
N
H

APZ-D8

Figure 2 Chemical structure diagram of analytes and internal standards.

effects of metabolic enzymes, we previously found
that all 10 drugs were substrates of P-gp, which
might further aggravate fluctuations in drug concentra-
tions. In contrast, PLD and ASP showed smaller fluc-
tuations than other drugs because >90% of ASP and
>60%

kidneys.'® In

of PLD are excreted unchanged via the

addition, metabolic enzymes and

SENees)

o F
N | "
\N
RPD
HN \ a < HN
N N
—/ K
APZ

ZRD

RPD-D4

transporter-mediated ~ pharmacokinetic  interactions
between antipsychotics and other drugs could also
lead to significant differences in plasma concentra-
The contribution of DAP should be considered
when monitoring the blood concentration of APZ,
because DAP is the active metabolite of APZ.

Finally, we should also consider drug-drug interactions

tions.
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Figure 3 The chromatograms of daughter scan of analytes and internal standards.

given that most antipsychotic drugs are substrates of
metabolic enzymes and P-gp. In brief, we successfully
applied a UPLC/MS-MS method for monitoring anti-
psychotic drugs, providing reliable theoretical support
for the individualized treatment of clinical patients.

Conclusions

In this study, we developed and validated a UPLC-MS
/MS method to allow the simultaneous quantification of
CLP, CPZ, RPD, PLD, QTP, APZ, DAP, OZP, ZRD,

and ASP in human plasma samples. The proposed
method could be used for TDM or pharmacokinetic
studies of these molecules. Furthermore, stable isotope-
labeled ISs, as the gold standard for absolute quantita-
tion, were chosen as the final ISs in our study, because
they can compensate for matrix effects and for varia-
tions in extraction recovery. Additionally, the method
only required a small volume (50 puL) of plasma, thus
making it suitable for TDM and for studying pharma-
cokinetics in young children. The TDM results
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Table 3 Methodology Verification Results of Precision, Accuracy, Extraction Recovery and Matrix Effect

Drug QC Inter-Day Precision Intra-Day Precision Accuracy Recovery Matrix Effect

Concentration (RSD %) (RSD %) (RE %) (ng/mL, RSD %) (ng/mL, RSD %)
(ng/mL)

CLP 25.0 4.35 4.19, 3.37,3.72 3.48 98.32+3.47 (4.28) 99.27+3.57 (4.22)
50.0 327 3.27,2.88,3.36 3.65 96.64+£3.98 (3.65) 97.64+4.32 (3.53)
500.0 3.68 3.01, 2.66, 5.99 -2.96 97.3613.63 (3.22) 96.73+3.86 (3.20)
1200.0 3.19 4.45,2.98, 1.76 5.44 97.71£4.01 (3.69) 99.63+4.65 (3.98)
CPZ 10.0 4.58 2.39,4.28,5.19 392 102.71£4.39 (4.29) 96.22+3.78 (3.98)
20.0 345 3.01,3.22,4.29 5.86 98.43+4.73 (3.17) 102.42+5.45 (4.64)
50.0 341 3.32,4.87,2.78 4.47 99.30£2.87 (2.11) 100.61+4.95 (4.11)
480.0 4.18 2.35, 3.89, 3.49 1.52 96.52+3.89 (3.32) 98.39+4.06 (3.46)
RPD 25 5.29 3.73,4.27, 4.38 3.48 98.36+3.65 (3.05) 100.54+4.54 (3.78)
5.0 4.26 4.43, 4.21, 3.57 5.21 102.13+2.34 (2.18) 101.38+4.45 (3.76)
25.0 3.1 3.06, 3.44, 3.29 —4.40 100.49+4.65 (3.42) 99.46+5.29 (4.15)
120.0 3.62 3.55, 3.24, 3.06 2.76 97.78+4.26 (3.79) 98.51+4.32 (3.64)
PLD 5.0 5.18 239, 3.27, 5.01 4.25 95.65+3.92 (3.66) 97.45+4.34 (4.01)
10.0 2.69 341,220,235 -3.20 96.65+3.56 (2.98) 98.42+3.43 (3.12)
50.0 342 3.02, 2.81, 3.24 2.61 98.3243.22 (3.12) 97.38+2.68 (2.68)
240.0 3.72 2.14,2.77, 2.86 3.85 98.62+3.96 (3.33) 101.35£3.67 (3.26)
QTP 25.0 3.05 2.34,3.17,2.99 —3.40 95.71+£4.20 (4.10) 98.17+4.33 (4.16)
50.0 372 3.43, 2.65,2.82 -5.31 101.58+3.55 (3.36) 98.45+3.87 (3.22)
500.0 3.88 3.38,4.07, 2.64 —4.03 99.4243.65 (3.65) 99.55+4.26 (3.87)
1200.0 245 3.78, 2.67, 2.75 -0.97 102.16+2.36 (2.15) 101.56+4.76 (3.99)
APZ 25.0 4.55 3.91,2.87, 3.88 4.26 96.9242.19 (2.78) 98.82+3.25 (3.16)
50.0 2.64 3.28, 223, 2.17 2.28 100.21+3.58 (4.33) 98.64£5.15 (4.49)
500.0 229 2.23,2.14,2.76 4.86 97.74+£3.45 (3.57) 97.95+4.18 (3.67)
1200.0 2.85 2.55,2.84,243 -3.71 96.65+2.76 (2.53) 97.25£3.15 (3.44)
DAP 25.0 3.77 3.21, 3.86,4.22 4.10 96.19£4.72 (4.11) 97.82+4.57 (4.35)
50.0 2.23 1.67, 243,272 —4.15 98.36+4.78 (3.75) 99.82+3.75 (4.32)
500.0 342 3.73,2.34,2.88 -2.09 97.25+3.98 (3.76) 99.32+4.48 (4.55)
1200.0 3.49 3.14,2.98, 3.32 5.19 98.86+4.75 (3.85) 97.63+3.27 (3.15)
ozp 5.0 3.64 222,348, 3.18 3.5 96.27+2.55 (2.37) 98.58+4.19 (4.22)
10.0 2.67 243, 3.03, 235 5.41 99.43£4.75 (4.43) 97.56+3.63 (3.88)
50.0 2.08 267,232,243 —4.12 95.2343.82 (3.43) 97.74+3.24 (3.54)
240.0 3.17 2.52,2.38,3.78 -2.14 96.75+3.64 (3.53) 96.64+4.74 (4.29)
ZRD 10.0 4.49 1.27, 439, 3.57 4.45 97.61+£3.44 (3.21) 98.35+3.33 (3.57)
20.0 2.53 233, 3.02, 2.95 -3.16 98.54+3.65 (3.92) 97.24+5.21 (4.67)
50.0 4.02 1.67, 3.04, 4.11 —4.71 97.87+3.86 (4.03) 102.71+£3.54 (3.93)
480.0 3.2 3.02, 321,273 -3.09 95.67+3.98 (3.96) 98.64+3.59 (3.68)
ASP 20.0 4.26 2.78, 3.89, 4.21 5.04 95.68+4.37 (4.36) 96.49+3.27 (3.45)
40.0 3.1 2.08, 2.43, 2.65 —4.61 97.98+3.66 (3.43) 97.24+3.21 (3.47)
200.0 3.18 3.23,2.95, 2.46 2.66 98.75+4.01 (3.92) 98.58+3.51 (3.62)
960.0 3.56 3.21,3.14,343 2.65 97.55+3.46 (3.72) 99.52+3.94 (4.17)

demonstrated marked inter-individual variability in
plasma concentrations of anti-psychotic drugs, with
about 40% of patients having plasma concentrations
outside the therapeutic window. In brief, the proposed

method provides a precise, accurate, specific, and sen-
sitive technique suitable for TDM in routine clinical
practice and for pharmacokinetic studies of CLP, CPZ,
RPD, PLD, QTP, APZ, DAP, OZP, ZRD, and ASP.
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Table 4 Stability of Ten Antipsychotic Drugs Under Various Storage Conditions (Data are Mean + SD, n=4)

Drug

QC Concentration

Room Temperature

—80 °C for 30 Days

Freeze-Thaw Cycles

Autosampler

Dilution Integrity

CLP

50.0
500.0
1200.0

20.0

50.34+1.86 (2.45)

504.28429.37 (3.53)

1187.43£50.41 (3.72)
20.74+1.17 (2.87)

50.67+1.74 (2.32)

500.11+27.73 (3.18)

1192.34+46.47 (3.55)
19.59+1.24 (3.03)

49.25%1.97 (2.92)

498.94+29.37 (3.77)

1189.22+48.32 (3.87)
20.04+1.35 (3.42)

48.97+2.68 (3.19)

502.0325.21 (2.87)

1196.94£43.24 (3.13)
18.99+1.32 (3.44)

49.87+2.21 (3.08)

497.34+24.32 (2.75)

1195.63+47.54 (3.68)
19.26%1.44 (3.65)

CpPzZ

50.0
480.0
5.0

50.1342.23 (3.03)
476.28+25.54 (2.74)
5.17+0.46 (3.72)

49.53%2.02 (2.83)
485.23£27.34 (3.02)
491:061 (434)

50.94£2.85 (3.73)
486.03£24.64 (2.59)
4.96+0.55 (3.86)

48.912.24 (3.11)
481.85£21.76 (2.17)
4.89+0.42 (3.51)

49.73%2.40 (3.13)
476.32424.37 (2.66)
5.08+0.57 (3.92)

RPD

25.0
120.0
10.0

24.89+1.24 (2.38)
118.73+5.89 (4.47)
10.34:0.84 (3.65)

24.99+1.34 (2.56)
122.07+4.82 (3.78)
9.85+0.64 (2.96)

25.14+1.08 (2.15)
119.38+3.65 (3.10)
10.1120.42 (2.29)

2521127 (2.40)
121.22+4.52 (2.88)
10.04£0.86 (3.76)

25.33+1.54 (3.04)
118.76+5.10 (4.03)
10.15£0.77 (3.17)

PLD

50.0
240.0
50.0

50.33%2.12 (2.53)
241.45211.49 (4.25)
50.04+2.55 (3.43)

50.18+2.98 (3.22)
242.32+10.74 (3.96)
49.82+2.63 (3.51)

49.36x2.89 (3.11)
238.27+9.23 (3.28)
49.96+2.45 (3.31)

50.11£2.54 (2.93)
239.7248.98 (2.34)
50.22+2.03 (2.51)

49.343.11 (4.57)
241.83+8.65 (2.11)
48.83+1.67 (2.26)

QTP

500.0
1200.0
50.0

502.35+20.77 (2.02)
1221.38+50.15 (3.67)
52.14£2.23 (2.65)

501.67+25.56 (2.63)
1204.84251.34 (3.75)
48.68+2.34 (2.87)

498.65£28.76 (2.89)
1209.67+54.55 (3.89)
49.98+2.12 (2.05)

497.65£29.63 (3.05)
1989.46+40.43 (2.82)
50.01%1.22 (1.98)

498.67+31.83 (3.32)
1197.45+42.78 (3.21)
50.2742.03 (2.16)

APZ

500.0
1200.0
50.0

501.15425.33 (2.65)
1196.45:+42.48 (3.08)
48.6742.32 (3.05)

505.53+27.28 (2.89)
1198.35+40.33 (2.81)
49.92+2.17 (2.87)

498.52+32.18 (3.21)
1206.53+47.73 (3.53)
52.1443.14 (3.87)

499.95+29.37 (3.03)
1210.68+50.54 (3.85)
51.93+3.19 (3.92)

503.32+25.63 (2.58)
1205.53:44.46 (3.39)
52.23+3.54 (4.36)

DAP

500.0
1200.0
10.0

496.58£26.64 (2.73)
1195.56+40.47 (2.78)
9.870.79 (3.42)

498.75+31.29 (3.36)
1209.11£45.56 (3.49)
9.58+0.89 (3.78)

499.47+30.42 (3.06)
1205.40+48.29 (3.74)
10.35£0.94 (3.87)

505.04+35.52 (3.68)
1197.27+42.56 (3.12)
10.380.64 (2.96)

507.26+38.44 (4.21)
1195.93£49.25 (3.88)
9.76+0.59 (2.62)

ozpP

50.0
240.0
20.0

49.35+1.67 (3.28)
243.43210.67 (3.72)
20.55+1.31 (5.22)

49.85+1.43 (3.05)
241.35%12.41 (4.16)
19.47+1.01 (3.42)

50.78+1.96 (3.89)
239.51£9.76 (3.62)
19.5620.88 (2.84)

49.37+1.67 (3.25)
237.8247.62 (3.05)
19.89+1.25 (4.76)

50.34%1.74 (3.43)
237.64+9.31 (3.42)
21.23+0.99 (3.36)

ZRD

50.0
480.0
40.0

48.78%1.54 (3.04)
47491£3.24 (3.88)
39.52£1.95 (3.97)

49.87+1.88 (3.46)
478.35£3.18 (3.78)
38.95£1.78 (3.78)

50.73%1.67 (3.22)
484.26+2.65 (2.89)
41.03£1.59 (3.62)

51.38£1.96 (3.82)
482.01£2.83 (3.21)
41.69%1.21 (3.02)

51.03£1.44 (2.87)
480.72+3.32 (4.03)
39.65+1.39 (3.22)

ASP

200.0
960.0

203.73£7.54 (3.28)
957.43+32.63 (2.15)

201.34£8.29 (3.76)
968.28+45.23 (3.78)

197.29+7.43 (3.15)
974.10+40.82 (3.32)

198.7146.66 (2.78)
954.93+38.95 (3.05)

196.95+7.39 (3.03)
959.46+43.83 (3.45)

Table 5 Determination Results of the Serum Concentration of Antipsychotic Drugs in Patients

Drug | Quantity of Effective Plasma MEC<Plasma Plasma
TDM Concentration Range Concentration< MEC Concentration<MTC Concentration>MTC

CLP 105 350-600 ng/mL 24 (22.9%) 63 (60.0%) 18 (17.1%)
CPZ 170 30-300 ng/mL 35 (20.6%) 110 (64.7%) 25 (14.7%)
RPD 181 20-60 ng/mL 43 (23.8%) 106 (58.6%) 32 (17.6%)
PLD 127 20-60 ng/mL 24 (18.9%) 91 (71.7%) 12 (9.4%)
QTP 108 100-500 ng/mL 24 (22.3%) 75 (69.4%) 9 (8.3%)

APZ 156 100-350 ng/mL 38 (24.4%) 90 (57.7%) 28 (17.9%)
DAP 156 150-500 pg/mL 78 (50.0%) 64 (41.0%) 4 (9.0%)

ozpP 164 20-80 ng/mL 31 (18.9%) 96 (58.5%) 37 (22.6%)
ZRD 129 50-200 ng/mL 32 (24.8%) 80 (62.0%) 17 (13.2%)
ASP 94 100-320 ng/mL 17 (18.1%) 65 (69.1%) 12 (12.8%)

Abbreviations: MTC, minimum toxic concentration; MEC, minimum effective concentration.
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