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1. Introduction

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder
after Alzheimer’s disease [1]. It is primarily defined by a constellation of motor
symptoms collectively referred to as Parkinsonism, which includes tremors, rigid-
ity, bradykinesia, and postural instability [2]. Data indicates that the incidence of
PD in individuals over the age of 65 in China is approximately 1.7%. PDP is a
prevalent and severe complication associated with PD, manifesting as hallucina-
tions and/or delusions. The lifetime prevalence of PDP among PD patients is as
high as 60%, significantly worsening the condition and impacting the patients’
quality of life [3].

Currently, PDP treatment primarily involves pharmacological interventions
aimed at symptom relief. The optimal approach to managing PDP typically in-
volves reducing the dosage of antiparkinsonian medications, such as dopamine
agonists, and, if necessary, introducing an antipsychotic medication if symptoms
persist [4] [5]. Clozapine and quetiapine are frequently utilized in clinical settings
due to their ability to alleviate psychotic symptoms without exacerbating motor
issues [6] [7]. However, clozapine’s use is restricted due to potential severe side
effects, including granulocytopenia, hypotension, excessive salivation, and pro-
nounced sedation [8]-[10]. Quetiapine, while also effective, can cause hypotension
and significant sedation, and is often poorly tolerated by patients [9] [11]. As of
April 2016, no clinically safe, effective, and well-tolerated drugs specifically for
PDP were available on the market.

Pimavanserin (Nuplazid), a highly selective inverse agonist of the 5-hydroxy-
tryptamine subtype 2A receptors, offers a unique advantage by targeting the 5-
HT,s receptors without affecting dopamine receptors. This selectivity helps to
avoid the side effects associated with dopamine receptor activation, such as invol-
untary tremors, which are common with many schizophrenia medications. In the
pivotal Phase III Study-020, Nuplazid was shown to significantly decrease the fre-
quency and severity of psychotic symptoms compared to a placebo, without ad-
versely affecting motor function [12]. Consequently, the U. S. Food and Drug Ad-
ministration (FDA) granted the drug approval for the treatment of Parkinson’s
disease psychosis with “Breakthrough Therapy” designation and “Priority Re-
view” [13] [14]. Pimavanserin tablets were released in April 2016 and, at that time,
were not yet accessible in China.

In the context of treating PDP, the importance of comparing different routes of
administration is particularly significant. Considering the clinical profile of the
PD patient population with psychiatric comorbidities, there are several challenges

associated with long-term oral medication use: 1. Dysphagia is prevalent, affecting
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13% of individuals aged 65 and older and a staggering 51% of those in nursing
homes [15]. Additionally, 38.74% of PD patients exhibit dysphagia symptoms
[16]. 2. Patients often experience significant mood swings, which can lead to non-
compliance with medication regimens and poor adherence to self-administered
medication schedules. 3. Pimavanserin’s oral absorption is relatively slow, with a
Tmax ranging from 4 to 24 hours in humans and exhibiting considerable inter-in-
dividual variability [17]. Furthermore, the decline in drug absorption and meta-
bolic capacity among elderly patients may lead to unstable therapeutic efficacy or
increased side effects of oral medications. Therefore, exploring alternative routes
of administration (such as nasal spray, intramuscular injection, and subcutaneous
injection) not only enhances medication adherence but also optimizes drug ab-
sorption and distribution, thereby better addressing the therapeutic needs of el-
derly PDP patients.

Emphasizing the suitability of administration routes for elderly PD patients is
one of the key focuses of this study. Given the unique physiological and patholog-
ical conditions of elderly PD patients, developing administration methods tailored
to their needs is of significant importance. For instance, nasal spray administra-
tion can bypass gastrointestinal absorption and rapidly enter the systemic circu-
lation, making it suitable for patients with dysphagia. Meanwhile, intramuscular
and subcutaneous injections can provide more stable drug release and reduce in-
ter-individual variability. These alternative administration routes not only en-
hance the bioavailability of drugs but also mitigate the risk of treatment interrup-
tion due to the inconvenience of oral administration, thereby improving the over-
all therapeutic outcomes and quality of life for patients.

In this study, we aim to develop and validate a rapid, sensitive LC-MS/MS
method for the simultaneous quantification of pimavanserin and its active metab-
olite in mouse plasma. We will apply this method to pharmacokinetic studies of
the parent drug and its active metabolite in mice following administration via na-
sal drip, intramuscular injection, and subcutaneous injection. The goal is to pro-
vide a foundational reference for the development of diverse dosage forms of pi-

mavanserin tailored to the specific needs of this patient population.

2. Experimental Methods
2.1. Reagents and Drugs

Pimavanserin tartrate (pimavanserin tartrate, 99.27% purity) was purchased from
Shanghai Taoshu Biotechnology Co. Ltd. Pimavanserin (ACP-103, purity
99.00%), AC-279 (purity 98.00%), verazolidone hydrochloride (internal standard,
is; purity 98.00%) were obtained from Shanghai Jizhi Biochemical Technology Co.
Ltd. Dimethyl sulfoxide (DMSO) was supplied by Sigma, USA. Formic acid was
purchased from J&K Scientific, Beijing, China. Acetonitrile and methanol were
purchased from Thermo Fisher Scientific, USA. Pure water was purchased from
Hangzhou Wahaha Group Co. Ltd.
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2.2. Animals

Healthy male C57BL/6] mice, weighing 19 - 21 g, were purchased from Beijing
Viton Lever Technology Co., Ltd, which holds Laboratory Animal Production Li-
cense No.: SCXK (Beijing) 2016-0001. The experimental animals were housed in
a well-ventilated room that was air-conditioned to maintain a stable temperature
of 16 to 26 degrees Celsius, relative humidity levels between 40% and 70%, and a
light/dark cycle of 12 hours each. All mice were provided with the same standard-
ized diet during the experimental period to ensure consistency in dietary compo-
sition and intake, thereby avoiding potential dietary variations that could influ-
ence drug metabolism. Throughout the experimental procedures, efforts were
made to minimize stress stimuli on the mice, ensuring gentle and consistent han-
dling. All mice were derived from the C57BL/6] strain, which is widely used in
pharmacokinetic studies due to its consistent genetic background, thereby reduc-
ing the impact of genetic variability on the results. Prior to the experiment, all
mice underwent health examinations to ensure the absence of any diseases or ab-
normal conditions. During the experiment, the health status of the mice was
closely monitored, and any individuals exhibiting abnormalities were promptly
excluded from the study. The above animal experiments were approved by the
Experimental Animal Ethics Committee of the Institute for Medical Research of
the Military Academy of Sciences (IACUC-DWZX-2024-P679).

2.3.LC-MS/MS Method

Mass Spectrometry Method: The analysis was performed using Electrospray Ion-
ization (ESI) in combination with Multiple Reaction Monitoring (MRM) in posi-
tive ion mode. The collision gas (CAD) was set at 7 psi; the curtain gas (CUR) at
35 psi; the nebulizing gas (GS1) at 55 psi; and the heating gas (GS2) also at 55 psi.
The ionization voltage (IS) was 4500 V, and the temperature was maintained at
550°C. The MS conditions for detecting ACP-103, AC-279, and vilazodone hy-
drochloride, including their respective second-level MS maps, are detailed in Ta-
ble 1 and illustrated in Figure 1. The specific mass transitions were as follows:
ACP-103 (m/z 428.2 > 223.4), AC-279 (m/z 414.4 > 209.3), and vilazodone hy-
drochloride (m/z 442.3 > 155.3).

Table 1. Mass spectrometry detection conditions for ACP-103, AC-279, and vilazodone hydrochloride.

chemical compound

m/z
ESI CE/eV DP/eV EP/eV  CXP/eV
Precursor Ion Product Ion

ACP-103 + 428.2 223.4 24 150 10 16
AC-279 + 414.4 209.3 20 180 10 16
Vilazodone hydrochloride (IS) + 442.3 155.3 60 260 10 16

Chromatographic Method: Separations were achieved using a Phenomenex

C18 column (3.0 mm x 50 mm, 2.6 um) with a mobile phase consisting of a mix-
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ture of 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile
(solvent B). The gradient elution program was optimized as follows: 10% B from
0.0 to 0.3 min; a linear increase to 90% B between 0.3 and 1.2 min; holding at 90%
B until 2.2 min; a decrease back to 10% B between 2.2 and 2.3 min; and finally,
maintaining 10% B from 2.3 to 3.0 min. The flow rate was set at 0.5 mL/min, the

column temperature was controlled at 40°C, and the injection volume was 1 uL.
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Figure 1. Secondary mass spectra of ACP-103 (A), AC-279 (B), and vilazodone hydrochloride (C).

2.4. Sample Processing

Plasma samples were processed using the protein precipitation method. The pro-
cedure began with the aliquoting of 10 uL of mouse plasma into a tube. Then, 10
uL of acetonitrile was added, followed by the introduction of 50 uL of an acetoni-
trile solution containing the internal standard, vilazodone hydrochloride, at a con-
centration of 100 ng/mL. The mixture was vortexed for 1 minute to ensure thor-
ough mixing. Subsequently, the samples were centrifuged at 14,000 x g for 10
minutes to precipitate proteins. After centrifugation, 40 uL of the supernatant was
carefully transferred and combined with 40 uL of a 50% acetonitrile solution, and
the mixture was vortexed again to facilitate further dilution and solubilization.

The resulting solution was then ready for analysis.

2.5. Methodological Validation

The method was validated in accordance with the ICH M10 guideline [18].
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2.5.1. Selectivity

To evaluate the selectivity of the method, chromatograms were compared across
different samples. These included blank plasma from six C57BL/6] mice, plasma
samples spiked with ACP-103, AC-279 standards, and the internal standard (IS),
as well as plasma samples collected from mice after various routes of ACP-103
administration. This comprehensive comparison ensured that the analytical
method was free from endogenous interferences and could accurately quantify the

target compounds in biological matrices.

2.5.2. Calibration Curve and Lower Limit of Quantification

Based on the blood concentration data from the preliminary pharmacokinetic
studies in C57BL/6] mice, it was established that the calibration curves for ACP-
103 and AC-279 in the plasma of these mice were linear over the concentration
range of 0.5 to 200 ng/mL. To construct these curves, 10 uL of blank mouse plasma
was spiked with 10 uL of a mixed working solution containing known concentra-
tions of ACP-103 and AC-279. This spiking process resulted in target concentra-
tions of 0.5, 1, 2, 5, 10, 20, 50, 100 and 200 ng/mL for both compounds in the
mouse plasma. Additionally, double-blank plasma samples (DB) and plasma sam-
ples containing only the internal standard (CB) were prepared to serve as controls.
The resulting calibration curves demonstrated high correlation coefficients with r
> 0.99, indicating excellent linearity. The lower limit of quantification (LLOQ)
was characterized by a relative standard deviation (RSD) < 20% and a relative er-
ror (RE) within + 20%, which is acceptable for initial method validation. For the
remaining concentration points, the RSD was < 15% and the RE was within +
15%, confirming the precision and accuracy of the method across the tested con-
centration range. These specifications ensure that the assay is robust and suitable
for the quantification of ACP-103 and AC-279 in the plasma samples of C57BL/6]

mice

2.5.3. Precision and Accuracy

Quality control (QC) samples containing ACP-103 and AC-279 at low, medium,
and high concentrations (0.5, 1.5, 15 and 150 ng/mL) were prepared in mouse
plasma (n = 6). These samples were analyzed across 3 analytical batches (n = 18),
with standard curves included to assess both intra-batch and inter-batch precision
(RSD) and accuracy (RE). The validation criteria were set as follows: for the lower
limit of quantification (LLOQ), RSD should be < 20% and RE within + 20%; for
the other QC samples, RSD should be < 15% and RE within + 15%.

2.5.4. Extraction Recovery and Matrix Effect

To assess the matrix effect, 10 pL of blank mouse plasma from 6 different individ-
uals was spiked with 10 uL of a mixed working solution of ACP-103 and AC-279
to achieve low and high QC concentrations of 1.5 and 150 ng/mL (n = 6), respec-
tively. After protein precipitation, the peak areas of ACP-103 and AC-279 were
determined. For comparison, the same volume of purified water was used in place

of blank plasma, following the same sample preparation procedure, and the peak
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areas of ACP-103 and AC-279 were measured. The matrix effect was calculated as
the ratio of the peak areas of ACP-103 and AC-279 in plasma samples to those in
pure water samples.

For the recovery assessment, plasma from six different individual blank mice
was pooled in equal volumes. From this pooled plasma, 10 puL was taken and
spiked with 10 uL of the working solutions of ACP-103 and AC-279 to achieve
low, medium, and high QC concentrations of 1.5, 15 and 150 ng/mL (n = 6). The
samples were then processed before and after protein precipitation to obtain the
peak area ratios of ACP-103 and AC-279. Extraction recoveries were calculated
based on these peak area ratios. This process allowed for the evaluation of the
efficiency of the protein precipitation method in isolating the analytes from the

plasma matrix.

2.5.6. Stability

Blank mouse plasma was prepared at low, medium, and high quality control con-
centrations of 1.5, 15 and 150 ng/mL (n = 3). The stability of the drug-containing
plasma samples was assessed through various storage conditions: at room temper-
ature for 4 hours, at 4°C for 4 hours, at —40°C for 7 days, after three cycles of
repeated freezing and thawing at —40°C, and for 24 hours at —40°C in the sample

compartment following deproteinization of the plasma samples.

2.5.7. Dilution Linearity and Carry Over

Since the drug concentration in plasma, collected at certain time points after high-
dose administration via nasal and intramuscular injections in mice, exceeded the
upper limit of quantification of the ACP-103 calibration curve, the accuracy of the
dilution of mouse plasma samples was verified. A 500 ng/mL plasma sample (n =
6) was prepared using blank mouse plasma and diluted 10-fold to achieve a con-
centration of 50 ng/mL.

Carry over: Immediately following the injection of the ULOQ (Upper Limit of
Quantification) sample, a blank mouse plasma sample was injected. The peak area
ratios of ACP-103, AC-279, and the internal standard in the blank sample were
compared to those of ACP-103, AC-279, and vilazodone hydrochloride in the
LLOQ (Lower Limit of Quantification) sample.

2.6. Pharmacokinetic Study in Mice

Male mice (C57BL/6], 19 - 21 g) were randomly assigned to 6 groups, with 6 mice
in each group [19]. Pimavanserin tartrate was administered at three different
doses (0.3, 1 and 3 mg/kg) via nasal drip, intramuscular injection, and subcutane-
ous injection, each in a single dose. Blood samples were collected intravenously at
time points of 0.033, 0.083, 0.25, 0.5, 1, 2, 4, 6, 8 and 12 hours post-administration
of pimavanserin tartrate. Each blood sample volume was 30 uL, placed in hepa-
rinized centrifuge tubes, and centrifuged at 2500 x g for 5 minutes to obtain
plasma samples, which were then stored at —40°C for subsequent analysis. The

administration volume for plasma samples was 0.4 mL/kg via nasal drip and 5
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mL/kg via intramuscular and subcutaneous injection.

2.7. Statistical Analysis

Sample concentrations were determined from the respective standard curves us-
ing the LC-MS/MS instrument software. The plasma pharmacokinetic parameters
for ACP-103 and AC-279 in mice were calculated employing the non-compart-
mental analysis (NCA) model in WinNonlin 8.1 software. Data plotting was con-
ducted with GraphPad Prism 8 software. Statistical analyses were carried out using
SPSS software, with all measurements expressed as Mean + SD. For comparisons
between groups, ANOVA and t-tests were utilized for statistical evaluation, and

significant differences were defined as p-values less than 0.05.

3. Results and Discussions
3.1. Method Selectivity

Figure 2 displays the chromatograms of blank mouse plasma, mouse plasma
spiked with ACP-103, AC-279, and the internal standard vilazodone hydrochlo-
ride, as well as plasma samples containing the drug post-administration. The re-
tention time for ACP-103 in mouse plasma is 1.64 minutes; for AC-279, it is 1.63
minutes; and for the internal standard vilazodone hydrochloride, it is 1.51

minutes. A baseline separation was achieved, indicating excellent selectivity.
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0f 200 ng/mL ACP-103 and AC-279; C: Plasma sample of mice after intramuscular injection of pimavanserin
tartrate (3 mg/kg) for 15 min.

Figure 2. Representative chromatograms of ACP-103 (I), AC-279 (II) and vilazodone hydrochloride (III) in
mouse plasma samples.
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3.2. Calibration Curve and Lower Limit of Quantification

The corresponding calibration curves were derived following weighted (1/X?) re-
gression analysis, with the concentrations of ACP-103 and AC-279 (in ng/mL)
plotted on the horizontal axis and the ratio of the peak areas of ACP-103 and AC-
279 to that of vilazodone hydrochloride, the internal standard, on the vertical axis.
The resulting linear equations were Y = 0.0511X + 0.00957 (with a correlation
coefficient r = 0.9964) for ACP-103,and Y =0.0172X + 0.00116 (with a correlation
coefficient r = 0.9957) for AC-279. These linear relationships indicate a strong

correlation, as depicted in Figure 3.
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Figure 3. Calibration curves of ACP-103 (A) and AC-279 (B) in mouse plasma samples.

3.3. Precision and Accuracy

LLOQ for ACP-103 in mouse plasma showed intra-day and inter-day accuracy
ranging from 97.43% to 101.99%, and precision within 20%. For AC-279 in mouse
plasma, the LLOQ demonstrated intra-day and inter-day accuracy between
93.62% and 100.59%, with precision within 10%, satisfying the methodological
requirements. The intra-day and inter-day accuracy for AC-279 in mouse plasma
was within the range of 103.42% to 105.50%, and the precision was within 10%.
The accuracies for the other quality control (QC) samples were within 93.62% to
100.59%, and the precision was within 10%, as presented in Table 2. These results

comply with the established methodological criteria.

Table 2. Precision and accuracy of ACP-103 and AC-279 in mouse plasma.

Concentration Intra-day (n = 6) Intra-day (n = 18)
Analytes
(ng/mL) Accuracy (%) RSD (%) Accuracy (%) RSD (%)

0.5 97.43 £ 9.80 10.06 101.99 £ 9.98 9.79

1.5 90.87 £ 7.70 8.47 93.68 £ 6.13 6.54
ACP-103

15 104.67 £ 10.72 10.24 99.78 + 8.59 8.61

150 102.13 £ 12.53 12.27 99.05 +7.61 7.68

0.5 105.5 + 4.04 3.83 103.42 £ 6.41 6.20

1.5 93.62 +7.94 8.48 97.92 + 8.25 8.43
AC-279

15 99.45 +9.79 9.84 100.16 + 7.66 7.65

150 95.62 +7.44 7.78 100.59 + 6.81 6.77
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3.4. Extraction Recovery and Matrix Effects

The extraction recoveries of ACP-103 and AC-279 in mouse plasma, at low, me-
dium, and high concentrations, were found to be within the range of 96.10% to
102.64%. The matrix effects for ACP-103 and AC-279 were 98.55% to 101.23%
and 100.00% to 102.06%, respectively, indicating no significant matrix effect. The
specific data are detailed in Table 3, confirming that the methodology fulfills the

requirements.

Table 3. Extraction recoveries and matrix effects of ACP-103 and AC-279 in mouse plasma (n = 6).

Analytes concentration (ng/mL)  Extraction recovery (%) Matrix effect (%) Matrix effect RSD (%)

1.5 99.30 £5.54 98.55 £ 5.57 5.65
ACP-103 15 98.74 + 3.96 - -

150 102.64 £ 2.54 101.23 £ 5.15 5.09

1.5 99.42 +11.39 100.00 + 13.35 13.35
AC-279 15 96.10 £ 6.14 - -

150 102.12 £ 4.31 102.06 £ 1.91 1.87

3.5. Stability

When comparing the prepared QC samples with freshly prepared QC samples
after storage under various conditions, the accuracy of the ACP-103 stability sam-
ples was within 90.53% to 103.77%, with precision (RSD) within 13.24%. Simi-
larly, the accuracy of the AC-279 stability samples was within 86.97% to 103.63%,
and the precision (RSD) was within 8.48%. These results demonstrate that both
ACP-103 and AC-279 are stable under the tested conditions, as shown in Table 4.
The precision (RSD) for all samples was within 8.61%, confirming the stability of
ACP-103 and AC-279 under the specified conditions, with the specific data pre-
sented in Table 4.

Table 4. Stability of ACP-103, AC-279 in mouse plasma under various conditions (Mean * SD, n = 3).

Room temperature In auto-sampler Freeze-thaw
P 4°Cfor24h P ) ~40°Cfor 7 d
Concentration for 24 h for 24 h three times
Analytes
(ng/mL) Accuracy RSD  Accuracy RSD  Accuracy RSD  Accuracy RSD Accuracy RSD
% % % % % % % % % %
1.5 95.67 +1.47 154 101.63+£7.63 7.51 92.33+741 8.03 93.43+0.90 096 96.53 £9.68 10.03
ACP-103 15 96.77 £8.16 843 91.70+291 3.17 90.53+7.22 798 9497 +6.46 6.80 95.07 £4.43 4.66
150 97.37 £8.03 825 103.77 £9.12 8.79 102.90 + 13.62 13.24 100.13 + 8.55 8.54 92.67 £ 5.41 5.84
1.5 89.67 £3.18 3.55 9290+547 589 90.20+2.78 3.08 86.97 047 0.54 88.2%0.75 0.85
AC-279 15 96.47 +5.28 547 9243+6.67 7.22 93.67+625 6.67 96.17+595 6.19 90.00+1.61 1.79
150 9553 +4.83 5.06 103.63+7.41 7.15 102.3+8.68 8.48 103.33+7.64 7.39 9563 +4.1 4.29
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3.6. Dilution Linearity and Carry Over

Dilution linearity: Mouse whole blood samples, after being taken, were centri-
fuged to obtain supernatants, which were then diluted 10-fold. The accuracy of
both ACP-103 and AC-279 in mouse plasma was found to be within the range of
85% to 115%, meeting the methodological requirements, as illustrated in Table 5.

Carry over: Blank samples were analyzed immediately following the analysis of
ULOQ samples. For the analytes ACP-103, AC-279, and vilazodone hydrochlo-
ride, no peaks were observed in the blank samples that exceeded 20% of the LLOQ.
This indicates that the method is suitable for determining samples with unknown

concentrations, as it demonstrates negligible carry-over effects.

Table 5. Dilution linearity of ACP-103, AC-279 in mouse plasma (Mean + SD, n = 6).

Analytes Diluted 10 times (ng/mL) Accuracy (%)
ACP-103 49.62 +1.88 99.20 £ 3.79
AC-279 49.15 £ 2.73 98.28 £ 5.46

3.7. Comparison of Pharmacokinetics in Mice with Different
Routes of Administration of ACP-103

The mean drug-time curves in plasma and the principal pharmacokinetic param-
eters for mice following administration of ACP-103 at varying doses (0.3, 1 and 3
mg/kg) through nasal drip, intramuscular injection, and subcutaneous injection
are depicted in Figures 4-5 and detailed in Table 6. Mice that received pimavan-
serin tartrate via different administration routes exhibited distinct drug exposure
profiles: the nasal drip administration of ACP-103 resulted in the highest drug
exposure and the briefest residence time; whereas, the subcutaneous administra-
tion of ACP-103 showed the lowest exposure and the most extended residence
time. ACP-103 administered via nasal drip demonstrated the highest exposure
and the shortest residence time in vivo, whereas ACP-103 given via subcutaneous
injection displayed the lowest exposure and the longest residence time in vivo.
With varying doses post-administration, all three routes displayed an increasing
trend in drug concentration. However, the nasal drip route offered the most linear
drug exposure, and both intramuscular and subcutaneous injections exhibited a

disproportionate and significant increase as the dose increased.
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Figure 4. Mean concentration-time curves of pimavanserin after administrated to mice by different

routes across different doses (Mean * SD, n = 6).
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Figure 5. Comparison of major pharmacokinetic parameters of ACP-103 in mice after administration of pimavanserin
tartrate by different routes (Mean + SD, n = 6).

Table 6. Main pharmacokinetic parameters of ACP-103 in mice after administration of pimavanserin tartrate by different routes

(Mean + SD, n = 6).

i.n. i m. S. C.
Parameters Unit
0.3 1 3 0.3 1 3 0.3 1 3
e h 0.86 0.90 1.58 0.55 0.93 1.5 0.61 0.98 1.02
+0.42 +0.30 +0.73 +0.09 +0.18 +0.34 +0.07 +0.25 +0.15%
Co oM 164.60  687.0 2309 60.39 226.32 1091 43.07 220.19 363.74
+4575 +449.0 +1156 +10.36™ +62.27 +272" +28.87"  +171.54" =+ 604" &&&
To h 0.16 0.09 0.03 0.07 0.04 0.04 0.06 0.09 0.11
+0.1 £0.08 +0 +0.09 +0.02 +0.02 +0.03" +0.08 +0.07"%
Con/Dose nM x 548.67 686.98  769.72 201.3 226.32 363.61 143.57 220.19 121.25
kg/mg +152.50 +449 +38539 +3452 +£6227  +90.58* +96.24 +171.54 +20.31
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Continued
67.79 219.28 555.63 27.94 137.53 676.69 20.24 115.63 450.40
AUCq-y h x nM -
+11.14 +99.34 +194.73 +1.31%& +2796 +122.71 +4.65"%  +3293 + 63.93%
73.16  222.96 560.77 30.03 141.23 689.79 22.96 122.55 454.98
AUC(0- ) h x nM
+16.04 +99.78 +197.01 +1.82 +29.12 + 133.26 + 4.45 + 30.26 + 64.22
0.64 0.68 0.59 0.67 0.92 1.16 0.85 1.03 1.32
MRT-y h . . . -
+0.19 +0.24 +0.14 +0.10 +0.09 +0.26 +0.14% +0.21 +0.11
hxnM x 22596 219.28 185.21 93.13 137.53 225.56 67.47 115.63 150.13
AUC(-y/Dose

kg/mg +37.13 £99.34 +64.91 +4.37  +£27.96" +40.90*  +15.51 +32.93%  +21.31%

#P < 0.01; *P < 0.001 compared with the low dose group. 'P < 0.05; “P < 0.01; ™"P < 0.001, same dose compared with nasal drip. P
< 0.05; P < 0.01; &P < 0.001, at the same dose compared with intramuscular injection.
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Figure 6. Comparison of major pharmacokinetic parameters of AC-279 in mice after
administration of pimavanserin tartrate by different routes (Mean + SD, n = 6).
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Figure 7. Concentration-time curves of AC-279 in mice after administration of pimavan-
serin tartrate (3 mg/kg) by different route (Mean + SD, n = 6).

For the metabolite AC-279, the active metabolite was detectable only after ad-
ministration of a high dose of pimavanserin tartrate (3 mg/kg) via different routes,
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with a low product generation rate. The plasma mean drug-time curves and the
main pharmacokinetic parameters are presented in Figures 6-7 and Table 7. The
results indicated that among the three administration routes, the in vivo residence
time of AC-279 was the shortest following intranasal drip and the longest follow-
ing subcutaneous injection. The longest residence time was associated with sub-
cutaneous injection, while the highest peak concentration was observed after nasal
drip, and the lowest peak concentration was seen after subcutaneous injection,
aligning with the absorption characteristics of the parent drug. There were no sig-

nificant differences in overall exposure and product conversion rate.

Table 7. Main pharmacokinetic parameters of AC-279 after administration of pimavan-
serin tartrate 3 mg/kg via different routes (Mean + SD, n = 6).

Parameters Unit i n. i.m. S. C.

ti2 h 1.59 £ 0.74 1.63 £0.52 1.99 + 0.46

Tnax h 0.40 £0.14 0.46 £ 0.1 0.70 £0.27

Cnax nM 9.77 £ 3.45 8.48 +2.65 5.65 + 1.06

AUC-y hxnM 1595+8.12 14.75+8.65 14.39+1.67

AUC-y hxnM 2035+9.70 20.02+9.41 19.60 £+ 1.62

MRT-v h 2.11£0.73 2.62 £ 0.69 4.50 = 1.05
AUC-+t,ac-279/AUC0 - t, Acp-103) % 2.56 £1.33 2.42 +1.70 3.17 £ 0.64

*P < 0.05, same dose compared with nasal drip.

4. Discussion

ACP-103, a medication for the treatment of PDP, is currently available as an oral
drug, which does not adequately address the clinical needs of elderly PDP patients.
To develop formulations suitable for intranasal, intramuscular, and subcutaneous
administration, corresponding pharmacokinetic studies are necessary. Since mice
are the animal model used for PDP pharmacodynamic studies [20], this study com-
pared the pharmacokinetic profiles of varying doses of ACP-103 administered
through nasal drip, intramuscular injection, and subcutaneous injection in mice.

It is known that AC-279 is the active metabolite of ACP-103 [17], hence this
paper established an LC-MS/MS method for the simultaneous determination of
ACP-103 and AC-279 concentrations in mouse plasma. This method, character-
ized by its simplicity, speed, and sensitivity, has been successfully applied to the
pharmacokinetic study of ACP-103 in mice.

Before developing a method for the simultaneous quantification of ACP-103
and AC-279, it was essential to determine their quantitative linear ranges to accu-
rately depict their in vivo processes. Ezzeldin E et al [21] have reported a UPLC-
MS/MS method for quantifying ACP-103 in mouse brain tissue for brain distri-
bution studies. Shixiao Wang et al [22] developed a UPLC-MS/MS method for
quantifying ACP-103 in rat plasma, but with a limited quantification range of 1 -
80 ng/mL. Tingting Ma et al. [23] established an LC-MS/MS method for determin-
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ing ACP-103 in Beagle plasma, with a sample analysis time of 4.5 minutes, which is
less efficient. None of these methods were designed for the simultaneous quantifi-
cation of the active metabolite AC-279. This study optimized an LC-MS/MS method
for the simultaneous determination of ACP-103 and AC-279, finding that the best
chromatographic peak shape was achieved using acetonitrile precipitation for pro-
tein removal. To effectively eliminate proteins and endogenous interferences from
plasma, a six-fold volume of acetonitrile was used for protein precipitation. Chro-
matographic separation was carried out on a C18 column with a mobile phase of
water (containing 0.1% formic acid) and methanol (containing 0.1% formic acid)
using gradient elution. The analysis time for each sample was reduced to just 3
minutes, enhancing detection efficiency. Additionally, no cross-interference was
observed despite the close retention times of ACP-103 and AC-279 (ACP-103 at
1.64 minutes and AC-279 at 1.63 minutes). The methodology was validated to sat-
isfy the requirements of the pharmacokinetic study.

In this study, ACP-103 demonstrated an exceptionally rapid absorption rate in
mice following administration via three distinct routes, with minimal inter-indi-
vidual variability. This characteristic is a significant advantage in addressing the
challenges of dysphagia in critically ill patients and the substantial inter-individual
differences observed in oral administration in humans. The intranasal administra-
tion route exhibited the highest drug exposure (Cn.x) and the shortest time to peak
concentration (Tma), primarily attributed to the unique physiological structure of
the nasal mucosa. The nasal mucosa is characterized by a rich vascular network and
a large surface area, allowing drugs administered intranasally to rapidly pass
through the mucosal epithelial cells and enter the systemic circulation, thereby by-
passing the hepatic first-pass effect and significantly enhancing the drug’s bioavail-
ability. Additionally, the ciliary movement and mucus layer on the nasal mucosa
further facilitate the rapid absorption of the drug. In contrast, the intramuscular
administration route benefits from the high vascular density and ample blood sup-
ply in muscle tissue. Once the drug diffuses from the injection site into the sur-
rounding tissue, it can promptly enter the bloodstream via capillaries. On the other
hand, the subcutaneous administration route demonstrates the lowest drug expo-
sure and the longest residence time in the body, due to the relatively low vascular
density and slower blood flow in subcutaneous tissue, which prolongs the time re-
quired for the drug to enter the systemic circulation from the injection site.

The generation rate and exposure of AC-279 varied significantly among differ-
ences administration routes. Under the intranasal administration route, AC-279
demonstrated the fastest generation rate and the shortest time to peak concentration
(Tmax), whereas under the subcutaneous injection route, its generation rate was the
slowest, and the Twm. was the longest. This phenomenon was consistent with the
absorption characteristics of the parent drug, ACP-103, indicating that the genera-
tion rate of AC-279 was closely related to the absorption rate of ACP-103. In the
case of intranasal administration, ACP-103 rapidly entered the systemic circula-

tion, thereby accelerating its conversion in the liver and other metabolic tissues to
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generate AC-279. In contrast, under the subcutaneous injection route, the slower
absorption rate of ACP-103 resulted in a corresponding reduction in the genera-
tion rate of AC-279. As an active metabolite of ACP-103, AC-279 may possess
similar or even stronger 5-HT,4 receptor antagonistic effects compared to the par-
ent drug, thereby enhancing the antipsychotic efficacy of the treatment. Under the
intranasal administration route, the rapid generation of AC-279 may contribute
to the swift alleviation of hallucinations and delusions in patients with Parkinson’s
disease psychosis (PDP). Furthermore, the intranasal administration route exhib-
ited the highest product conversion rate for AC-279, while the subcutaneous in-
jection route showed the lowest conversion rate. This phenomenon may be related
to the metabolic pathways and enzyme activities of ACP-103 under different ad-
ministration routes. Under intranasal administration, the rapid absorption of
ACP-103 may accelerate its metabolic rate in the liver, thereby increasing the gen-
eration of AC-279. In contrast, under subcutaneous injection, the slower absorp-
tion of ACP-103 may reduce its metabolic rate in the liver, leading to a decrease
in the generation of AC-279.

The intranasal administration route does not require swallowing, making it
particularly suitable for elderly PDP patients with dysphagia, thereby improving
medication adherence. The intramuscular injection route is well-suited for hospi-
talized patients, especially those requiring long-term monitoring and treatment
for PDP. The subcutaneous injection route is ideal for home care settings, partic-
ularly for PDP patients who need long-term treatment and cannot frequently visit
healthcare facilities. Compared to traditional oral administration, the intranasal,
intramuscular, and subcutaneous administration routes offer significant ad-
vantages in terms of drug absorption rate, bioavailability, and drug release stabil-
ity. These findings provide crucial insights for the development of pimavanserin
dosage forms, particularly for personalized treatment strategies targeting elderly
patients with Parkinson’s disease psychosis.

In conclusion, this study successfully developed a new LC-MS/MS method for
the simultaneous quantification of ACP-103 and its active metabolite AC-279 in
mouse plasma. This method is marked by its straightforward operation, high sensi-
tivity, and suitability for rapid detection of drug concentrations in mouse plasma.
The pharmacokinetic profiles of nasal drip, intramuscular injection, and subcuta-
neous injection exhibited some differences, with higher exposure observed after na-
sal drip and intramuscular injection of ACP-103, and slightly lower exposure fol-

lowing subcutaneous injection.
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