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Clinical symptoms of Parkinson’s disease (PD) are classified into motor and non-
motor symptoms. Mental disorders, especially depression, are one of the major
non-motor manifestations of PD. However, the underlying mechanisms remain
poorly understood. In the present study, 21 neurotransmitters associated with
mental disorders were measured in serum samples from patients and controls using
the ultra-high performance liquid chromatography—tandem mass spectrometry
(UPLC-MS/MS) assay. Additionally, five clinical scales—the MDS Unified Parkinson’s
Disease Rating Scale (UPDRS), the Non-Motor Symptoms Scale (NMSS), the Mini-
Mental State Examination (MMSE), the Hamilton Anxiety Scale (HAMA), and the
Hamilton Depression Scale (HAMD)—were used to evaluate the severity of both
motor and non-motor symptoms in PD patients. Analysis of neurotransmitter
metabolism revealed significant changes in the tryptophan (Trp) metabolic pathway
in PD patients. Specifically, levels of Trp, kynurenine (KYN), kynurenic acid (KA),
nicotinamide (NAM), and 5-methoxyltryptamine (MeOTA) were substantially
decreased. Additionally, three other excitation/inhibiting amino acids—glutamic
acid (Glu), 4-aminobutyric acid (GABA), and aspartic acid (Asp)—also declined.
Moreover, neurotransmitter conversion ratios, such as KA/KYN, nicotinamide/
niacin (NAM/NA), 5-hydroxytryptophan/tryptophan (5-HTP/Trp), and quinolinic
acid/kynurenic acid (QA/KA), provided more dynamic insights into disrupted
neurotransmitter metabolism. Correlation analyses between scale scores and
neurotransmitter levels showed that concentrations of xanthurenic acid (XA) and
the turnover rate of 3-hydroxykynurenine (3-HK) were negatively correlated with
UPDRS scores, while 5-hydroxytryptamine (5-HT) and GABA levels were negatively
correlated with non-motor symptoms in PD patients. In summary, this study
elucidates, for the first time, the potential association and dynamics between
altered neurotransmitter metabolism and the etiology of PD in terms of motor
and non-motor functions. These findings offer novel biomarkers and therapeutic
targets for the treatment of PD.

KEYWORDS

Parkinson'’s disease, motor and nhon-motor symptoms, UPLC-MS/MS, neurotransmitter
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1 Introduction

Parkinson’s disease (PD) is the second most prevalent
neurodegenerative disorder worldwide, following Alzheimer’s disease,
and it is a multifactorial condition with largely unknown etiology
(Cacabelos, 2017; Frisardi et al., 2016). Currently, PD imposes a
significant burden on society, affecting more than 1% of the population
over the age of 60 years (O Breasail et al., 2022; Shao et al., 2021). A
report from 2015 in Tianjin, China, indicated that the average annual
cost of PD per patient had increased to $3,225.94, with direct medical
expenses amounting to $1,737.93 (Li et al., 2019).

PD is characterized by a wide range of symptoms, encompassing
both motor symptoms (e.g., bradykinesia, muscle tonus, postural
balance disorders, and resting tremor) and non-motor symptoms (e.g.,
olfactory disturbances, sleep disturbances, urinary and fecal
dysfunction, and depression; Armstrong and Okun, 2020; Zhang et al.,
20225 Dong et al., 2023). Notably, depression is one of the most
prominent non-motor manifestations and a common neuropsychiatric
comorbidity in PD (Jiang et al., 2023). Approximately 40-50% of
patients experience depression, with 17% of them suffering from
major depressive disorder (Stocchi et al., 2023). Depression can
exacerbate dyskinesia, impair cognitive function, and severely impact
patients’ quality of life (Pontone et al., 2016). Notably, non-motor
symptoms may precede the onset of motor symptoms, highlighting its
value for early diagnosis and intervention.

Several studies have shown that numerous active metabolites of
the tryptophan (Trp) metabolic pathway are involved in the
pathogenesis of PD (Behl et al., 2021; Zhang et al., 2021; Lovelace
et al, 2017; Lim et al., 2017). However, most of this research has
focused on specific key neurotransmitters and animal models, with
limited data available from population-based studies..

For the Trp metabolic pathway, approximately 95% of the Trp is
converted into KYN, and the downstream metabolites and KYN act
as modulators of the immune response and are associated with
neurotoxicity and neuroinflammation in PD (Fathi et al., 2022). Even
under healthy conditions, 3-hydroxykynurenine (3-HK) and
3-hydroxyanthranilic acid (3-HAA), the two key downstream
metabolites of KYN, can lead to the production of large amounts of
free radicals, cause oxidative stress and mitochondrial damage, and
finalize central nervous system (CNS) disorders (Qin et al., 2022).
Notably, the aberrant 3-HK increase facilitates downstream levels of
quinolinic acid (QA), a toxic metabolite that activates the n-methyl-
d-aspartate (NMDA) receptor, leading to excitotoxicity and
accelerated inflammatory responses in a positive-loop property.
Reciprocally, kynurenic acid (KA), another metabolite of KYN, serves
as an antagonist of NMDA receptors and exhibits neuroprotective
effects, attenuating PD symptoms in both in vivo and in vitro studies
(Mor et al., 2021; Zhang et al., 2019).

The 5-hydroxytryptamine-Trp metabolic pathway is recently
reported to be associated with the pathogenesis of PD, which
displays significant alterations in the 5-HT-ergic system, such as
reduced levels of 5-hydroxyindole acetic acid (5-HIAA) and
reduced expression of the rate-limiting enzyme of 5-HT
biosynthesis, tryptophan hydroxylase (TPH; Jing et al., 2023; Zarate
et al., 2022; Pasquini et al., 2018). Studies have shown that 5-HT
transporter (SERT) availability is reduced in the caudate-putamen
region in human carriers of mutations associated with genetic PD,
and the alteration precedes dopaminergic lesions and the onset of
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motor symptoms, suggesting that 5-HT ergic dysfunction may
serve as an early warning of PD (Wile et al., 2017; Wilson
etal., 2019).

In addition to the Trp metabolic pathway, some other inhibitory
or excitatory neurotransmitters also exert critical roles in the
development of PD. It was recently found that aberrant expression of
4-aminobutyric acid (GABA) transporters may lead to olfactory
dysfunction in a PD mouse model, an effect that was significantly
improved after the treatment of GABA reuptake agents (Liu et al.,
2023). Meanwhile, previous magnetic resonance spectroscopy (MRS)
studies in PD patients revealed an increased GABA/Glu ratio in the
substantia nigra (Oz et al., 2006). The precursor substance of GABA,
glutamate (Glu), mediates the excitatory signals. Accumulation of
glutamate beyond physiological limits at the synapse is toxic and
triggers apoptosis due to Ca** overload upon overstimulation of
glutamate receptors in PD (lovino et al., 2020). In addition, as an
active ingredient in the treatment of muscle-related movement
disorders, the excitatory neurotransmitter aspartate (Asp) and the
inhibitory neurotransmitter glycine (Gly) have been found to
be homeostatically disrupted in the plasma of PD patients (Iwasaki
etal., 1992).

However, there are few studies on the correlation between
non-motor symptoms and disturbed neurotransmitter metabolism in
serum in patients with PD. Thereby, the ultra-high performance liquid
chromatography-tandem mass spectrometry (UHPLC-MS/MS)
assay was exploited in the present study to investigate the serum
amino acid metabolism, including the Trp pathway and the excitatory/
inhibitory amino acid metabolic pathway in PD patients (Figure 1).
Meanwhile, the correlation between the levels of the neurotransmitters
and the PD-related symptom scale scores was assessed, which may
provide novel insights into the clues and rationale for diagnosing and
treating clinical PD.

2 Materials and methods
2.1 Patient and control recruitment

This study was conducted in collaboration with Jiangsu Provincial
People’s Hospital and approved by the Ethics Committee of Nanjing
Medical University (Ethics No.2022-SR-372). All participants signed
an informed consent form. Middle-aged and elderly patients (aged
50years and above) who clinically presented to the hospital with
complaints of Parkinson’s disease were selected for the study. Patients
with Parkinson’s disease were diagnosed and assessed according to the
MDS Unified-Parkinson Disease Rating Scale (UPDRS), the
Non-Motor Symptoms Scale (NMSS), the Mini-Mental State
Examination (MMSE), the Hamilton Anxiety Scale (HAMA), and the
(HAMD).
demographic information on individuals was collected from the

Hamilton Depression Scale Meanwhile, baseline
patient’s hospital registry at the time of admission. The control group
consisted of inpatients from other departments whose gender and
some demographic information matched those in the medical record
group, and they were assessed using the scale and by professional
clinicians to ensure that they did not have Parkinson’s disease. In
addition, the exclusion criteria for all individuals included (1)
non-secondary or atypical Parkinson’s disease, (2) family history of
Parkinson’s disease, and (3) inability to complete clinical assessments.
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FIGURE 1

aspartic acid; Ado, adenosine.

Neurotransmitter metabolic pathways of tryptophan and excitatory/inhibitory amino acids. Neurotransmitters and metabolites: Trp, tryptophan;
KYN, kynurenine; 3-HK, 3-hydroxykynurenine; 3-HAA, 3-hydroxyanthranilic acid; KA, kynurenic acid; XA, xanthurenic acid; QA, quinolinic acid; PA,
picolinic acid; NA, niacin; NAM, nicotinamide; 5-HTP, 5-hydroxytryptophan; 5-HT, 5-hydroxytryptamine; 5-HIAA, 5-hydroxyindole acetic acid; NAS,
N-acetyl-5-hydroxytryptamine; MLT, melatonin; MeOTA, 5-methoxyltryptamine; Glu, glutamic acid; GABA, 4-aminobutyric acid; Gly, Glycine; Asp,
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2.2 Sample collection

Fasting blood was collected and centrifuged, after which the
supernatant was dispensed into 2 ml centrifuge tubes and wrapped in
plastic sealing film to prevent leakage. The samples were immediately
transferred to a —80°C refrigerator for storage.

2.3 UHPLC-MS/MS neurotransmitter
analysis

Two different UHPLC-MS/MS methods were applied to detect
neurotransmitters in serum samples. Method I detected tryptophan
and its metabolites (except MLT and NAS), and method II detected
MLT, NAS, and the excitatory/inhibitory amino acids and their
metabolites. Methods I and II use different internal standard (IS)
substances.

The instrument setup consists of the Ulimate 3000 Ultra High-
Performance Liquid Chromatograph (UHPLC) of Thermo Fisher
Scientific (Waltham, America) and the Q Exactive four-stage rod orbit
trap high-resolution mass spectrometer (Q Exactive) of Thermo
Fisher Scientific in tandem. Xcalibur software was used for instrument
control, as well as for data acquisition and analysis.

2.3.1 Sample preparation

In a 1.5ml centrifuge tube, 100 pl serum, 50 pl ISs, and 400 pl
methanol were accurately added and vortexed for 30s. The mixture
was centrifuged in a cryogenic high-speed centrifuge at 4°C and
12,000rpm for 10 min. All supernatants were transferred to a new
1.5ml centrifuge tube and volatilized dry by placing them in a
cryogenic vacuum centrifugal concentration system.

Method 1. After evaporation, 100pl of initial mobile phase
(water:acetonitrile =99:1, formic acid 0.1%) was added, vortexed for
1 min, and centrifuged at 12,000 rpm for 10 min at 4°C. Then, 40 pl of
the supernatant was transferred to a brown glass-lined injection bottle,
and the injection volume was 2 pl.

Method II: After evaporation, 50 pl of NaHCO; (pH=9, 0.2 M)
and 50 pl of Dansyl chloride (2mg/ml, dissolved in acetone) was
added into the centrifuge tube, vortexed, and mixed for 1 min. The
mixture reacted in a water bath at 60°C for 8 min and then centrifuged
at high speed at 12,000 rpm for 10min at 4°C. Then, 50 pl of the
supernatant was taken in a brown injection vial with a glass-lined
tube, and the injection volume was 2 pl.

2.3.2 UHPLC-MS/MS analysis

In all the methods using UHPLC-MS/MS in this study, mass
spectra were performed using a heated electrospray ionization source
(HESI) for analyte ionization and multiple reaction monitoring
(MRM) modes for quantitative analysis.

Method I: An Acquity UPLC HSS T3 column (100x 2.1 mm,
1.8 um) was used. The column temperature was 40°C. The mobile
phase composition was as follows: mobile phase A contained water
containing 0.1% formic acid, and mobile phase B contained
acetonitrile containing 0.1% formic acid. The gradient elution
procedure was as follows: 0-0.5min, 1%B; 0.5-2min, 1-70% B;
2-4min, 70-95% B; 4-5min, 95%B; 5-5.1min, 95-1% B; and
5.1-7min, 1%B. The total run time and flow rate were 7min and
0.25min/ml, respectively. The mass spectrometry parameters were set
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as follows: the electrospray voltage was set at 30kV, the capillary
temperature was 350°C, heater temperature was 500°C, the sheath gas
flow rate was 55 arb, the auxiliary gas flow rate was 55 arb, and the
purge gas flow rate was 35 arb.

Method II: An Acquity UPLC BEH Cy
(100mm x 2.1 mm, 1.7 pm) was used. The column temperature was

column

35°C. The mobile phase composition was as follows: mobile phase A
contained water containing 0.1% formic acid, and mobile phase B
contained acetonitrile containing 0.1% formic acid. The gradient
elution procedure was as follows: 0-1 min, 10% B; 1-4 min, 10-60%B;
4-6min, 60%B; 6-15min, 60-95% B; 15-17min, 95% B;
17-17.1 min, 95-10%B; and 17.1-20 min, 10%B. The total run time
and flow rate were 20min and 0.25min/ml, respectively. The
parameter settings for the mass spectrometry were specified as
follows. The electrospray voltage was 30kV, the capillary temperature
was 350°C, the heater temperature was 280°C, the sheath gas flow
rate was 46 arb, the auxiliary flow rate was 10 arb, and the purge gas
flow rate was 3 arb.

2.4 Statistical analysis

SPSS 26.0 software was used for the statistics and analysis of the
experimental data, and GraphPad Prism 8.0 was used to draw
statistical graphs. For the comparison of dichotomous data between
the two groups, the chi-squared test was used for those that met the
four-cell test criteria, and Fisher’s exact test was used for those that
did not meet this criteria. For quantitative data between the two
groups, the distribution was first evaluated using the normality test.
If the data were normally distributed, the two groups were
represented by Mean+SEM; if the data were not normally
distributed, they were represented by the median. A non-parametric
test is used to compare the data with a non-normal distribution. For
data with normal distribution, if the chi-squared test yields a
p-value >0.05, Student’s t-test was used for comparison; for data
with uneven variance (p<0.05), Welchs t-test was used for
comparison. For data conforming to a normal distribution, the
Pearson correlation coefficient was used to analyze the data;
otherwise, the Spearman correlation coefficient was used to analyze
the correlation, and a p-value of <0.05 was considered
statistically significant.

MetaboAnalyst 4.0 was used for multivariate statistical analysis of
principal component analysis (PCA), orthogonal partial least squares
discriminant analysis (OPLS-DA), and sparse partial least squares
discriminant analysis (SPLS-DA) models.

3 Results
3.1 Demographics and clinical information

Detailed clinical data are presented in Supplementary Table S1. A
total of 27 Parkinson’s patients and 19 participants from the control
population who met the criteria were included in this study.
Demographic data such as age, gender, and body mass index (BMI)
were analyzed. As shown in Table 1, the age distribution, sex ratio, and
clinical indicators were similar between the two populations (all
p>0.05).

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1423120
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Fanetal.

TABLE 1 Basic information on Parkinson'’s patients and controls.

Variables Controls Parkinson'’s p-value
disease
patients
Male 19 (10) 27 (10) 0371
Age (years) 71.2+3.8 67.1+1.7 0.347
Height (cm) 166.9+1.7 162.2+1.6 0.065
Weight (kg) 67.0 62.0 0.160
BMI 232 234 0.691

TABLE 2 Serum levels of neurotransmitters and the corresponding
metabolites in control and PD groups.

Compounds Control PD Pathway

Trp 8080.55 7168.52%

KYN 820.91 390.88:#%

3-HK 15.85 12.67

KA 19.27 14.93%

3-HAA 6.98 5.96

XA 103.90 95.14

QA 170.47 168.95

PA 11.42 12.91 Tryptophan

NA 4.08 3.51 pathway

NAM 7227 20,85k

5-HTP 8.57 8.32

5-HT 76.39 92.04

5-HIAA 78.75 137.06

NAS 0.54 0.48

MLT 0.26 0.16

MeOTA 1.45 1.17*

Glu 14504.58 7330.04%%%

GABA 32.73 28.27*

Gly 12961.44 13195.38 Other
neurotransmitter

Asp 2815.71 1769.34% 55

Ado 3.50 2.65

ps: All data are expressed as medians, and statistically different substances are shaded in gray.
Substances were tested using non-parametric tests to determine significant differences
between PD patients and controls. *p <0.05, *#p <0.01, **¥p <0.001, and ***¥p <0.0001 vs.
the control group.

3.2 Alterations of neurotransmitters and
the corresponding metabolites in the
serum of Parkinson's patients

3.2.1 Multivariate statistical analysis

Serum samples from the PD patients and control population were
collected, and the neurotransmitter levels were detected using the
UHPLC-MS/MS assay. It showed that there was a significant
difference in the neurotransmitter levels between the two groups
(Table 2). Based on the results, the multivariate statistical analysis
model was performed to analyze the overall changes (Figure 2). The
PCA can characterize the distribution of data through data

Frontiers in Aging Neuroscience

10.3389/fnagi.2024.1423120

dimensionality reduction. The OPLS-DA can weaken intragroup
differences and highlight intergroup differences. The SPLS-DA can
classify samples by selecting the most discriminatory features in the
data. The PCA, OPLS-DA, and SPLS-DA models were used to
investigate the overall changes in neurotransmitter metabolism. The
PCA model showed a slight separation between the Parkinson’s
patient group and the control group, whereas a more pronounced
separation between the PD group and the control group was found by
both the OPLS-DA and SPLS-DA models, suggesting the disturbed
metabolism of neurotransmitters in the serum of Parkinson’s patients.

3.2.2 Non-parametric tests and independent
samples t-tests

After identifying the significantly altered neurotransmitters in the
serum of Parkinson’s patients, we proceeded to investigate the target
neurotransmitter metabolism in the serum.

Table 2 and Figure 3A show substantial differences in the
neurotransmitter levels in Trp metabolism in the Parkinson’s patient
group compared to the control group. Significant changes in the levels
of tryptophan and some of the active metabolites in its metabolic
pathway were observed in detail. Serum levels of Trp were significantly
decreased in Parkinson’s patients compared to controls (p=0.006),
with a commensurate decrease in the levels of one of its key
downstream active metabolites, KYN (p<0.0001). KA, an important
neuroprotective substance on the Trp-KYN pathway, significantly
decreased in the serum of Parkinson’s patients (p =0.008). Meanwhile,
other neurotransmitters in the Trp-KYN metabolic pathway, including
3-HAA, 3-HK, and QA, were not statistically different between the
Parkinson’s patient group and the control group. NAM, the terminal
substance of the Trp-KYN metabolic pathway, exhibited a decreased
trend in the serum of Parkinson’s patients (p <0.0001). Meanwhile, the
level of the terminal substance MeOTA in the serum of Parkinson’s
patients was significantly lower than that of controls (p=0.015) in the
Trp-5-HT metabolic pathway.

In addition to the tryptophan metabolic pathway, a number of
neurotransmitters associated with excitatory/inhibitory amino acids and
the corresponding metabolites were detected. As shown in Figure 3B, the
excitatory neurotransmitters Glu (p<0.001) and Asp (p<0.0001) were
significantly decreased in the serum of Parkinson’s patients compared to
the control group. Similarly, GABA, a metabolite of Glu, also displayed a
significant decrease in the serum of Parkinson’s patients (p=0.022). These
results suggest a disturbance of the neurotransmitter homeostasis
associated with the Trp and the excitatory/inhibitory amino acid
metabolic pathways in Parkinson’s patients.

3.3 Altered neurotransmitter dynamics in
the serum of Parkinson’s patients

The dynamic metabolism of the neurotransmitter reflects the
direction of neurotransmitter conversion, which serves as a critical
index for disease assessment (Kim et al., 2024).

Therefore, the alteration assessed by the ratio of the critical
neurotransmitters was investigated. As depicted in Figure 4, the GABA/
Glu ratio was significantly increased (p=0.005), indicating that the
metabolic rate of Glu is increased in PD patients and that the pathways
involved in the production of GABA are aberrantly activated.
Meanwhile, for the Trp metabolic pathway, the KA/KYN (p <0.0001),
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Differences in neurotransmitter levels in serum samples from Parkinson'’s patients and controls. (A) Differences in levels of partial Trp pathway
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Parkinson’s patients and controls. All non-parametric tests were used. *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001 vs. the control group.

3-HK/KYN (p<0.001), and 5-HTP/Trp (p=0.025) ratios were
significantly increased. Reciprocally, the NAM/NA (p<0.0001) and
KYN/Trp (p<0.0001) ratios were significantly decreased. In addition,
the QA/KA (p=0.073) ratio displayed an increased tendency, and the
MeOTA/5-HT (p=0.062) displayed a decreased tendency. These results,
taken together, suggest the disturbed Trp metabolism and the aberrant
metabolic conversion of the neurotransmitters in PD patients.

3.4 Correlation between behavioral scale
scores and neurotransmitters in
Parkinson's patients

After determining the differences in the neurotransmitter levels
and the distinct dynamic metabolic properties of the aforementioned
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neurotransmitters, we then explored whether there were some
potential links between the aberrant neurotransmitter metabolism
and the behaviors of Parkinson’s patients and healthy individuals.
Five scales, including UPDRS, NMSS, MMSE, HAMA, and
HAMD, were used for the behavior test. The results are shown in
Figures 5, 6. It showed that the levels of Glu, XA, and PA and the ratio
of XA/3-HK were negatively correlated with the UPDRS scores;
NMSS scores exhibited a negative correlation with the NAS level and
the KYN/Trp ratio. In addition, the level of GABA and the XA/3-HK
ratio displayed a positive association with MMSE scores, whereas the
level of 3-HK and the 3-HK/KYN ratio were negatively associated
with MMSE scores. Notably, Trp and its metabolites are significantly
associated with HAMA scale scores. It showed that HAMA scale
scores negatively correlated with the levels of KYN, 5-HT, 5-HIAA,
NAS, 5-HT/5-HTP, 5-HT/Trp, and KYN/Trp ratios. Concomitantly,
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the PA level, KA/KYN, and PA/QA ratios were positively correlated to
some extent with HAMA scores. For the depression test, the HAMD
scale scores and neurotransmitter correlations were similar to those
of the HAMA scale. Figures 5, 6 indicated that the levels of KYN,
5-HT, 5-HIAA, and NAS of the Trp metabolic pathway and the 5-HT/
Trp ratio were negatively associated with HAMD scores. Reciprocally,
the PA levels, KA/KYN, PA/3-HAA, and NAM/NA ratios were
positively associated with HAMD scale scores. However, the 5-HT/
Trp and KA/KYN ratios and the 5-HT, PA, and KYN levels displayed
no statistical significance. These results suggest that the abnormal
neurotransmitter levels and the disorder of conversion metabolism in
PD patients may have potential applications as biomarkers to assist in
the diagnosis of PD.

4 Discussion

The clinical research on the pathophysiology of PD has made
great progress in recent decades. PD, one of the major
neurodegenerative diseases, has a complex etiology and possesses not
only clinical heterogeneity but also complex motor and non-motor
symptoms (Cacabelos, 2017; Armstrong and Okun, 2020; Yuan et al.,
2013). The absence of dopaminergic neurons in the striatum and
substantia nigra is a key event of Parkinson’s disease, pathologically
manifested as the aggregation of a-synaptic proteins in the substantia
nigra with a number of other proteins to form a toxic protein known
as Lewy bodies. The deposition of this toxic protein stimulates the
activation of microglia, which releases inflammatory factors and
exacerbates neuronal damage (Sarkar et al., 2016). Notably, in the early
stages of PD, the non-motor symptoms (NMS) often precede motor
symptoms (Morimoto et al., 2023). NMS is present not only in the
prodromal stage but also in all stages of the dyskinesia of PD and even
in the final palliative stage (Titova and Chaudhuri, 2018). Notably, the
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presence of NMS not only reduces the quality of life of the patients but
also aggravates their motor symptoms, such as gait disturbances
(Avanzino et al., 2018). Most of the occurrences of NMS have been
shown to be associated with neurotransmitter metabolic disorders (Gu
et al., 2024; Ahmad et al., 2023; Samizadeh et al., 2023). Therefore,
we assumed aberrant neurotransmitter metabolism may directly or
indirectly reflect the alterations of PD in the central nervous system.
In the current study, the serum levels of the metabolites from the Trp
metabolic pathways and other key neurotransmitters (Glu, GABA,
Gly, Asp, and Ado) were investigated. Moreover, the correlations
between the aberrant alteration of neurotransmitters and the clinical
behaviors were addressed in PD patients, which may help in the
diagnosis and treatment in the early stage of PD.

In the present study, the serum levels of neurotransmitters in PD
patients differed from those in the serum of the control population.
Notably, abnormal levels of the active metabolites associated with the
Trp metabolic pathway have gained more attention for their potential
roles as novel biomarkers for PD. Sorgdrager et al. found lower levels
of Trp in the peripheral blood of patients with PD compared to
controls, which is partially in accordance with our results in the
current study (Sorgdrager et al, 2019). Moreover, our studies
expanded the research into the downstream metabolic pathways of the
Trp and found that KYN, one key metabolite of Trp, was significantly
decreased. It supported the conclusion made by Heilman et al. that
KYN levels decreased in cerebrospinal fluid and plasma in PD
patients. However, it was in contrast to the results of Bai et al. observed
in the urine of Parkinson’s patients. The reasons may be complex, but
we suspect that different samples and stages in PD patients were
involved, and more research pertaining to Trp metabolism is required
in PD patients (Heilman et al., 2020; Bai et al., 2021).

KA is one of the important metabolites of KYN and has
neuroprotective effects due to its ability to scavenge reactive oxygen
species and extracellular glutamate (Platten et al., 2019). Reciprocally,
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QA, another metabolite of KYN, exhibited neurotoxicity and
enhanced glutamatergic signaling, which is considered a potential
biological mechanism for depression (Brown et al., 2023). As expected,
the level of KA in the peripheral blood of PD patients in the current
work was significantly decreased, accompanied by an increased QA/
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KA ratio, indicating the KP metabolism converted to a toxic pathway,
in which the rate-limited enzymes, such as KATs, 3-HAO, IDO, and
TDO may play pivotal roles. In addition, the 5-HT metabolic pathway,
another key metabolic pathway of Trp (Zhu et al., 2020), is also
impaired in PD patients. NAS, a precursor to melatonin in the Trp
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metabolic pathway, provides neuroprotection and prevents oxidative
stress damage from H,0, (Alvarez-Diduk et al., 2015). In this study,
we found that there was a trend of decreasing NAS concentration in
the serum of PD patients. MeOTA is a close metabolite of 5-HT and
that the MeOTA/5-HT ratio decreases (Edwards and Zup, 2021). This
evidence suggests that the protective metabolic pathway of 5-HT in
PD patients was attenuated.

In addition to the Trp metabolic pathway, some other
neurotransmitters key to psychiatric disorders were also altered in PD
patients, including GABA, Glu, and Asp. Recently, it has been shown
that a-synuclein interacts with microtubule p—iii to form a toxic
complex, which may affect the release of neurotransmitters from
interneurons such as GABA; in parallel, a-synuclein reduces Glu
concentrations, and similar results were also found in paraquat and
rotenone-induced models of PD (Lei et al., 2014; Mally et al., 1997).
Dysregulation of the GABA pathway in Parkinson’s disease triggers
neuronal hyperexcitability, leading to dyskinesia or bradykinesia. In a
recent study, Ali et al. found that GABA treatment is able to, at least
in part, prevent PD by modulating Ca**—related ion channels to block
excitotoxicity, oxidative stress, and mitochondrial dysfunction
induced by elevated Ca** concentrations (Ali et al., 2024). Meanwhile,
Lemos et al. found that GABA deficiency may lead to increased striatal
discharge, resulting in motor retardation in PD patients (Lemos et al.,
2016). Reciprocally, GABA agonist administration improved motor
symptoms in Parkinson’s model rats (Hajj et al., 2015). For Glu, itis a
precursor substance of GABA. Elevated levels of Glu in the medial
substantia nigra/pallidum drive inhibition of thalamocortical
feedback, which leads to motor dysfunction. However, there is no
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increase in levels of Glu in the medial substantia nigra/pallidum in PD
mice when tested directly (Obeso et al., 2008; Gerlach et al., 1996). The
Glu level was decreased in the current study, accompanied by GABA
reduction. It may ascribe the GABA reduction to the decrease of Glu,
which can be metabolized by glutamic acid decarboxylase (GAD), and
further study will be performed on the expression of the GAD levels.
As an important amino acid that regulates mitochondrial function,
Asp can also be involved in the synthesis or metabolism of a number
of substances that play a role in the development of neural tissue and
neurotransmission (Holecek, 2023). For example, its brain-
metabolized derivative, N-acetyl aspartate, is a potent inhibitor of
protein aggregation, which may play a role in Parkinson’s disease
(Warepam et al., 2021). The results of our study show that in PD
patients, Asp levels in serum were significantly decreased, which is
consistent with the study of Yuan et al. (2013). These pieces of evidence
implied that changes in GABA, Glu, and Asp are closely related to PD
development, which may serve as potential biomarkers, but the
specific roles of these substances in Parkinson’s disease need to
be further investigated.

A series of clinical checklists can be used to assess motor and
non-motor symptoms and the life quality of PD patients, etc., through
which more accurate quantitative studies can be conducted. The scales
used in this study are UPDRS, NMSS, MMSE, HAMA, and HAMD. The
UPDRS is the internationally recognized and most commonly used
screening scale to comprehensively assess a patient’s motor function, the
day-to-day impact of motor and non-motor symptoms of PD, and
disease severity. In this study, we found that PD patients with increased
levels of XA, accompanied by an enhanced XA/3-HK ratio, exhibited
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lower UPDRS scores and improved PD-like symptoms. It strengthened
the evidence of Heilman et al., who found a significant decrease in 3-HK
levels when using mass spectrometry for targeted metabolite assays in
plasma of PD patients (Heilman et al., 2020). Meanwhile, it has been
found that XA can interact with glutamate receptors and can show
antipsychotic-like effects (Fazio et al., 2016), which was in line with the
results of the present study.

Non-motor symptoms are very common and adversely impact
patients’ quality of life. The NMSS, MMSE, HAMA, and HAMD used
in this study are commonly used in clinical practice and can be used
to assess the mental status, cognitive function, and depression or
anxiety of PD patients. It was found that Trp and its related neuroactive
substances of the 5-HT metabolic pathway were strongly associated
with non-motor symptomatic processes in PD patients. It has been
shown that depressive symptoms are the main non-motor symptom
of PD, and patients treated with 5-HT reuptake agents showed a
significant improvement in depression-like behaviors, which is in
accordance with our previous findings that activation of 5-HT and
5-HIAA metabolic pathways negatively correlate with depression and
anxiety symptom severity (Wang et al., 2022).

To the best of our knowledge, this study is the first to reveal
metabolic changes in the Trp metabolic pathways and other key
neurotransmitters (such as Glu, GABA, Gly, and Asp) in the
peripheral blood of PD patients, along with their associations with
motor and non-motor symptoms. However, there were still some
limitations in the current study: first, the sample size of PD patients
and controls was relatively small, and future studies should include
a larger cohort. Second, this study assessed neurotransmitter levels
only in peripheral blood, whereas cerebrospinal fluid measurements
would provide more accurate insights. Finally, although
we characterized neurotransmitter metabolism using ratios of
altered neurotransmitter levels, further investigation of relevant
rate-limiting enzymes is warranted.

5 Conclusion

In summary, the present study revealed an unrecognized
disturbed neurotransmitter metabolism in PD patients, which is
closely associated with both motor and non-motor symptom
processes. Consequently, targeting neurotransmitter metabolism
might provide novel insights into potential therapeutic strategies for
preventing and treating PD.
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