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A B S T R A C T

Recent evidence indicates a marked downregulation of circulating D- and L-amino acids involved in regulating 
glutamatergic NMDAR function in Parkinson’s disease (PD) patients compared with matched controls. However, 
the extent to which disease progression and antiparkinsonian therapies contribute to this dysregulation remains 
unclear.

To address these issues, in the present study we measured by High Performance Liquid Chromatography the 
concentrations of glutamatergic system-related D- and L-amino acids and their precursors in the plasma of male 
and female healthy controls (HC) and PD patients across three distinct clinical stages and treatment conditions: 
(1) early stage L-DOPA naïve patients treated with MAO-B inhibitors; (2) mid-stage patients treated with L- 
DOPA; and (3) advanced stage patients receiving Deep Brain Stimulation in the subthalamic nucleus (STN-DBS) 
plus L-DOPA.

Our results reveal notable reduction of circulating neuroactive D- and L-amino acids exclusively in male PD 
patients, while female patients exhibit a similar directional trend. In male patients, this dysregulation manifests 
early, with L-DOPA–naïve individuals showing decreased plasma levels of L-glutamate and L-aspartate. In mid- 
stage L-DOPA-treated PD patients, amino acid reductions extend to L-alanine, L-serine, L-glutamine, L-aspara
gine, and L-threonine. Remarkably, in advanced PD patients, with a median disease duration of ~ 23 years, STN- 
DBS normalizes the blood concentrations of these amino acids to those observed in HC.

In conclusion, our study highlights the potential of circulating D- and L-amino acid dysregulation as an early 
biomarker of PD and demonstrates that, in contrast to L-DOPA therapy, the STN-DBS confers systemic metabolic 
benefits even at advanced stages of the disease.
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motor symptoms; PD, Parkinson’s disease; SNpc, substantia nigra pars compacta; STN, subthalamic nucleus; UPLC-MS, ultra-performance liquid chromatogra
phy–mass spectrometry.
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1. Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder 
characterized by α-synuclein accumulation and the loss of dopaminergic 
neurons in the substantia nigra pars compacta (SNpc) (Bloem et al., 
2021).

PD is clinically characterized by cardinal motor symptoms—
bradykinesia, rigidity, and resting tremor— alongside a range of non- 
motor symptoms such as sleep disturbances, anosmia, and mood alter
ations, with cognitive impairment typically emerging in later stages 
(Obeso et al., 2017). Although the majority of PD cases are sporadic, 
approximately 5–10 % have a defined genetic aetiology (Jankovic and 
Tan, 2020).

Currently, there is no cure for PD, and standard treatment primarily 
relies on administration of the dopamine precursor L-DOPA. Although L- 
DOPA is effective in alleviating motor symptoms in the short term, its 
long-term use is associated with several adverse effects, including dys
kinesias, motor response fluctuations, and neuropsychiatric complica
tions (De Deurwaerdère et al., 2017).

These limitations have driven the search for alternative strategies, 
with deep brain stimulation (DBS) of the subthalamic nucleus (STN) or 
globus pallidus internus emerging as a prominent option. DBS has 
demonstrated substantial efficacy in alleviating parkinsonian motor 
symptoms and reducing L-DOPA-associated motor side effects in in
dividuals with advanced PD (Anderson et al., 2017). However, its effect 
on non-motor symptoms remains limited and heterogeneous (Anderson 
et al., 2017).

Glutamatergic transmission alterations, particularly those involving 
NMDA receptors (NMDAR), are known to be involved in PD neuropa
thology (Campanelli et al., 2022). Previous studies have shown that 
modulation of NMDAR activity via the NR1 allosteric site—using 
endogenous amino acids such as glycine (Gly) and D-serine (D-Ser) or 
the partial agonist D-cycloserine—can produce therapeutic effects on 
motor, non-motor, and cognitive symptoms in both rodent and primate 
models of PD, as well as in patients (Frouni et al., 2021; Gelfin et al., 
2012; Ho et al., 2011; Pawlak et al., 2012; Schmitz et al., 2013).

Through Ultra-Performance Liquid Chromatography-Mass Spec
trometry (UPLC-MS) and High-Performance Liquid Chromatography 
(HPLC) analyses, we recently demonstrated significantly increased 
levels of the NMDAR co-agonist D-Ser, and its precursor L-serine (L-Ser), 
in the putamen of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP)-intoxicated monkeys, in the post-mortem caudate-putamen of 
PD patients, and in the cerebrospinal fluid (CSF) of de novo PD patients 
compared to controls (Di Maio et al., 2023; Gervasoni et al., 2025a).

Further supporting dysregulation of amino acids involved in gluta
matergic transmission and energy metabolism in PD, our recent 
metabolomic analysis of serum from 69 consecutive PD patients and 32 
healthy controls—combining untargeted Proton Nuclear Magnetic 
Resonance (1H NMR) and targeted UPLC/MS—revealed elevated 
glutamine and serine plus reduced α-ketoglutarate concentrations in PD 
patients compared to controls by NMR, alongside a pronounced reduc
tion in glutamic acid levels by UPLC/MS (Gervasoni et al., 2025b). Of 
great relevance, we also demonstrate that these serum alterations are 
significantly modulated by sex and genetic background (Yahyavi et al., 
2025). Indeed, in a well-characterized cohort of 121 idiopathic PD pa
tients, 124 carriers of pathogenic LRRK2, PARK2, PINK1, PARK7, 
TMEM175, or GBA1 PD-related mutations, and 203 healthy controls, our 
HPLC analysis revealed a remarkable male-specific reduction in circu
lating NMDAR-related amino acids and their precursors, particularly in 
idiopathic cases (Yahyavi et al., 2025).

While these findings reinforce the concept of PD as a multisystem 
disorder (Costa et al., 2023; Liu et al., 2025), it remains unclear whether 
the observed serum metabolic alterations reflect basal ganglia pathology 
or stem from peripheral organ dysfunction. Moreover, it has yet to be 
determined whether and how these changes are affected by the disease 
stage and treatment, since all PD cases in our previous studies had a 

median disease duration of 5–6 years and were receiving L-DOPA 
(Gervasoni et al., 2025b; Yahyavi et al., 2025).

To address these critical issues, in the present study we measure by 
HPLC the concentration of glutamatergic system-related D- and L-amino 
acids and their precursors in the plasma of healthy controls (HC) and PD 
patients across three distinct clinical stages and treatment conditions: 1) 
L-DOPA-naïve (n = 16; median disease duration 1.5 years), L-DOPA- 
treated (n = 15 median disease duration 7 years), and STN-DBS-treated 
(n = 14; median disease duration 23 years). Our study identifies the 
dysregulation of several neuroactive amino acids as an early potential 
metabolic fingerprint for PD and demonstrates that STN-DBS confers 
systemic amino acids metabolism benefits in its advanced stages.

2. Results

2.1. Clinical features of the study cohort

16 HC and 45 PD patients were considered in this study. De
mographic and clinical features of sex-stratified participants are re
ported in Table 1. PD individuals were categorized into three subgroups 
based on sex, pharmacological treatment and clinical characteristics: L- 
DOPA-naïve (male N = 11, female N = 5; undergoing MAO-B inhibitor 
treatment), L-DOPA (male N = 11, female N = 4; undergoing L-DOPA 
treatment), and DBS (male N = 9, female N = 5; undergoing L-DOPA 
treatment with STN-DBS) (Table 1).

The age of PD patients and HC was comparable across groups irre
spective of sex, except for males in L-DOPA group, who were signifi
cantly older than those without L-DOPA treatment (Table 1). BMI did 
not differ significantly across groups; however, a trend toward higher 
values was observed in DBS-treated patients of both sexes (Table 1). 
Male and female DBS-treated patients showed a longer duration of the 
disease, irrespective of sex (Table 1 and Fig. 1). Both L-DOPA- and DBS- 
treated groups of either sex were characterized by higher levodopa 
equivalent daily dose (LEDD) and presence of patients manifesting L- 
DOPA-induced dyskinesia (LID) (Table 1 and Fig. 1). Regarding clinical 
features, no significant differences in motor symptoms (assessed by 
UPDRS Part III) were observed across male PD patient groups (Table 1
and Fig. 1). However, male patients in the L-DOPA and DBS groups 
exhibited a greater burden of non-motor symptoms (NMS), and those in 
the DBS group showed increased cognitive impairment (as measured by 
MoCA), compared to sex-matched L-DOPA–naïve patients (Table 1 and 
Fig. 1). In female patients, motor and NMS did not differ significantly 
among treatment groups; however, female patients receiving DBS dis
played greater cognitive impairment relative to sex-matched L-DOP
A–naïve patients (Table 1 and Fig. 1).

2.2. STN-DBS therapy rescues circulating NMDAR-related amino acid 
levels in men with PD

We first examined by HPLC how PD condition, including treatment 
and disease stage, influenced plasma levels of NMDAR-related D- and L- 
amino acids—including L-glutamate (L-Glu), L-aspartate (L-Asp), 
glycine (Gly), D-alanine (D-Ala), and D-serine (D-Ser)—in male and fe
male HC and PD groups.

In male PD subjects, non-parametric Kruskal–Wallis analyses 
revealed significant alterations of plasma L-Glu, L-Asp, Gly, D-Ala, and 
D-Ser concentrations (Fig. 2 and Table 2). These findings were further 
confirmed by ANCOVA on natural log-transformed data, adjusted for 
age and LEDD, to account for potential confounding factors (Table 2).

Specifically, Dunn’s multiple comparisons test revealed a significant 
reduction in plasma L-Glu and L-Asp levels in PD patients, both with and 
without L-DOPA treatment, compared to HC (Fig. 2 and Table 2). A 
similar trend toward reduced D-Ser levels was observed in L-DOPA–
treated PD patients relative to HC, although this difference did not reach 
statistical significance (p = 0.139; Fig. 2 and Table 2).

Notably, male DBS-treated PD patients exhibited higher plasma 
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concentrations of L-Glu, L-Asp, Gly, D-Ala, and D-Ser compared to both 
L-DOPA–naïve and L-DOPA–treated patients, with levels approaching 
those observed in HC (Fig. 2 and Table 2). Specifically, Dunn’s multiple 
comparisons test revealed a significant elevation in plasma D-Ala levels 
in DBS-treated patients compared to L-DOPA–naïve patients, in L-Asp 
levels compared to L-DOPA–treated patients, and in Gly levels compared 
to both L-DOPA–naïve and L-DOPA–treated patients (Fig. 2 and 
Table 2). Furthermore, in male DBS-treated patients, we observed a 
trend toward increased plasma L-Glu levels compared to both L-DOP
A–naïve (p = 0.177) and L-DOPA–treated (p = 0.073) patients, as well as 
higher D-Ser levels compared to L-DOPA–treated patients (p = 0.053) 
(Fig. 2 and Table 2).

Similarly to male patients, female PD patients exhibited reductions in 
plasma NMDAR-related D- and L-amino acids in both L-DOPA–naïve and 
L-DOPA–treated groups compared to HC, with levels normalizing 
following DBS. However, unlike males, these changes did not reach 
statistical significance in females. Specifically, Kruskal–Wallis tests 
revealed only trend-level effects for L-Glu (p = 0.147) and L-Asp (p =
0.051) (Fig. 2 and Table 2).

2.3. STN-DBS therapy restores the plasma levels of L-Gln, L-Asn, L-Ala, 
and L-Thr in men with PD

Given the prominent effects of PD condition on circulating levels of 
amino acids involved in NMDAR signaling, we next investigated 
whether similar alterations also extend to other neuroactive D- and L- 
amino acids not directly associated with NMDAR activation, including L- 
glutamine (L-Gln), L-asparagine (L-Asn), L-serine (L-Ser), L-alanine (L- 
Ala), and L-threonine (L-Thr).

In male PD subjects, we reported significant alterations of plasma L- 
Gln, L-Asn, L-Ser, L-Ala, and L-Thr concentrations (Fig. 3 and Table 2). 
These findings were further confirmed by ANCOVA on natural log- 
transformed data, adjusted for age and LEDD (Table 2).

Notably, Dunn’s multiple comparisons test revealed a significant 
reduction in the plasma levels of all tested neuroactive amino acids in L- 
DOPA–treated patients compared to HC (Fig. 3 and Table 2). In contrast, 
L-DOPA–naïve patients exhibited only non-significant trends toward 
reduced levels of L-Asn (p = 0.136), L-Ala (p = 0.108), and L-Thr (p =
0.060) relative to HC (Fig. 3 and Table 2). Consistent with previous 
findings, male DBS-treated PD patients exhibited higher plasma con
centrations of all tested amino acids compared to both L-DOPA–naïve 
and L-DOPA–treated patients, with significantly elevated levels of L-Gln, 
L-Ala, and L-Thr compared to L-DOPA–treated patients (Fig. 3 and 
Table 2). Additionally, a non-significant trend toward increased L-Asn 
levels was observed in DBS-treated patients compared to L-DOPA–
treated patients (p = 0.098; Fig. 3 and Table 2).

In contrast to male patients, female PD subjects showed no statisti
cally significant alterations in plasma levels of L-Gln, L-Asn, L-Ser, L-Ala, 
and L-Thr, regardless of treatment or disease stage. Although L-DOP
A–naïve and L-DOPA–treated women demonstrated reductions relative 
to sex-matched HC—and levels normalized following DBS—these 
changes did not reach significance by Kruskal–Wallis analysis (Fig. 3 and 
Table 2).

Overall, our findings indicate that the homeostasis of neuroactive D- 
and L-amino acids is disrupted early—and exclusively—in male PD pa
tients receiving MAO-B inhibitors, with further deterioration observed 
as the disease progresses under L-DOPA therapy (Fig. 4). Notably, in 
advanced PD patients, STN-DBS combined with L-DOPA effectively re
stores amino acid profiles to levels comparable to those of healthy 
controls (Fig. 4).

3. Discussion

In our previous metabolomic and HPLC studies in independent co
horts of PD cases and controls, we reported a marked homeostasis 
disruption in amino acids involved in glutamatergic Ta
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Fig. 1. Clinical profiles of male and female Parkinson’s disease patients treated with MAO-B inhibitors, L-DOPA, or deep brain stimulation plus L-DOPA. (a, b, f, g) Com
parison of disease duration (a, f) and LEDD (b, g) among PD patients without L-DOPA treatment (L-DOPA-naïve, male, N = 11; female, N = 5), PD patients with L- 
DOPA therapy (male, N = 11; female, N = 4), or PD patients with deep brain stimulation plus L-DOPA (DBS; male, N = 8; female, N = 5) in male (a, b) and female (f, 
g) groups. (c-e; h-j) MDS-UPDRS III, non-motor symptoms and MOCA scores among PD patients without L-DOPA treatment (L-DOPA-naïve; male, N = 11; female, N 
= 5), PD patients with L-DOPA therapy (L-DOPA; male, N = 11; female, N = 4), or PD patients with deep brain stimulation plus L-DOPA (DBS; male: MDS-UPDRS N 
= 5, NMS and MOCA, N = 6; female, N = 5) in male (c-e) and female (h-j) groups. Data are shown as violin plots representing the median with interquartile range. 
Dots represent values from each patient analyzed. *p < 0.05, **p < 0.01, ***p < 0.0001, compared to L-DOPA-naïve; # p < 0.05, compared to L-DOPA (Dunn’s post 
hoc multiple comparisons).

Fig. 2. Effect of DBS treatment on the plasma concentrations of NMDAR-related D- and L-amino acids of male and female PD patients. (a) Representative HPLC chro
matogram obtained from plasma of PD patients with D-serine and D-alanine peaks magnification. (b-k) Levels of L-glutamate (L-Glu) (b, g), L-aspartate (L-Asp) (c, h), 
glycine (Gly) (d, i), D-alanine (D-Ala) (e, j), and D-serine (D-Ser) (f, k) in the plasma of male (b-f) and female (g-k) healthy controls subjects (HC; male N = 11, female 
N = 5), PD patients without L-DOPA treatment (L-DOPA-naïve; male N = 11, female N = 5), PD patients with L-DOPA therapy (L-DOPA; male N = 11, female N = 4), 
or PD patients with deep brain stimulation plus L-DOPA (DBS; male N = 9, female N = 5). Data are shown as violin plots representing the median with interquartile 
range. Dots represent values from each patient analyzed. *p < 0.05, **p < 0.01 (Dunn’s post hoc multiple comparisons).
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Table 2 
Concentrations of amino acids compared among PD and HC subjects stratified in male and female groups.

Male HC L-DOPA-naїve L-DOPA DBS Kruskal- 
Wallis

ANCOVAa Dunn’s multiple comparisons test

N Median IQR N Median IQR N Median IQR N Median IQR p value F(3;34) p value HC vs 
DBS

HC vs  
L-DOPA

HC vs  
L-DOPA- 
naїve

DBS vs  
L- 

DOPA

DBS vs 
L-DOPA- 
naїve

L-DOPA vs 
L-DOPA- 
naїve

L-Asp 11 1.7 1.1 1.8 11 0.6 0.4 1.1 11 0.4 0.3 0.9 9 1.4 1.1 1.4 <0.0001 10.024 <0.0001 >0.9999 0.0004 0.004 0.0216 0.1176 >0.9999
L-Glu 11 28.5 20.0 37.6 11 11.4 7.0 20.2 11 11.9 7.8 16.5 9 21.0 17.2 28.2 0.0004 7.392 0.001 >0.9999 0.0022 0.0078 0.0733 0.1772 >0.9999
L-Asn 11 14.8 10.8 16.2 11 9.6 6.1 12.2 11 6.6 3.6 9.0 9 11.5 9.8 12.1 0.0041 5.379 0.004 >0.9999 0.0045 0.1369 0.0984 >0.9999 >0.9999
D-Ser 11 1.1 0.8 1.3 11 0.9 0.5 1.4 11 0.9 0.4 1.0 9 1.1 1.0 1.2 0.0379 4.729 0.007 >0.9999 0.1399 >0.9999 0.0535 0.8639 >0.9999
L-Ser 11 40.2 34.8 54.7 11 31.2 16.2 46.7 11 23.2 14.9 35.5 9 36.4 30.9 44.1 0.0191 3.588 0.023 >0.9999 0.021 0.3223 0.2034 >0.9999 >0.9999
D-Ser/total 

Ser
11 2.7 2.4 2.9 11 2.8 2.6 3.3 11 2.7 2.4 3.0 9 2.6 2.3 4.8 0.7951 1.718 0.182

L-Gln 11 180.7 139.1 209.0 11 144.6 80.5 178.4 11 109.1 66.1 135.1 9 171.0 159.8 201.4 0.0027 7.538 0.001 >0.9999 0.0078 0.1953 0.0218 0.3551 >0.9999
L-Gln/L- 

Glu 11 6.9 4.9 9.0 11 9:,9 7.6 12.6 11 8.3 6.1 13.4 9 8.2 6.6 9.7 0.0573 2.498 0.076

Gly 11 128.8 115.4 156.8 11 123.3 84.4 143.4 11 113.0 104.7 127.8 9 162.9 146.9 173.3 0.0036 8.835 0.0002 0.2328 0.8101 >0.9999 0.003 0.0243 >0.9999
L-Thr 11 32.3 26.4 47.2 11 19.4 11.2 28.0 11 10.4 8.1 18.2 9 35.2 20.0 39.5 0.0004 7.903 0.0003 >0.9999 0.0008 0.0607 0.0161 0.4168 >0.9999
L-Arg 11 14.8 10.8 21.9 11 10.0 8.5 15.2 11 6.9 5.0 13.5 9 15.9 12.3 19.6 0.0341 2.851 0.052
Tau 11 37.9 32.3 44.5 11 27.0 18.5 31.5 11 31.5 24.9 35.8 9 27.4 26.2 40.8 0.0153 2.343 0.09
D-Ala 11 0.9 0.7 1.3 11 0.5 0.3 1.0 11 0.7 0.3 1.2 9 1.2 1.0 1.6 0.0247 3.242 0.034 >0.9999 >0.9999 0.2739 0.268 0.0263 >0.9999
L-Ala 11 165.8 147.9 183.3 11 96.9 62.8 135.6 11 57.8 48.1 108.1 9 135 97.2 167 0.0013 5.048 0.005 >0.9999 0.0016 0.1086 0.0413 0.83 >0.9999
D-Ala/total 

Ala 11 0.6 0.5 0.8 11 0.5 0.5 0.7 11 1.1 0.6 1.4 9 0.8 0.5 1.6 0.0606 0.629 0.601

Female HC L-DOPA-naїve L-DOPA DBS
Kruskal- 
Wallis

ANCOVAa Dunn’s multiple comparisons test

N Median IQR N Median IQR N Median IQR N Median IQR p value F(3;13) p value
HC vs 
DBS

HC vs  
L-DOPA

HC vs  
L-DOPA- 
naїve

DBS vs  
L- 

DOPA

DBS vs 
L-DOPA- 
naїve

L-DOPA vs 
L-DOPA- 
naїve

L-Asp 5 1.1 0.8 1.4 5 0.2 0.2 0.6 4 0.3 0.3 0.8 5 1.5 1.4 1.7 0.051
L-Glu 5 22.4 13.4 23.4 5 5.2 5.0 8.6 4 5.7 4.5 17.4 5 22.7 22.5 23.1 0.147
L-Asn 5 13.5 11.6 14.3 5 5.2 5.0 6.8 4 6.0 5.0 14.3 5 13.5 12.5 16.5 0.360
D-Ser 5 1.0 0.8 1.0 5 0.7 0.6 0.9 4 0.8 0.5 1.3 5 1.3 1.2 1.3 0.139
L-Ser 5 38.7 33.6 44.9 5 23.8 18.3 28.5 4 22.8 21.2 39.1 5 43.9 38.9 46.4 0.512
D-Ser/total 

Ser
5 2.5 2.4 2.5 5 2.5 2.3 3.0 4 2.8 2.4 3.5 5 3.1 2.8 4.7 0.404

L-Gln 5 166.4 120.4 190.4 5 80.2 77.8 114.5 4 96.7 79.2 212.0 5 196.4 195.3 238.0 0.392
L-Gln/L- 

Glu 5 8.3 8.1 10.1 5 13.3 13.1 15.5 4 17.0 12.5 20.8 5 8.7 8.5 9.6 0.025 4971 0.016 >0.9999 0.1185 0.2584 0.1363 0.2952 >0.9999
Gly 5 150.3 140.8 186.3 5 134.9 114.9 161.3 4 188.3 162.5 202.7 5 156.6 145.1 194.6 0.690
L-Thr 5 29.4 20.7 33.3 5 9.9 9.4 13.0 4 11.2 9.1 31.7 5 40.7 32.4 51.0 0.289
L-Arg 5 12.6 11.3 16.0 5 7.9 6.7 10.5 4 10.2 7.5 12.0 5 19.7 18.0 24.6 0.183
Tau 5 33.4 29.1 34.4 5 23.9 23.0 27.8 4 26.4 23.6 37.2 5 35.6 29.2 39.9 0.565
D-Ala 5 0.7 0.7 0.9 5 0.4 0.2 0.6 4 0.4 0.2 1.3 5 0.8 0.6 1.0 0.118
L-Ala 5 174.8 113.3 188.8 5 74.2 52.8 88.4 4 54.5 50.4 176.2 5 156.8 128.4 166.3 0.345
D-Ala/total 

Ala 5 0.5 0.4 0.5 5 0.4 0.3 0.4 4 0.6 0.4 0.7 5 0.6 0.5 1.2 0.163

Abbreviations: N, number of subjects; IQR, interquartile range. Significant p values are shown in bold.a age- and LEDD-adjusted.
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signaling—particularly NMDAR-related pathways—in the post-mortem 
caudate–putamen, cerebrospinal fluid, and serum of PD patients 
compared to matched healthy controls (Di Maio et al., 2023; Gervasoni 
et al., 2025b; Gervasoni et al., 2025a; Imarisio et al., 2024; Nuzzo et al., 
2019). Notably, we found that blood amino acid alterations in PD are 
modulated by sex and genetic background (Yahyavi et al., 2025), with 
idiopathic male PD patients exhibiting the most pronounced changes 
relative to both patients carrying established PD-related pathogenic 
mutations and female patients (Yahyavi et al., 2025). However, it re
mains unclear whether these peripheral signatures reflect basal ganglia 
pathology or originate from systemic metabolic dysfunction. Further
more, the impact of the disease stage and treatment remains undefined, 
as all participants in our prior studies had comparable disease durations 
(5–6 years) and were receiving L-DOPA.

Therefore, to address these questions, we quantified circulating 
glutamatergic system–related neuroactive D- and L-amino acids, along 
with their metabolic precursors, in male and female healthy controls and 

PD patients stratified by disease stage and treatment: (1) early-stage L- 
DOPA-naïve patients treated with MAO-B inhibitors, (2) mid-stage pa
tients treated with L-DOPA, and (3) advanced-stage patients receiving 
STN-DBS plus L-DOPA.

In agreement with our previous HPLC analyses (Yahyavi et al., 
2025), the present study revealed a significant disruption in circulating 
D- and L-amino acid profiles predominantly in male PD patients, with 
levels varying markedly according to treatment and disease stage. 
Although similar directional changes were observed in female PD pa
tients across groups compared to sex-matched healthy controls, these 
differences did not reach statistical significance—likely due to the 
limited sample size (N = 4–5). Further validation in larger, sex-stratified 
cohorts is required to confirm these findings and to clarify the presence 
and extent of sex-specific differences.

Focusing on male patients, we observed a significant reduction in 
plasma levels of the NMDAR agonists L-Glu and L-Asp in L-DOPA–naïve 
PD individuals compared to sex-matched controls. The early reduction 

Fig. 3. Effect of DBS treatment on the plasma L-glutamine, L-asparagine, L-serine, L-alanine, and L-threonine concentrations in male and female PD patients. Levels of L- 
glutamine (L-Gln) (a, f), L-asparagine (L-Asn) (b, g), L-serine (L-Ser) (c, h), L-alanine (L-Ala) (d, i), and L-threonine (L-Thr) (e, j) in the plasma of male (a-e) and 
female (f-j) healthy controls subjects (HC; male N = 11, female N = 5), PD patients without L-DOPA treatment (L-DOPA-naïve; male N = 11, female N = 5), PD 
patients with L-DOPA therapy (L-DOPA; male N = 11, female N = 4), or PD patients with deep brain stimulation plus L-DOPA (DBS; male N = 9, female N = 5). Data 
are shown as violin plots representing the median with interquartile range. Dots represent values from each patient analyzed. *p < 0.05, **p < 0.01 (Dunn’s post hoc 
multiple comparisons).

Fig. 4. Schematic illustration of circulating neuroactive D- and L-amino acid alterations across PD progression and treatment modalities in male patients. Abbreviations: DBS, 
Deep Brain Stimulation; PD, Parkinson’s disease; STN, Subthalamic Nucleus.
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of these amino acids is particularly noteworthy, as, in addition to their 
function as NMDAR agonists, they participate in a broad range of 
essential cellular biochemical processes. L-Glu is essential for cellular 
bioenergetics and mitochondrial homeostasis, participates in the urea 
cycle, contributes to glutathione synthesis, and modulates inflammatory 
responses (Bjørklund et al., 2021; Du et al., 2016; Yelamanchi et al., 
2016). L-Asp is involved in nitrogen disposal, energy metabolism, 
gluconeogenesis, and nucleotide biosynthesis (Holeček, 2023). 
Remarkably, the reduction of these neuroactive molecules was detect
able within approximately 1.5 years of diagnosis, suggesting that 
impaired glutamatergic signaling may serve as an early biochemical 
marker in this subgroup. However, because these patients were 
receiving MAO-B inhibitors at the time of sampling, further investiga
tion is necessary to disentangle the effects of treatment from disease- 
driven metabolic changes.

In male patients at mid-stage PD (~ 7 years’ duration), L-DOPA 
treatment fails to normalize plasma levels of circulating amino acids. 
Beyond the reduced L-Asp and L-Glu levels seen in L-DOPA–naïve pa
tients, L-DOPA–treated individuals exhibited further significant de
creases in L-Ala, L-Ser, L-Asn and L-Gln compared to sex-matched HC. 
These findings corroborate our previous report of pronounced amino 
acid dyshomeostasis in male idiopathic PD patients on L-DOPA treat
ment (Yahyavi et al., 2025). Additionally, we detected a significant 
reduction in plasma concentration of L-Thr, an essential amino acid 
critical for protein synthesis, neurotransmitter production, and immune 
and gastrointestinal functions (Canfield and Bradshaw, 2019; Mao et al., 
2011). While our analysis do not allow as to determine whether these 
alterations are driven by disease progression, L-DOPA treatment, or 
their interaction, previous studies have linked changes in circulating 
amino acid profiles to both disease duration and L-DOPA dose (Figura 
et al., 2018; LeWitt et al., 2017). Consistent with our observations, these 
studies have highlighted significant variations in Ala, Arg, Thr, Glu 
(Figura et al., 2018), and Ser (LeWitt et al., 2017) levels in the serum/ 
plasma of PD patients in relation to disease progression. Notably, Thr 
and Glu concentrations appear unaffected by L-DOPA dosage (Figura 
et al., 2018), suggesting that their dysregulation may reflect disease- 
specific rather than treatment-related mechanisms. Importantly, the 
functions of D- and L-amino acids examined in the present study extend 
beyond their roles as modulators of glutamatergic receptors signaling 
considering they are also critical substrates for the synthesis of proteins 
and phospholipids, play key roles in mitochondrial bioenergetics, and 
contribute to antioxidant defence system. Dysfunctions in these pro
cesses have been previously implicated in PD pathology (Blesa et al., 
2015; Henrich et al., 2023; Watanabe et al., 2025). Taken together, these 
observations reinforce the notion of PD as a multisystem disorder rather 
than a disease confined to the central nervous system (Costa et al., 
2023).

Lastly, we demonstrate that STN-DBS-therapy, in combination with 
L-DOPA treatment, can normalize the remarkable dysregulation of 
circulating neuroactive D- and L-amino acids in patients with advanced 
PD, characterized by a mean disease duration of approximately 23 years. 
Notably, in male patients treated with STN-DBS, the plasma concen
trations of all amino acids analyzed were comparable to those observed 
in sex-matched HC. To underscore the magnitude of these effects, we 
observed that DBS-treated patients exhibited significantly higher plasma 
levels of D-Ala and Gly than L-DOPA–naïve patients, indicating a 
reversal of the early-stage biochemical deficits. Although the role of D- 
Ala in PD remains poorly understood, elevated concentrations of this 
amino acid have been reported in the grey matter of patients with AD 
(D’Aniello et al., 1992), and D-Ala supplementation has shown benefi
cial effects in the treatment of schizophrenia (Tsai et al., 2006). 
Furthermore, when comparing DBS-treated patients to those receiving L- 
DOPA, we detected significant higher levels in L-Asp, L-Ala, L-Gln, Gly, 
and L-Thr, highlighting the capacity of STN-DBS to act on multiple 
biochemical pathways. Restoration of these neuroactive amino acid 
levels has important implications for NMDAR signaling, potentially 

enhancing receptor activation both directly, via L-Asp, and indirectly 
through the co-agonists D-Ala and Gly (Cummings and Popescu, 2015; 
Seckler and Lewis, 2020). Importantly, augmented stimulation of the 
NMDAR glycine-binding site has been associated with significant im
provements in motor and non-motor deficits in PD animal models and 
patients (Frouni et al., 2022; Frouni et al., 2021; Gelfin et al., 2012; 
Schmitz et al., 2013). Moreover, Gly may exert additional effects inde
pendent of NMDAR signaling, functioning as a potent inhibitory 
neurotransmitter via activation of Gly receptors, which are abundantly 
expressed in key basal ganglia structures, including the caudate- 
putamen, globus pallidus, and substantia nigra (Waldvogel et al., 
2007). Although the underlying mechanisms driving these systemic 
changes remain to be elucidated, these findings carry two major impli
cations. First, they demonstrate that focal neuromodulation of brain 
motor circuits via STN-DBS can exert widespread metabolic effects 
beyond the basal ganglia. Second, they suggest that STN-DBS may confer 
broad metabolic benefits—beyond its well-established motor symptoms 
relief—even in patients with long-standing disease. Although, to the best 
of our knowledge, no study has specifically targeted the impact of STN- 
DBS on circulating glutamatergic system-related amino acid levels in PD 
patients stratified for sex, several investigations have reported that STN- 
DBS can induce significant systemic effects in individuals with advanced 
PD. Notably, this intervention has been associated with marked in
creases in body weight and BMI within the first year post-surgery 
(Barichella et al., 2003; Macia et al., 2004; Novakova et al., 2007; 
Węgrzynek-Gallina et al., 2025)—a feature also observed in our STN- 
DBS-treated subgroup of advanced PD patients. While the mechanisms 
underlying this weight gain remain debated, emerging evidence sug
gests that STN-DBS may influence systemic lipid and glucose meta
bolism (Batisse-Lignier et al., 2013; Carrillo et al., 2024; Węgrzynek- 
Gallina et al., 2025), supporting the hypothesis of a functional crosstalk 
between the central nervous system and peripheral metabolic 
regulation.

Notably, in the recent study of Carrillo et al. (2024), authors 
analyzed plasma lipid and metabolite profiles in the same PD and 
healthy control cohort examined in the present study, identifying the 50 
most discriminant lipid species between cases and controls (Carrillo 
et al., 2024). These lipids were markedly upregulated in both L-DOP
A–naïve and L-DOPA–treated patients relative to controls, whereas STN- 
DBS–treated patients exhibited lipid profiles closely resembling those of 
healthy individuals. In conjunction with our data, these results imply 
that STN-DBS in advanced PD patients may exert systemic metabolic 
benefits by normalizing both lipidomic and amino acid perturbations. 
However, Carrillo et al. also reported amino acid alterations that differ 
from our HPLC findings (Carrillo et al., 2024). This apparent discrep
ancy likely reflects differences in cohort design (pooled versus sex- 
stratified) and analytical methodology (HPLC versus gas chromatogra
phy–time-of-flight MS).

We acknowledge that the present study has limitations, including the 
relatively small cohort size, absence of longitudinal follow-up, and lack 
of stratification based on the genetic background of PD patients, which 
may contribute to heterogeneity in metabolic profiles. Additionally, the 
PD subgroups differ not only in treatment modality but also in disease 
stages.

In summary, our study delineates a progressive disruption of circu
lating neuroactive amino acids in PD evident from the earliest disease 
stages and exacerbating over disease progression. Notably, L-DOPA 
treatment fails to correct these biochemical imbalances, whereas STN- 
DBS in advanced PD patients normalizes D- and L-amino acid levels to 
those of sex-matched HC. Collectively, these findings highlight the po
tential of circulating amino acid dysregulation as an early biomarker of 
PD and reveal the systemic metabolic benefits of STN-DBS beyond its 
motor symptom–alleviating effects.

T. Nuzzo et al.                                                                                                                                                                                                                                   Neurobiology of Disease 216 (2025) 107150 

7 



4. Materials and methods

4.1. PD cohort population

804 independent and unrelated PD patients (501 males; 300 familiar 
and 504 sporadic cases) were recruited at the IRCCS Mediterranean 
Neurological Institute (MNI) in Pozzilli (Carrillo et al., 2024; Gialluisi 
et al., 2021; Gialluisi et al., 2019; Palomba et al., 2023; Tirozzi et al., 
2021). All PD subjects were of European ancestry and were evaluated by 
neurologists of the Parkinson Study Group, according to published 
diagnostic criteria (Postuma et al., 2015). The PD cohort was recruited 
from June 2015 to December 2017, and from June 2021 to December 
2022, with a thorough protocol comprising neurological examination 
and evaluation of non-motor domains. Information about family history, 
demographic characteristics, anamnesis, and pharmacological therapy 
was also collected. The Movement Disorder Society revised version of 
the Unified Parkinson’s Disease Rating Scale Part III (33 items, 
maximum score 132; hereafter called UPDRS) was used to assess clinical 
motor symptoms (Goetz et al., 2008). These included language, facial 
expressions, tremor, rigidity, agility in movements, stability, gait and 
bradykinesia. Cognitive abilities were tested through an Italian vali
dated version of the Montreal Cognitive Assessment (MoCA) (Conti 
et al., 2015). Cognitive domains assessed include short-term memory (5 
points); visuospatial abilities via clock drawing (3 points), and a cube 
copy task (1 point); executive functioning via an adaptation of Trail 
Making Test Part B (1 point), phonemic fluency (1 point), and verbal 
abstraction (2 points); attention, concentration, and working memory 
via target detection (1 point), serial subtraction (2 points), digits for
ward and backward (1 point each); language via confrontation naming 
with low-familiarity animals (3 points), and repetition of complex sen
tences (2 points); and orientation to time and place (6 points). The total 
score was given by the sum of these domains and then divided by the 
maximum score that could be obtained (30 points). Non-motor symp
toms were assessed through an Italian validated version of Non Motor 
Symptoms Scale (NMS) for PD (Chaudhuri et al., 2006). This scale tests 9 
items, including cardiovascular domain, sleep/fatigue, mood/cognition, 
perceptual problems/hallucinations, attention/memory, gastrointes
tinal, urinary, sexual function, and ability to taste or smell. Among the 
PD patients, we used the 14 patients from the cohort who had had a STN- 
DBS implant (10 patients with a bilateral implant and 4 with a mono
lateral implant) for a comparable time at the time of recruitment. Pa
tients carrying GBA1 mutations were excluded. To compare the data of 
an equal number of patients per group, we selected 16 patients in the 
initial phase of the disease who were not yet being treated with L-DOPA 
and 15 patients who had been being treated with L-DOPA for at least 5 
years. Written informed consent was obtained from all participants. The 
ethical board of the IRCCS Neuromed approved the study protocols: 
N◦9/2015, N◦19/2020 and N◦4/2023.

4.2. Collection and storage of serum samples

Blood sampling was performed after a 6-h fasting. Blood samples 
from PD patients and healthy subjects were collected in blood collection 
tubes (BD Vacutainer, K2E (EDTA) then, after two centrifugations at 
1900g for 10 min, plasma was aliquoted and stored at − 80 ◦C. Unique 
anonymized codes have been assigned to the samples for processing and 
subsequent analysis, maintaining the confidentiality of personal data.

4.3. HPLC analysis of amino acids content

Plasma samples (100 μl) were mixed in a 1:10 dilution with HPLC- 
grade methanol (900 μl) and centrifuged at 13,000 ×g for 10 min. Su
pernatants were dried and then suspended in 0.2 M trichloroacetic acid 
(TCA). TCA supernatants were then neutralized with 0.2 M NaOH and 
subjected to precolumn derivatization with o-phthaldialdehyde/N- 
acetyl-L-cysteine in 50 % methanol. Amino acids derivatives were 

resolved on a UHPLC Nexera X3 system (Shimadzu) by using a Shimpack 
GIST C18 3-μm reversed-phase column (Shimadzu, 4.0 × 150 mm) 
under isocratic conditions (0.1 M sodium acetate buffer, pH 6.2, 1 % 
tetrahydrofuran, and 1 ml/min flow rate). A washing step in 0.1 M so
dium acetate buffer, 3 % tetrahydrofuran and 47 % acetonitrile, was 
performed after every run. Identification and quantification of amino 
acids were based on retention times and peak areas, compared with 
those associated with external standards. The detected amino acids 
concentration was expressed as μM.

4.4. Statistical analysis

Clinical and demographic characteristics were described using, as 
summary statistics, median and the interquartile range (IQR) or absolute 
frequencies. Comparisons between PD groups and HC were evaluated 
using Kruskal-Wallis’ test for demographic and clinical parameters. 
Comparison of plasma amino acid levels was performed using Kruskal- 
Wallis’ test followed by adjusted Dunn’s post hoc multiple comparisons, 
when required. ANCOVA model with age and LEDD as covariate was 
used to control for the effect of these factors on plasma amino acid 
levels. Significance was set at p < 0.05 for all analyses.
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Errazquin, F.P., Periñán-Tocino, T., Ruiz-Martínez, J., Ruz, C., Rodriguez, A.S., 
Sierra, M., Suarez-Sanmartin, E., Tabernero, C., Tartari, J.P., Tejera-Parrado, C., 
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