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Abstract. Parkinson’s disease (PD) and vascular parkinsonism (VP) are characterized by similar neurological
syndromes but differ in pathogenesis, morphology, and therapeutic approaches. The molecular genetic me-
chanisms of these pathologies are multifactorial and involve multiple biological processes. To comprehensively
analyze the pathophysiology of PD and VP, the methods of systems biology and gene network reconstruction
are essential. In the current study, we performed metabolomic screening of amino acids and acylcarnitines in
blood plasma of three groups of subjects: PD patients, VP patients and the control group. Comparative statisti-
cal analysis of the metabolic profiles identified significantly altered metabolites in the PD and the VP group. To
identify potential mechanisms of amino acid and acylcarnitine metabolism disorders in PD and VP, regulatory
gene networks were reconstructed using ANDSystem, a cognitive system. Regulatory pathways to the enzymes
converting significant metabolites were found from PD-specific genetic markers, VP-specific genetic markers,
and the group of genetic markers common to the two diseases. Comparative analysis of molecular genetic path-
ways in gene networks allowed us to identify both specific and non-specific molecular mechanisms associated
with changes in the metabolomic profile in PD and VP. Regulatory pathways with potentially impaired function
in these pathologies were discovered. The regulatory pathways to the enzymes ALDH2, BCAT1, AL1B1,and UD11
were found to be specific for PD, while the pathways regulating OCTC, FURIN, and S22A6 were specific for VP. The
pathways regulating BCAT2, ODPB and P4HA1 were associated with genetic markers common to both diseases.
The results obtained deepen the understanding of pathological processes in PD and VP and can be used for ap-
plication of diagnostic systems based on the evaluation of the amino acids and acylcarnitines profile in blood
plasma of patients with PD and VP.
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AHHoTauusA. bonesHb MapkuHcoHa (BIM) n cocyaucTbin napkuHcoHn3m (CIM) xapakTeprusyroTca CXOXKUMI HEBPOSIOT -
YeCKMMIM CYHAPOMaMK, HO Pas3NMyaloTca natoreHesom, Mopdonormen n TepanesTnyeckumn nogxogamu. Vix mone-
KyNnsApHO-FeHeTNYECKME MEXaHN3Mbl MHOrO(aKTOPHbI 1 3aeCTBYIOT MHOXECTBO BMONIornyeckrx npoueccos. Ana
KOMMNEKCHOro aHanun3a natoprsnonorum 3tmx 3aboneBaHnii HEO6x0AMMO NPUMeHeHe METOAOB CUCTEMHON 6Uo-
NOTVN 1 PEKOHCTPYKLIMMN FeHHbIX ceTel. B faHHOM uccnefoBaHuny NnpoBeAeH MeTaboNOMHbIA CKPUHWHT aMUHOKMC-
NOT 1 aUUIKAaPHUTUHOB B M1a3Me KPOBW TpeX rpynn NcnbiTyembix: naumeHTos ¢ bl, naunentos ¢ Cl v KOHTponbHOM
rpynnbl. CpaBHUTENbHBIV CTaTUCTUYECKWI aHann3 MeTabooOMHbIX Npodunein rpynn NauMeHToB MO CPaBHEHUIO C
KOHTpOJIEM ONpPefen 3HaYMMO U3MEHEHHbBIE YPOBHU MeTabonmToB npu 6onesHm MNMapKnHCOHa 1 Npy COCYyAnCTOM
NapKMHCOHU3Me. [1n1A BbIABEHUA NMOTEHUMNANbHbBIX MEXaHN3MOB HapyLleHWsA MeTabonn3mMa aMMHOKNCIIOT 1 aunn-
KapHWTMHOB Npwu BIM 1 CIM 6binn PeKOHCTPYPOBaHbI PEryNATOPHbIE FreHHble CeTU C MOMOLLbIO KOTHUTUBHOW CU-
ctembl ANDSystem. Myt perynauun ¢epmeHToB MeTabonm3ma 3HauMMbIX MeTabonuToB 6blIn HaliAeHbl ANA Tpex
rpynn reHeTMYecKkMx MapkepoB: cneunduyecknx ansa b, cneyuduueckux ans CI, a Takxke rpynnbl 06LWMX Map-
KepoB [iByX 3aboneBaHnin. CpaBHUTENbHbIV aHany3 MONeKyIAPHO-FeHEeTUYECKUX NMyTell B FeHHbIX CETAX MO3BOWI
BbIABUTb Kak crneyudurueckue, Tak n obwme ans b n CMN monekynspHble MexaHU3Mbl, aCCOLIMMPOBAHHbIE C U3MeHe-
H1em meTabonomHoro npoduna. ObHapyKeHbl perynatopHble nyTy, QYHKLMA KOTOPbIX MOTEHUMANbHO HapyLleHa
npwv 3Tnx natonoruax. Cneunduyecknmmn ana reHeTUYecknx mapkepos b okasanucb nyTn perynauun pepmeHToB
ALDH2, BCAT1, AL1B1 1 UD11, a ana reHeTuyeckux mapkepos CI — nytn perynaummn pepmentos OCTC, FURIN 1
S22A6. PerynatopHble Nyt K depmeHTam BCAT2, ODPB 1 PAHA1 6binn cBA3aHbI ¢ 061umMmn Anst o6oux 3aboneBaHuin
reHeTUYeCKUMM Mapkepamu. lNonyyeHHble pesynbTaTbl yriy6asioT NOHMMaHKE NaToNOrMYecKrx npoueccos npw bI1
1 CIN 1 MoryT 6bITb MCMONIb30BaHbI AN1A NPUMEHEHWA ANarHOCTUYECKNX CUCTEM Ha OCHOBE OLIeHKM MeTabonoMHOro
npoduna aMMHOKUCNOT 1 aLUIKapHUTVHOB B Nfla3Me KPOBU MaLMEHTOB C 60ne3Hblo MapKMHCOHa 1 COCYANCTbIM
NapKNHCOHN3MOM.

KnioueBble cnoBa: MeTabonomMmKa; aMMHOKNCIOTbI; aUUITKaPHUTVHDI; TeHHble CETU; FTeHeTUYeCKniA MapKkep; 6onesHb
MapKMHCOHa; COCYANCTBIN NAPKMHCOHN3M; HepoLereHepaLus; Cyxue NATHA Miasmbl KPOBY; G1oMapKep.

Introduction

Parkinson’s disease (PD) and vascular parkinsonism (VP)
are complex disorders characterized by bradykinesia, muscle
rigidity, gait disturbances, and balance impairment in patients.
PD is classified as a neurodegenerative disease, while VP,
also known as “small vessel disease”, arises in the context of
cerebrovascular diseases.

In the pathogenesis of PD, disruptions in the nigrostriatal
dopaminergic pathway play a crucial role, including depletion
of dopamine reserves and neuronal loss in the pars compacta
of substantia nigra (Alexander, 2004). Neurodegenerative
processes in PD exhibit a distinct morphological staging of
progression, beginning with the involvement of the olfactory
bulb and the dorsal motor nucleus of the vagus nerve, eventu-
ally culminating in the critical loss of neurons in the substantia
nigra pars compacta (Braak et al., 2003). This stepwise pro-

gression aligns with the gradual clinical manifestation of PD
symptoms, starting from autonomic disturbances and advanc-
ing to core motor symptoms (bradykinesia, tremor, muscle
rigidity) and cognitive deficits. The molecular mechanisms
underlying PD are actively investigated within the scientific
community. Known key factors include proteolytic stress,
impaired energy metabolism in substantia nigra neurons,
mitochondrial dysfunction (Levin et al., 2022), and the ac-
cumulation of alpha-synuclein (Rocha et al., 2018).

The mechanisms underlying vascular parkinsonism (VP)
associated with cerebrovascular diseases (CVD) remain poorly
understood. VP often arises in the context of CVD and chronic
cerebral circulation disorders, leading to dysfunction of the
neurogliovascular unit (Che Mohd Nassir et al., 2021). The
symptoms of vascular parkinsonism develop more rapidly than
in Parkinson’s disease and include lower-body-predominant
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bilateral parkinsonism, absence of tremor, pyramidal signs,
and cognitive impairments (Vale et al., 2012). Unlike PD,
dominated by proteolitic stress, mitochondrial dysfunction
and the impairment energy metabolism of substantia nigra
neurons (Levin et al., 2022), the pathogenesis of which in-
volves the death of dopaminergic neurons and accumulation
of alpha-synuclein (Rocha et al., 2018), VP is primarily driven
by disturbances in microcirculation and hemodynamics. A key
factor in VP development is small cerebral vessels lesion,
often associated with a long history of arterial hypertension
(Che Mohd Nassir et al., 2021) and diabetes mellitus (Thanvi
etal., 2005). Chronic ischemia resulting from cerebrovascular
disorders is accompanied by oxidative stress, inflammation,
and mitochondrial dysfunction. These pathological processes
lead to significant structural and functional changes in the
neurogliovascular unit, including endothelial dysfunction,
impaired blood-brain barrier permeability, and alterations in
astrocytes and pericytes (Narasimhan et al., 2022). Ultimately,
this results in white matter damage (leukoaraiosis) and the for-
mation of multiple lacunar infarcts in strategically important
areas of the basal ganglia (Zijlmans et al., 1995; Chen Y.-F.
et al., 2014; Korczyn, 2015).

Among the common characteristics of these pathological
processes are disruptions in the metabolism of lipids, amino
acids, and energy molecules, highlighting their importance in
the molecular mechanisms of these conditions. Amino acids
and acylcarnitines are involved in numerous processes, in-
cluding neurotransmitter biosynthesis and energy metabolism
(Jones et al., 2010; Dalangin et al., 2020). Studies analyzing
metabolomic profiles in Parkinson’s disease (PD) are available
in the literature (Wuolikainen et al., 2016; Zhao et al., 2018;
Ostrakhovitch et al., 2022), but the role of amino acids and
acylcarnitines requires further investigation. It is also worth
noting that, to date, we have not identified any metabolomic
studies focused on vascular parkinsonism.

To study complex diseases such as Parkinson’s disease
and parkinsonism, gene networks have been utilized. These
networks allow for integration of knowledge and identifica-
tion of regulatory mechanisms underlying pathologies at the
molecular and genetic levels (Mercatelli et al., 2020). To
date, studies on gene networks in Parkinson’s disease are
presented, including protein-protein interaction networks of
PD markers (George et al., 2019a; Tomkins, Manzoni, 2021),
gene co-expression networks (George et al., 2019b), regula-
tory pathways (https://www.kegg.jp/entry/hsa05012), and
others. In contrast to PD, studies on the molecular and genetic
mechanisms of vascular parkinsonism based on gene networks
are sparsely represented in the scientific literature (Chen Y.
et al., 2022).

At the ICG SB RAS, the cognitive system ANDSystem
was developed for reconstructing and analyzing gene net-
works using artificial intelligence methods (Demenkov et al.,
2012; Ivanisenko V.A. et al., 2015, 2019; Ivanisenko T.V. et
al., 2020, 2022). ANDSystem has been used for interpreting
metabolomic (Rogachev et al., 2021; Ivanisenko V.A. et al.,
2022, 2023) and proteomic (Pastushkova et al., 2013, 2019;
Binder et al., 2014; Larina et al., 2015) data. Bioinforma-
tics studies conducted with ANDSystem have expanded the
understanding of molecular and genetic processes associated
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with the development of various diseases and the formation of
comorbid conditions (Bragina et al., 2014, 2016, 2023; Saik
etal., 2016, 2018, 2019; Zolotareva et al., 2019).

The aim of this study was a comparative analysis of the
molecular and genetic mechanisms of PD and VP using the
gene network reconstruction methods based on metabolomic
screening of amino acids and acylcarnitines.

Materials and methods

Characteristics of patients groups. The study included two
groups of patients with confirmed diagnoses of Parkinson’s
disease (PD) and vascular parkinsonism (VP), along with a
control group. Differential diagnosis was based on MRI and
clinical criteria. Blood samples were collected after discon-
tinuation of L-DOPA (L-dihydroxyphenylalanine) treatment.

The PD group consisted of 9 patients (5 women, 4 men) with
a mean age of 72.2 years (age range: 64—88 years). Inclusion
criteria were: clinically confirmed PD, stage IV by Hoehn and
Yahr, disease duration >5 years, and onset age 55—75 years;
symptoms including bradykinesia, resting tremor or muscle
rigidity, and response to L-DOPA therapy. The VP group
included 9 patients (7 women, 2 men) with a mean age of
74.6 years (age range: 60—89 years). Inclusion criteria were:
disease duration >3 years, MRI findings of multi-lacunar
status and leukoaraiosis; symptoms such as lower-body-predo-
minant parkinsonism, bilateral onset, and postural instabil-
ity. The control group consisted of 17 conditionally healthy
individuals (11 women, 6 men) with a mean age of 68 years
(age range: 51-82 years). Background conditions in this
group included chronic arterial hypertension without transient
ischemic attacks or stroke and the absence of neurological
symptoms.

Collection of biological material and HPLC-MS/MS
analysis. Blood samples were collected from a peripheral
vein during daytime, three hours after food intake, using 6 mL
plasma tubes containing lithium heparin (68 IU) (Vacutainer,
BD). Plasma preparation and the analysis of amino acids and
acylcarnitines (the list of the analyzed metabolites is provided
in Supplementary Material 1)! were performed using the
HPLC-MS/MS method as previously described (Kasakin et
al., 2019). The analysis utilized an API 6500 QTRAP mass
spectrometer (AB SCIEX, USA) coupled with an HPLC
LC-20AD Prominence chromatograph (Shimadzu, Japan)
equipped with an SIL-20AC autosampler (Shimadzu, Japan).

Statistical analysis of experimental data. For the statis-
tical analysis of differences in metabolite levels across the
metabolomic profiles of the studied groups, the Mann—Whit-
ney and Kolmogorov—Smirnov tests were applied with a sub-
sequent Benjamini—Hochberg procedure (False Discovery
Rate, FDR) for multiple comparisons. Statistical calculations
were performed using Python 3.11 with functions from the
scipy.stats module.

Formation of lists of enzymes and genetic markers of
PD and VP. For each of the metabolites, the concentrations
of which were statistically significantly altered in patient
groups compared to the control group, lists of biosynthesis
and degradation enzymes were made. The enzymes convert-

T Supplementary Materials 1-9 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Makarova_Engl_28_8.xIsx
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Templates of molecular genetic pathways regulating the biosynthesis and degradation enzymes of significant metabolites

by genetic markers of PD, VP, or common to both diseases

Title Template of regulatory pathway
Protein-protein interactions

Protein function regulation

Genetic markers — protein-protein interactions — Enzymes

Genetic markers — regulation of protein activity/degradation/post-translational modifications/

transport/catalytic reactions — Enzymes

Regulation of expression

Double regulation of expression

Genetic markers — regulation of expression — Genes encoding enzymes — expression — Enzymes

Genetic markers — regulation of expression — Human genes - expression — Human proteins —

regulation of expression — Genes encoding enzymes - expression — Enzymes

Note. Genetic markers - proteins encoded by genetic markers (of PD, VP or common markers of both diseases); Enzymes — enzymes of conversion of significant
metabolites; Enzyme genes — genes encoding enzymes of conversion of metabolomic markers.

ing significant metabolites were extracted from the KEGG
(Kanehisa, 2000) and HMDB (Wishart et al., 2022) databases.

The lists of genetic markers for Parkinson’s disease and
vascular parkinsonism were extracted from the MalaCards da-
tabase (https://www.malacards.org/, accessed on: 25.01.2024)
(Rappaport et al., 2014). The genetic markers of VP included
protein-coding genes annotated in disease terms ‘“Vascular
Parkinsonism” and “Vascular Dementia”. The genetic markers
for PD included protein-coding genes associated with the term
“Parkinson’s Disease”.

Gene networks reconstruction. Gene networks recon-
struction was performed using ANDVisio, a graphical user
interface of the cognitive system ANDSystem (Ivanisen-
ko V.A. etal., 2015). Regulatory pathways of four types were
constructed according to the templates described in the Table.
These templates allow to identify molecular genetic pathways
including protein-protein interactions, regulation of protein
activity, degradation, transport, proteolysis, and also gene
expression regulation. The reconstruction of molecular genetic
pathways regulating the enzymes that convert metabolites was
carried out using the same templates for three sets of genetic
markers (PD, VP, and common markers for both diseases).

Results

Statistical analysis of metabolomic data

The statistical analysis of metabolomic data (Supplementary
Material 1), aimed at identifying differences in metabolite
levels between the PD and VP groups compared to the control
group, revealed that out of 44 metabolites with measured con-
centrations, statistically significant differences (FDR < 0.05)
were observed for 18 metabolites in PD and 21 metabolites
in VP (Supplementary Material 2).

Both the PD and the VP group differed from the control
group in the levels of four out of 14 analyzed amino acids:
alanine, proline, isoleucine, and valine. Notably, methionine
levels were significantly altered in the PD group but did not
distinguish the VP group from the control. Among acylcarni-
tines, significant differences were identified for 13 metabolites
shared between PD and VP (Supplementary Material 2).
Specific acylcarnitines, the levels of which significantly dif-
fered only in the VP group compared to the control, included
acylcarnitines C6, C10, C10:1, and Carnitine.

930

Reconstruction and analysis of gene networks

To investigate the molecular genetic mechanisms potentially
contributing to the altered metabolomic profiles in PD and
VP, we utilized the gene network approach. Gene networks
enabled the integration of knowledge about the molecular
interactions of metabolites with known genetic markers of PD
and VP. Genetic markers were defined as genes associated with
PD and VP according to the MalaCards database (Rappaport
et al., 2014). Lists of 84 genetic markers for Parkinson’s di-
sease and 60 markers for vascular parkinsonism are provided
in Supplementary Material 3. The intersection of the genetic
marker lists for PD and VP showed that 22 genetic markers
were shared between these diseases.

To study the role of genetic markers in the regulation of
enzymes involved in the conversion of significant metabolites,
we applied the gene network approach using the ANDVisio
software (Ivanisenko V.A. et al., 2019). This method is based
on the automated reconstruction of regulatory molecular
genetic pathways using templates specified in the queries to
ANDVisio (see the Table).

We analyzed the regulatory pathway templates that start
with proteins encoded by genetic markers specific to PD,
to VP, and also markers common to both diseases. The lists
of these proteins were used as input data for the “Pathway
Wizard” module of the ANDVisio software. The regulatory
pathways end with the enzymes of biosynthesis and degrada-
tion of metabolites identified as significant in the statistical
analysis. The lists of enzymes used for the analysis are pro-
vided in Supplementary Material 4. The pathways also include
intermediate participants (human proteins) that link genetic
markers to enzymes. These intermediate proteins were not
explicitly specified in the input data, as the software auto-
matically identified such mediators. The regulatory pathways
accounted for major types of molecular genetic interactions,
including gene expression regulation, protein-protein interac-
tions, and regulation of protein activity, degradation, transport,
and catalytic reactions. Illustrations of the gene networks are
provided in Supplementary Materials 5 and 6. The number of
regulatory connections to each enzyme originating from PD,
VP, and shared genetic markers is shown in Supplementary
Materials 7-9.

Histograms illustrating the distribution of regulatory con-
nections among participants of the reconstructed gene net-
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Fig. 1. Distribution of the number of regulatory pathways in the gene network from PD genetic markers to the enzymes of amino

acid and acylcarnitine metabolism.

works are shown in Figures 1 and 2. In the histograms, the
X axis represents the names of genetic markers, while the
Y axis shows the number of regulatory pathways realized
through molecular genetic interactions from the genetic mar-
kers (PD, VP, and shared markers) to the enzymes involved
in reactions with significant metabolites.

The genetic markers of Parkinson’s disease BCL2, TBP,
and TAF1 exert greater regulatory influence on acylcarnitine
metabolism enzymes, while PARP1 equally affects enzymes
involved in both amino acid and acylcarnitine metabolism
(Fig. 1). The genetic markers of vascular parkinsonism such
as TFAM, CASP3, ALBU, and VEGFA have a stronger regula-
tory influence on acylcarnitine metabolism enzymes, whereas
FBX7, NOTC3, and FA12 predominantly affect amino acid
metabolism enzymes (Fig. 2).

Notably, the genetic markers shared between PD and VP
participate equally in regulating enzymes involved in amino
acid and acylcarnitine metabolism (Fig. 3). The genetic marker
LRRK2, according to the gene networks, exerts a greater influ-
ence on the regulation of amino acid metabolism.

For some enzymes involved in metabolite conversion, the
levels of which significantly differed in PD and VP patients
compared to the control group, the regulatory pathways origi-
nating from genetic markers of PD, VP, and common genetic
markers demonstrated varying quantitative proportions. Histo-
grams depicting the number of regulatory impacts from groups
of genetic markers to enzymes of amino acid and acylcarnitine
metabolism were based on the gene networks (Supplementary
Materials 5 and 6) and are shown in Figures 4 and 5.

The regulatory pathways from PD genetic markers are more
prominent for the enzymes ALDH2, BCAT1, AL1BI, and
P5CR1, while pathways to BCAT2 and PAHA1 originate more
from the genetic markers shared between PD and VP (Fig. 4).
Among the enzymes of acylcarnitine metabolism, fatty acid
synthase (FAS) is subject to the most significant regulatory
influence (Fig. 5). For enzymes FAS, ODPA (PDHA1), and
ACACA (ACCl), regulatory pathways are implemented by
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Fig. 2. Distribution of the number of regulatory pathways in the gene
network from VP genetic markers to the enzymes of amino acid and acyl-
carnitine metabolism.
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Fig. 3. Distribution of the number of regulatory pathways in the gene
network from genetic markers shared between PD and VP to the enzymes
of amino acid and acylcarnitine metabolism.

genetic markers specific to both PD and VP. However, in
regulation of the enzyme ODPB, shared genetic markers play
a more prominent role.

Thus, the metabolomic analysis identified 5 amino acids and
17 acylcarnitines with significantly altered concentrations in
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Fig. 5. Distribution of the number of regulatory pathways in the gene networks from genetic markers (PD, VP and shared between PD and VP) to the

enzymes of acylcarnitine metabolism.

the PD and VP patient groups compared to the control group
(Supplementary Material 2). The gene network approach
enabled the reconstruction and analysis of regulatory mo-
lecular genetic pathways from PD and VP genetic markers to
the enzymes involved in amino acid and acylcarnitine meta-
bolism.

Discussion

Specific and non-specific markers of PD and VP

Our results showed that the lists of 18 and 21 significant
metabolites for PD and VP, respectively, had an overlap in
17 common metabolites, which could be considered as non-
specific markers for differential diagnosis. The metabolomic
analysis thus provided a limited insight into distinguishing
between Parkinson’s disease and vascular parkinsonism. We

hypothesized that while potential metabolomic markers over-
lap for PD and VP, the molecular mechanisms underlying their
metabolic disruptions may differ between the two diseases. It
is known that genetic markers play a substantial role in patho-
logical processes. In this regard, the genetic markers may also
influence the metabolism of the potential PD and VP markers
(amino acids and acylcarnitines) identified in our study.

To test this hypothesis, we reconstructed the gene networks
describing regulatory connections from the genetic markers
of these diseases to the enzymes involved in the biosynthesis
and degradation of significant metabolites. The analysis re-
vealed that disease-specific genetic markers actively regulate
enzyme functions and the expression of their encoding genes
(Supplementary Materials 5 and 6). Genetic markers were
grouped into three categories: specific to PD, specific to VP,
and shared between the two diseases. To identify the specific
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Fig. 6. Gene networks of regulation of the enzymes involved in amino acid metabolism by genetic markers of PD, VP and common markers of PD and VP.

The genetic markers are framed: PD (blue frames), VP (green frames), common markers of PD and VP (orange frames).

molecular mechanisms of disrupted metabolism regulation in
PD and VP, we analyzed the regulatory pathways starting from
disease-specific genetic markers. Meanwhile, the pathways
involving genetic markers shared between PD and VP were
hypothesized to define the mechanisms underlying common
metabolomic profile disruptions. In the reconstructed gene net-
works (Supplementary Materials 5 and 6), we highlighted the
regulatory pathways involving enzymes previously studied in
the context of Parkinson’s disease and vascular parkinsonism.

The gene networks of regulation

of the enzymes of amino acids metabolism

ALDH?2 (aldehyde dehydrogenase 2) was identified among the
enzymes with the highest number of regulatory connections
from PD and VP genetic markers (Fig. 6a). ALDH2 partici-
pates in the metabolism of proline, alanine, and fatty acids
and is a key enzyme involved in metabolizing aldehydes and
cytotoxic metabolites. In the brain, ALDH2 plays a crucial role
in preventing “aldehyde load” — the accumulation of aldehydes
that, under oxidative stress, can bind to lipids, nucleic acids,
and proteins, causing neurotoxic effects (Chen C.-H. et al.,
2016). Studies on the association of aldehyde dehydrogenases
with PD have shown increased mitochondrial ALDH2 activity
in the striatum of PD patients (Michel et al., 2014). ALDH2
may protect neurons from the toxic effects of dopamine meta-
bolites (Chiu et al., 2015), and enhanced ALDH2 activity has
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been shown to restore neuronal function impaired by hypoxia
(Lin et al., 2022).

The enzyme AL1B1 (mitochondrial aldehyde dehydroge-
nase X) had the highest number of regulatory connections from
PD genetic markers in the gene network (Fig. 6b). AL1B1 is
involved in proline, alanine, and fatty acid metabolism and
plays a substantial role in acetaldehyde detoxification and
neurotransmitter metabolism (Shortall et al., 2021). It was
suggested that AL1B1 deficiency identified in the brain is
associated with Parkinson’s disease progression (Griinblatt,
Riederer, 2016; Odongo et al., 2023). AL1B1 deficiency may
lead to the accumulation of aldehydes such as 4-hydroxy-2-
nonenal (4-HNE), which can impair mitochondrial function,
induce alpha-synuclein aggregation, and trigger neuroinflam-
mation and apoptosis (Wey et al., 2012; Griinblatt, Riederer,
2016).

According to the gene network analysis, the enzymes
P4HAT1 and P4HA2 were more strongly regulated by the
genetic markers shared between PD and VP (Fig. 6¢). PAHA
(prolyl 4-hydroxylase alpha) enzymes catalyze the forma-
tion of 4-hydroxyproline, essential for the correct folding of
procollagen chains (Song et al., 2023). Additionally, PAHA1
is known to participate in post-ischemic angiogenesis (Xu et
al., 2024).

The enzymes BCAT1 and BCAT?2 catalyze the reversible
transamination of branched-chain amino acids (BCAA) with
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alpha-ketoglutarate to form corresponding branched-chain
alpha-keto acids and glutamate. Our metabolomic analysis
revealed elevated levels of BCAAs, such as valine and isoleu-
cine, in PD and VP patients. Based on our reconstructed gene
networks, BCAT 1 was one of the enzymes highly regulated by
PD genetic markers, while regulatory connections to BCAT2
predominantly originated from shared PD and VP markers
(Fig. 6d). Defective BCAA metabolism, including BCAT1
disruptions, is associated with key PD features, including
motor dysfunction and neurodegeneration (Yao et al., 2018;
Sohrabi et al., 2021). In Parkinson’s disease C. elegans mo-
dels, knockdown of bcatl led to depletion of tricarboxylic acid
cycle metabolites and mitochondrial hyperactivity, resulting
in oxidative damage to neurons (Mor et al., 2020). Further-
more, a genome-wide association meta-analysis has linked
PD to genes encoding BCAA metabolism enzymes (Nalls et
al., 2014). Disruptions in BCAA metabolism enzymes have
also been observed in vascular dementia. Increased mRNA
expression of cytosolic and mitochondrial BCAT was found
in cortical samples from patients with vascular dementia,
possibly protecting cells from the neurotoxic effects of excess
glutamate (Ashby et al., 2017).

The gene networks of regulation

of the enzymes of acylcarnitines metabolism

In both patient groups, we identified alterations in the acylcar-
nitine profile, which plays a critical role in the cellular energy
metabolism. As acylcarnitines are the primary carriers of fatty
acids to the inner mitochondrial membrane, their metabolism
is closely linked to fatty acid metabolism. Fatty acid synthase
(FAS) catalyzes the elongation of fatty acids starting from
acetyl-CoA and malonyl-CoA. In the gene network regulating
acylcarnitine metabolism enzymes, the FASN gene had the
highest number of “expression regulation” connections from
genetic markers of PD and VP (Fig. 7a). Notably, the genetic
marker PINK1, associated with mitochondrial dysfunction in
PD (Narendra et al., 2010), has been implicated in this path-
way. Mutations in PINK1 lead to its deficiency in PD (Valente
etal., 2004). It has been shown that FAS repression in PINK1-
mutant models restores mitochondrial metabolic processes and
reduces palmitate levels (Vos et al., 2017). Additionally, FAS
is known to play a role in central nervous system myelination
and remyelination processes (Dimas et al., 2019).

The gene network analysis revealed numerous regulatory
connections to CPT1 (carnitine palmitoyltransferase 1) from
the genetic markers specific to both PD and VP (Fig. 7b).
CPT1 is a transporter protein located on the outer mitochon-
drial membrane; CPT1 exists in three isoforms in mammalian
cells: CPT1A, CPT1B, and CPT1C. CPT1A is more specific
to lipogenic tissues (e. g., liver), while CPT1B predominates
in tissues with high fatty acid oxidation capacity (e.g., heart
and skeletal muscle), and CPT1C is predominantly expressed
in neuronal tissue (Wang Muyun et al., 2021). CPT1 enzymes
catalyze the transfer of acyl-CoA groups (chain lengths C12—
C18) to L-carnitine, forming acylcarnitines (Schlaepfer, Joshi,
2020). Inhibition of lipid metabolism regulated by CPT1A
in mouse models of Parkinson’s disease has shown promis-
ing results, improving motor and sensorimotor functions
(Trabjerg et al., 2023). CPT1 has also been implicated in the
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development of insulin resistance, a condition associated with
impaired function of substantia nigra in the brain (Virmani et
al., 2015). In early-stage PD patients, reduced levels of long-
chain acylcarnitines (C14—-C18) were identified, potentially
associated with CPT1 deficiency (Saiki et al., 2017).

Regulatory connections to the enzymes ACC1 and ODPA
(PDHA1) were characteristic for both PD and VP (Fig. 7¢, d).
ACCI1 (acetyl-CoA carboxylase 1, ACACA) is the rate-li-
miting enzyme in de novo fatty acid synthesis, converting
acetyl-CoA to malonyl-CoA (Wang Y. et al., 2022). In
Parkinson’s disease models, interaction of phosphorylated
alpha-synuclein and ACC1 has been associated with low ATP
levels, oxidative stress, and mitochondrial dysfunction (Gras-
si et al., 2018). PDHA1 (pyruvate dehydrogenase E1 alpha,
ODPA) is a key component of the complex that catalyzes the
decarboxylation of pyruvate to acetyl-CoA (Berglum et al.,
1996). Under stress conditions, PDHA1 suppression enables
astrocytes to rely on anaerobic glycolysis, increasing lactate
consumption by neurons, conserving glucose, and protecting
against oxidative stress (de Holanda Paranhos et al., 2024).
Thus, PDHA1 acts as a mediator between cytosolic glycolysis
and mitochondrial oxidative phosphorylation (Pavli-Pereira
et al., 2023). Research by Miki Y. et al. (2017) demonstrated
that PDHA1 is a component of Lewy bodies in idiopathic PD
and PARK 14-linked parkinsonism (a familial PD form). Ad-
ditionally, reduced PDHA1 protein levels have been observed
in brain regions such as the striatum and substantia nigra in
idiopathic PD patients.

According to the analysis of gene networks, regulatory
connections to the enzymes OCTC and FURIN were found
to be more specific to VP genetic markers (Fig. 7e, f). OCTC
(peroxisomal carnitine octanoyltransferase), encoded by the
CROT gene, is involved in the transport of medium- and
long-chain acyl-CoA from peroxisomes, which are critical
for B-oxidation of fatty acids. OCTC has been associated with
calcification of arterial smooth muscle cells, as high OCTC
levels were detected near calcified plaque areas (Okui et
al., 2021).

Furin (PACE) is a serine convertase involved in atherogen-
esis. Increased furin activity is associated with cardiovascular
disease progression (Wichaiyo et al., 2024), and its inhibition
has been shown to slow atherosclerotic lesion progression in
mice (Yakala et al., 2019). Furin also affects neuronal tissue
by promoting the conversion of brain-derived neurotrophic
factor (BDNF) from pro-BDNF to its mature form, potentially
influencing neurodegenerative diseases (Wang Mingyue et al.,
2021). Furin inhibitors may prevent neuronal damage induced
by NMDA signaling (Yamada et al., 2018) and facilitate the
conversion of pro-nerve growth factor (pro-NGF) to B-NGF,
which influences vascular smooth muscle cells (Urban et al.,
2013). Studies on the Parkinson’s disease models showed that
furin modulates disease progression. For instance, knock-
down of Furinl in D. melanogaster reduced dopaminergic
neuron loss caused by mutations in Lrrk2 (Maksoud et al.,
2019). Furthermore, furin is required for cap-dependent
LRRK?2 translation, impacting postsynaptic signaling (Pen-
ney et al., 2016).

Regulatory connections to the enzyme UD11 were predo-
minantly driven by PD genetic markers (Fig. 7g). UDP-glu-
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curonosyltransferases are enzymes involved in detoxifica-
tion by glucuronidating substrates, facilitating their excre-
tion (Tukey, Strassburg, 2000). While these enzymes are
understudied in the context of PD and VP, the link of UDP-
glucuronosyltransferase 1A9 genotype to adverse reactions
to catechol-O-methyltransferase inhibitors in PD patients
was reported (Ferrari et al., 2012).

The altered metabolomic profiles of amino acids and acyl-
carnitines in PD and VP may result from distinct molecular
genetic mechanisms. In this study, the regulatory pathways
specific to PD included the enzymes ALDH2, BCAT1,AL1BI,
and UDI1. The pathways specific to VP were identified for
OCTC, FURIN, and S22 A6. For genetic markers shared by PD
and VP, regulatory influences were prominent on the enzymes
BCAT2, ODPB, and P4HA1. The gene networks analysis for
both PD and VP revealed disruptions in lipid metabolism,
valine and isoleucine pathways, and mechanisms associated
with oxidative stress and mitochondrial dysfunction.

Conclusion

To identify disease-specific molecular genetic mechanisms,
we reconstructed gene networks describing the regulation
of enzymes involved in the metabolism of potential PD and
VP markers identified by HPLC-MS/MS, including several
amino acids (alaning, proline, valine, isoleucine, methionine)
and 17 acylcarnitines. A comparative analysis of regulatory
pathways within these networks revealed both specific and
non-specific molecular mechanisms associated with the altered
metabolomic profiles of these pathologies. The results ob-
tained highlight the molecular genetic distinctions between PD
and VP and may be useful for the development and application
of diagnostic systems based on plasma metabolomic profiles
of' amino acids and acylcarnitines. Notably, this study was the
first to apply the gene network analysis to the metabolomic
profiles of amino acids and acylcarnitines in patients with
vascular parkinsonism and Parkinson’s disease, representing
a significant step forward in the comparative investigation of
these disorders.
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