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Multiomics approach identifies
dysregulated lipidomic and proteomic
networks in Parkinson’s disease patients
mutated in TMEM175
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Federica Carrillo1, Marco Ghirimoldi 2, Giorgio Fortunato1, Nicole Piera Palomba3, Laura Ianiro3,
Veronica De Giorgis2, Shahzaib Khoso2,4, Tiziana Giloni3, Sara Pietracupa3,5, Nicola Modugno 3,
Elettra Barberis4,6, Marcello Manfredi2,7,8 & Teresa Esposito 1,3,8

Parkinson’s disease (PD) represents one of the most frequent neurodegenerative disorders for which
clinically useful biomarkers remain to be identified and validated. Here, we adopted an untargeted
omics approach to disclose lipidomic,metabolomic andproteomic alterations in plasmaand in dermal
fibroblasts of PD patients carrying mutations in TMEM175 gene. We revealed a wide dysregulation of
lysosome, autophagy, andmitochondrial pathways in these patients, supporting a role of this channel
in regulating these cellular processes. The most significant altered lipid classes were Fatty acyls,
Glycerophospholipids andPhosphosphingolipids. The plasma level of Phosphatidylcholines (PC) and
Phosphatidylinositol (PI) 34:1 significantly correlated with an earlier age at onset of the disease in
TMEM175 patients (p = 0.008; p = 0.006). In plasma we also observed altered amino acids metabolic
pathways in PD patients. We highlighted that increased level of L-glutamate strongly correlated
(p < 0.001) with the severity of motor and non-motor symptoms in PD_TMEM175 patients. In dermal
fibroblasts, we disclosed alterations of proteins involved in lipids biosynthesis (PAG15, PP4P1,GALC,
FYV1, PIGO, PGPS1, PLPP1), in the insulin pathway (IGF2R), in mitochondrial metabolism (ACD10,
ACD11, ACADS) and autophagy (RAB7L). Interestingly, we quantified 43 lysosomal or lysosomal-
related proteins, which were differentially modulated between TMEM175 patients and controls.
Integrative correlation analysis of proteome and lipidome of PD_TMEM175 cellularmodels identified a
strong positive correlation of 13 proteins involved in biosynthetic processes with PC and Ceramides.
Altogether, these data provide novel insights into the molecular and metabolic alterations underlying
TMEM175 mutations and may be relevant for PD prediction, diagnosis and treatment.

Parkinson’s disease (PD) pathophysiology is still an aim of study in the
neurodegeneration field due to the complex aetiology1. The effective
pathological characteristic of PD is the progressive loss of dopaminergic
(DA) neurons in the Substantia Nigra pars compacta (SNpc) and the
accumulation of intracellular α-synuclein in the form of Lewy-body2.

Diagnosis of PD relies on clinical history, physical examination, and the
response to dopaminergic drugs, but misdiagnosis is common in the early
phases of the disease. PD is now considered to be a diverse group of dis-
orders, rather than a single pathogenic disease entity, affecting both the
peripheral and central nervous system3,4. For this reason, new approaches
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for the studyofPDshouldbe adoptedby combiningmultiple omics layers of
high-throughput sources to elucidate newbiological information for a better
understanding of neurodegenerative conditions. Particularly, metabolomic,
proteomic and lipidomic analyses are spreading as new tools to widely
investigate pathway alterations in PD patients within biological fluids, cel-
lular models and tissues, which could better reflect PD process. Lipids,
metabolites, and proteins reflect the physiological and pathological status of
an individual. Profiling these data types could be useful not only to highlight
new pathways affected in PD condition but also to identify sensitive and
effective markers for early disease detection and potentially effective ther-
apeutic interventions. In fact, it has been suggested that precision medicine
applied to PD should be based on biomarker profiles instead of clinical
features, which can change rapidly within a few years and largely overlap4.
Althoughmuch progress has been made in the last years in PD biomarkers
research, clinically useful biochemical markers remain to be identified and
validated for early andmore precise diagnosis of PD or for differentiation of
subtypesofPD,whichmay require different treatments. Biomarkers are also
needed to predict the course of the disease, including possible adverse effects
of dopamine replacement strategies, the development of levodopa-induced
dyskinesia (LID), and to monitor the effect of experimental disease-
modifying treatments in the future.

However, the majority of reported studies have been conducted in PD
cohorts not stratified at the genetic level or focusing the attention on PD
patients carrying mutations in the most common genes associated with the
disease, such as LRRK2, SNCA, PRKN and PINK5–9, which not recapitulate
all the complex genetic background of PD patients.

Our previous studies and recent evidence indicated TMEM175 as an
emerging new risk gene for Parkinson’s disease10–13. Haoxing Xu’s group
demonstrated how TMEM175 functioning is crucial to ensure lysosomal
pH stability and consequently lysosomal functioning14. The knocking out of
TMEM175 was demonstrated to induce loss of dopaminergic neurons and
impairment in motor function in mice15. Recently, we functionally char-
acterised several likely pathogenic variants in TMEM175 gene occurring in
about 5% of the Italian PD cohort and we described how these variants
affected channel activity, autophagy, and unfolded protein response (UPR)
signalling pathways11.

Thus, based on this evidence, in this study we investigated whether
the presence ofmutation in TMEM175 gene could reflect a characteristic
lipidomic, metabolomic and proteomic signature of PD patients both at
circulating and cellular level. The study cohort included two groups of
PD patients and a group of healthy subjects matched for age and sex. PD

patients were matched for clinical parameters, but they differ for the
presence of mutation in TMEM175 gene. PD patients carrying no
mutation in TMEM175 were carriers of variants in other PD genes not
directly related to the lysosome pathway. The aim of the study was to
identify new altered metabolic pathways and potential biomarkers at
circulating level associated with the presence of mutation in TMEM175
gene in PD patients.

Results
This work utilises genomic, lipidomic, metabolomic, and proteomic
approaches to investigate the molecular constituents of pathways that
may be disrupted in PD patients with mutation in TMEM175 gene
(Fig. 1). The analysis focuses on plasma circulating biofluid and dermal
fibroblasts. The PD cohort includes 804 unrelated PD patients who were
recruited before and during the pandemic period from 2015 to 2017 and
from 2021 to 2022. All patients were investigated with the same study
protocol that included the evaluation of motor and non-motor symp-
toms (see “Methods”). We conducted whole exome sequencing (WES)
analysis of the entire cohort, and we identified 30 different variants in
TMEM175 gene in 63 patients (about 8% of the entire cohort), sug-
gesting an important role of this gene in PD risk (Table S1 reports the
complete list of variants identified in our study cohort) (Carrillo et al.,
2024, under revision). For this study, we selected 25 out of the 63 PD
patients (referred to as PD_TMEM175) who were recruited before the
pandemic period (from 2015 to 2017) and for which demographic and
clinical information were available (Table 1). This choice was made to
avoid stratification of the study cohort due to the different length of time
of conservation of the biological samples and to metabolic alterations
that could be due to SARS-CoV-2 infection. Overall, the selected group
of patients was carrier of 16 different likely pathogenic variants that
affected the functionality of TMEM175 channel, as recently demon-
strated (Table S2)11.We also selected a group of PDpatients referred to as
PD_NoTMEM175 carrying both no mutations in PD genes (N = 8) and
rare variants in PD genes not involved in the lysosomal pathway (N = 6)
(Table S2). A group of healthy subjects (N = 14 and referred to as
Controls) matched for sex and age was included in the study (Table 1).
No significant differences were identified with respect to sex, age, body
mass index (BMI), and serum cholesterol concentration fromHigh- and
Low-Density Lipoproteins between PD and healthy subjects (Table 1).
The two groups of PD patients were matched for motor and non-motor
symptoms (Table 1).

Fig. 1 | Workflow. Graphical representation of the study. The figure was created with BioRender.com (www.biorender.com).

https://doi.org/10.1038/s41531-024-00853-5 Article

npj Parkinson’s Disease |           (2025) 11:23 2

http://www.biorender.com
www.nature.com/npjparkd


Analysis of plasma samples: PD patients carrying TMEM175
mutation revealed a specific alteration of plasma lipidomic
profile
To explore whether the presence of mutation in TMEM175 gene in PD
patients could have an impact on lipid metabolism, we performed liquid
chromatography coupled with high-resolution mass spectrometry analysis
of plasma samples identifying 901 expressed lipid species belonging to 24
lipid classes (Fig. S1a, b). Hierarchical clustering analysis as well as unsu-
pervised and supervised analyses through Principal Component Analysis
(PCA) and Partial Least Squares Discriminant Analysis (PLS-DA), dis-
criminated between the two groups at circulating level in PD patients (both
PD_TMEM175 and PD_NoTMEM175 patients) when compared to heal-
thy subjects (Figs. 2a–d and S1c–f).

Expression analysis identified 15 downregulated (Fold Change
(FC) ≤ 0.65; p ≤ 0.01) and 364 upregulated (FC ≥ 1.5; p ≤ 0.01) lipid species
when comparing PD_TMEM175 versus healthy subjects (Fig. 3a, Table S3).
18 downregulated and 31 upregulated lipid species were identified by the
contrast PD_NoTMEM175 versus healthy subjects (Fig. 3b). The complete
lists of lipids identified in the two contrasts are reported in Tables S4 and S5.
These data showed that the majority of lipid classes were increased speci-
fically in PD patients carrying TMEM175 mutations (Fig. 3c–f). Hier-
archical heatmap as well as t-test analysis showed that themost significantly
increased lipid classes in these patients belonged to Fatty Acyls (Acylcar-
nitines (CAR), Fatty acid (FA), N-acyl ethanolamine (NAE)), Glycer-
ophospholipids (Phosphatidylcholine (PC), Lysophosphatidylcholine
(LPC), Ether-linked Phosphatidylethanolamine (PE O-), Phosphatidyli-
nositol (PI), Ether-linked Phosphatidylcholine (PC O-)) and Sphingolipids
(Ceramide (Cer), Hexosylceramide (HexCer) and Sphingomyelin (SM))
(Figs. 4a–c, S2, Table S6). Only the Cholesteryl Esters (CEs) were sig-
nificantly downregulated in both groups of PD patients (Figs. 4a–c and S2).
In addition, these results open to further investigation of lipoprotein levels
since the directional change ofmany lipid classes might be the consequence
of changes in lipoprotein abundance.

Analysis of plasma samples: metabolomic profile in plasma
samples highlighted altered amino acids metabolism in
TMEM175 PD patients
Metabolomic analysis of circulating molecules was conducted in plasma
samples of the same study cohort in whichwe performed lipidomic analysis

to explore the presence of altered metabolic pathways, which could be
uniquely observed in PD patients with TMEM175 mutation. Hierarchical
heatmap and PCA analyses reflected metabolic changes in PD patients
(PD_TMEM175 and PD_NoTMEM175) compared to control subjects
(Fig. 5a–d). Interestingly, both PD groups of patients were well clustered
based on the abundance of molecules, suggesting the presence of a different
metabolic profile in the two groups of patients. In PD_TMEM175 patients
we detected 460 metabolites including 35 significantly increased (FC ≥ 1.5;
p ≤ 0.01) and 15 significantly decreasedmolecules (FC ≤ 0.65; p ≤ 0.01)with
respect to controls (Fig. 6a). In PD_NoTMEM175 group we detected 455
metabolites including 31 significantly increased (FC ≥ 1.5; p ≤ 0.01) and
55 significantly decreasedmolecules (FC ≤ 0.65; p ≤ 0.01) (Fig. 6b). Looking
at the specific metabolite levels we observed significantly increased levels of
L-Threonine, L-Tyrosine, L-Aspartate, L-Glutamine, L-Asparagine, L-
Lysine, L-Glutamate, L-Tryptophan in PD_NoTMEM175patients, while in
TMEM175patientswe only found significant decreased level of L-Aspartate
(Table S7). Enrichment pathway analysis, performed in theKEGGdatabase,
displayed pathways specifically altered in PD patients (PD_TMEM175 and
PD_NoTMEM175), which were involved in the amino acid metabolism.
The most significantly impacted pathways identified in both groups were
tryptophan, histidine and beta-alanine metabolism, as well as lysine
degradation, suggesting an altered energy metabolism in PD patients (Fig.
6c–f, Tables S8 and S9).

Analysis of plasma samples: correlation analysis of lipids and
metabolites with PD endophenotypes
Linear regression analysis was performed by comparing demographic
(age and sex) and clinical features (age at onset (AAO), motor symptoms
(UPDRS score), non-motor symptoms (NMS total score), mood and
cognition (D3 domain), gastrointestinal-trait alteration (D6 domain),
cognitive impairment (MoCA score), Levodopa Equivalent Dose
(LEED), years of L-dopa treatment and years of disease duration) with
the concentrations of the lipids and metabolites among the most sig-
nificantly deregulated in PD TMEM175 patients. Overall data showed
that the levels of several lipids were negatively or positively correlated
with age and age at onset of the disease as well as the concentration of
several amino acids correlated with the severity ofmotor and non-motor
symptoms (Figs. S3 and S4, Tables S10–S12). The most significant
contrasts observed with linear regression analysis were analysed with

Table 1 | Demographic and clinical characteristics of the study cohort

Clinical features Controls
N = 14

PD_TMEM175
N = 25

PD_NoTMEM175
N = 14

CTR vs
PD_TMEM175
p-value

CTR vs
PD_NoTMEM175
p-value

PD_TMEM175 vs
PD_NoTMEM175
p-value

Sex % (males) 78% 64% 57%

Age 70.4 ± 4.3 66.1 ± 10.2 71.5 ± 5 0.1436 0.5380 0.0720

BMI 27 ± 2.71 26.8 ± 2.9 25.6 ± 4.9 0.8349 0.3581 0.3473

Cholesterol
mg/dl

172.2 ± 35.8 148.8 ± 41.9 163.2 ± 37.6 0.0890 0.5223 0.2963

HDL mg/dl 115.2 ± 57.7 102.3 ± 46.4 98.3 ± 57.5 0.4549 0.4446 0.8158

LDL/VLDL mg/dl 74.1 ± 35.1 56.2 ± 46.4 67.4 ± 36.4 0.2203 0.6242 0.4443

AAO – 58.3 ± 9.4 64 ± 6.9 0.0558

Disease duration – 7.92 ± 5 7.2 ± 3.4 0.6348

H&Y – 2.04 ± 0.9 1.9 ± 1 0.6568

UPDRS III – 21.6 ± 11.7 28 ± 20.1 0.2148

NMS – 58.2 ± 41.7 79.2 ± 75.2 0.2735

MoCA – 23.3 ± 4.5 25.6 ± 5.4 0.1626

LID – 12/25 3/14 0.0954

Thevalueswere representedasmean ± standarddeviation. The two-tailedT-testwasused to calculatep-valueof cohort variablesAge,BMI, AAO,Diseaseduration,H&Y,UPDRS III, NMSandMoCA in two
groups of patients; p-value of LID was calculated with Fisher’s exact test.
BMIbodymass index,HDLhigh-density lipoproteins,LDL/VLDL low-density lipoproteins/very low-density lipoproteins,AAOageat onset,H&YHoehnandYahr,UPDRSUnifiedDiseaseRatingScale,NMS
Non-Motor Symptoms score, MoCAMontreal Cognitive Assessment, LID levodopa-induced dyskinesia.
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Fig. 2 | Heatmap representation and unsupervised PCA of plasma lipids.
a, b Heatmap representation of the most 50 differentially expressed lipid species
highlighting the clusters of the two groups of analysis when comparing
PD_TMEM175 (a) and PD_NoTMEM175 (b) versus the Control subjects.

c, d Unsupervised PCA displayed a well separation of the groups of analysis
reflecting the percentage of contribution of PC1 and PC2 to the variance by com-
paring PD_TMEM175 (c) and PD_NoTMEM175 (d) to the control group.
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Fig. 3 | Altered lipid distribution in plasma samples of PD_TMEM175 group.
a, bVolcano plot showed the distribution of themost significant altered lipid species
comparing PD_TMEM175 vs Control (a) and PD_NoTMEM175 vs Control group
(b). Lipids showing statistically significant different expression are in the top right
(upregulated) and top left (downregulated) quadrants. The black line represents the
p-value threshold set to p < 0.01. Lipid species significantly altered reflecting a wide
upregulation of lipids in the group of PD_TMEM175 with respect to the PD-
NoTMEM175 compared to the control ones. c, dComparison of the circulating lipid

expression of the PD_TMEM175 patients versus the control samples (c) and of the
PD_NoTMEM175 patients versus the control samples (d). Data are shown as
mean ± Standard Deviation (SD) of Log2 Fold Change (FC). Lipid species were
considered with 0.65 ≤ FC ≥ 1.5. e, f The two contrasts PD_TMEM175 (e) and
PD_NoTMEM175 (f) versus controls reflected an increased percentage of lipid
species in the most of lipid class except for Cholesterol Esters (CE) in both groups of
PD patients.
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Pearson correlation and corrected for multiple tests. The results are
reported in Fig. 7a–c. PC and PI34:1/PI:16:0_18:1 negatively correlated
with age and AAO in PD_TMEM175 patients (PC vs age r =−0.56,
p = 0.0054; PC vs AAO r =−0.53, p = 0.0083; PI34:1 vs age r =−0.55,
p = 0.0061; PI34:1 vs AAO r =−0.55, p = 0.0064) (Fig. 7a, b). In

PD_TMEM175 the plasma concentration of L-Glutamic acid positively
correlated with the severity ofmotor (UPDRS score; r = 0.64, p = 0.0008)
and non-motor symptoms (NMS score; r = 0.67, p = 0.0005), as well as
with the severity of gastrointestinal defects (D6 score; r = 0.72,
p = 0.0001) (Fig. 7c).
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Analysis of patient-derived dermal fibroblasts: lipidomic profile
of PD_TMEM175 cellular models confirmed a marked dysregu-
lation of specific lipid classes
To explore the lipidomic signature in PD cells, we cultured human dermal
fibroblasts derived from both PD patients carrying TMEM175 gene muta-
tion (N = 6), PD patients carrying no mutation in TMEM175 gene (N = 4)
and controls (N = 2). Although only two control cell lines were used, and
thus caution should be made on reading the following results, both the cell
lines derived from neurologically and cognitively healthy ageing subjects
recruited before pandemic period andwere analysed byWES to exclude the
presence of variants in PD genes. The number of fibroblast cell lines of
patients and controls recruited for this study was comparable to other
studies reported in literature7,16,17. Considering the crucial role of TMEM175
in autophagy and UPR signalling pathways, as recently described11, we
collected cellular samples after 1 h of nutrient deprivation to potentially
boost the autophagy pathway. Experiments were performed on cells with
equal passage numbers, ranging from 5 to 10, to avoid artefacts due to
senescence, known to occur at passage numbers greater than 30. Analyses
were carried out in four independent biological replicates.

A wide dysregulation of lipid species was observed in the cells of both
groups of PD patients (PD_TMEM175 and PD_NoTMEM175) (Figs.
8a–d, S5a–d).

We identified 1184 expressed lipid species belonging to 28 lipid classes.
We found 35 significant upregulated (FC ≥ 1.5; p ≤ 0.01) and 203 significant
downregulated lipids (FC ≤ 0.65; p ≤ 0.01) in patients carrying TMEM175
mutation compared to controls (Fig. 9a). 170 significant upregulated and
329 downregulated lipid species were identified by the contrast PD_NoT-
MEM175 versus healthy subjects (Fig. 9b). The complete lists of lipids
identified in the two contrasts are reported in Tables S13 and S14. In the
dermal fibroblasts of PD_TMEM175 patients, we observed increased levels
of CAR, HexCer, and several lipid classes belonging to Glyceropho-
spholipids (PE, PE-O, PG, and PI). In these cell lines, we also observed
decreased levels of Cer, PC, PC-O, differently from what was observed in
plasma (Figs. 9c–e, S6, Table S15). Among the presented data we observed a
strong increase of PC in healthy subjects that could be taken with caution.
We can not exclude that this data could be due to the variability among
controls’ replicates and to thepresence of only two control cell lines (Fig. 9e).
Additional analyses are required to confirm this data.

Interestingly, focusing on lysosomal or lysosomal-related lipids we
observed in the dermal fibroblasts of PD patients increased levels of
Bis(Monoacylglycero)Phosphate (BMP), and HexCer, as well as decreased
levels of SM, Cer, and Sphingoid bases (SPB) (Fig. 9e). The increase in BMP
might suggest the expansion of the endo-lysosomal compartment as
observed in storage disorders18, which could be in accordance with the
nuclear translocation of the transcription factor TFEB, that we recently
described in the same PD cells11.

Sixty-two lipid species, shared between cells and plasma, were sig-
nificantly altered in the contrast PD_TMEM175 versus controls; the most
altered lipid species were reported in Table S16. The majority of lipids
belonging to PC, Cer and TG were decreased in fibroblast cell lines and
increased in plasma. Instead, a significant increase of CAR 16:0, CAR 16:1,
CAR 16:2, CAR 18:2, CAR 18:3, CAR 20:4, LPC 18:0, SM 41:3;3O, PE 36:3
and PI 36:3was observed in fibroblasts and in plasma inTMEM175 patients
(Table S16).

Analysis of patient-derived dermal fibroblasts: proteomic profile
of dermal fibroblasts derived from PD patients carrying
TMEM175mutation highlighted alteration of lysosomal and
mitochondrial proteins
To perform a comprehensive analysis of the presence of altered metabolic
pathways in PD patients we investigated the proteomic profile in the same
set of dermal fibroblasts in which we conducted the lipidomic analysis.
Proteomic analysis identified 6676 proteins that were quantified across all
the samples. Statistical analysis showed the presence of hundreds of
modulated proteins when comparing data from PD_TMEM175 patients

versus healthy subjects (Fig. 10a). Protein enrichment analysis in terms of
cellular components, performed with DAVID database, identified a high
dysregulation in lysosome, mitochondria and extracellular matrix’ proteins
supporting the hypothesis that mutations occurring in TMEM175 could
affect lysosome and mitochondria functioning (Fig. 10b). We discovered a
decreased level of several key enzymes working at lysosome, autophago-
some, endoplasmic reticulum (ER), and plasma membrane, including
PAG15, PP4P1, GALC, FYV1, PIGO, PGPS1 and PLPP1 in
PD_TMEM175. All these enzymes, but GALC which is responsible for
Sphingomyelin production, are involved in Glycerophospholipids
biosynthesis19. Strikingly, the group of PD_TMEM175 patients also
exhibited downregulation of several proteins related to insulin and glucose
metabolism pathways, including AHSG, ALB, C3, ITIH2, SERPINC1,
IF2B1, MPRI, GLUT-6 and GLUT-10 (Table S17). We also observed a
highly significant reduced level of proteins involved in autophagic-
lysosomal pathways such as CATK, CATF and CATL1, which are
involved in protein degradation20 and RAB7L, an autophagy-related pro-
tein, recently associated with PD21. Interestingly, among the identified
proteins, we were able to quantify more than 200 lysosomal or lysosomal-
related proteins, of which, 43 were differentially modulated between
PD_TMEM175 and controls (Tables 2, S18). In addition, network analysis
of these regulatedproteins, highlighted a strong interactionof lysosomal and
lysosomal membrane proteins, supporting the impact of TMEM175
mutations in lysosomal pathways (Fig. 10c, d). However, among the
modulated lysosomal proteins, except cathepsin K (CTSK) and
N-sulfoglucosamine sulfohydrolase (SGSH), which were significantly
decreased especially in TMEM175 patients, we observed the same trend in
the two groups of PD patients, supporting that lysosome dysfunction is
common in Parkinson’s disease, regardless of the type of gene mutation22.

Moreover, we discovered a significant downregulation of enzymes
implicated in numerous finely regulated mitochondrial processes, like
mitochondrial translation, ATP biosynthesis, mitochondrial organisa-
tion, and response to oxidative stress. Among these enzymes, we iden-
tified the Acyl-CoA dehydrogenase family members 10 and 11 (ACD10
and ACD11) and the Short-chain specific acyl-CoA dehydrogenase
(ACADS), involved in fatty acid beta-oxidation and degradation (Table
S17). Ingenuity Pathway Analysis (IPA) identified several important
metabolic pathways affected in PD patients mutated in TMEM175 gene
(Fig. 11a). Of relevance for this study was the identification of two
important deregulated pathways such as PI3K/AKT signalling and
D-myoinositol synthesis and metabolism. In particular, AKT acts as a
direct modulator of TMEM17515, while Myo-inositol is crucial for
producing phosphoinositide, which interacts with α-synuclein, and is
involved in the intracellular signalling23–26. The proteins involved in
some top pathways such as PI3K/AKT (PPP2R3A, SFN, GAB1, ITGA8,
IL13RA2 and IL1R1), D-myoinositol-5-phosphate (MDP1, PPP2R3A
and PTPRJ), and extracellular matrix organization (COL11A1, COMP,
ITGA8 and NID2) are reported in Fig. 11b and in Table S19.

Analysis of patient-derived dermal fibroblasts: integrative cor-
relation analysis of proteome and lipidome of PD_TMEM175
cellular models
The correlations between proteomics and lipidomics data were evaluated
using a supervised multi-omics integrative analysis which maximises the
correlations between different types of omics and identify key molecules
which can discriminate different sample groups27. This integrationwas used
to investigate the relationship betweenproteins and lipids acrossTMEM175
and No_TMEM175 cell models.

The integrated model selected proteins and lipids that best explain
TMEM175 mutation-related variations. The general correlations between
proteome and lipidome were high (0.79 for TMEM175 and 0.88 for
No_TMEM175, respectively), suggesting common information among
multi-omics results (Fig. 12a, d). A circus plot of the identified correlations
between the two groups of PD patients is presented in Fig. 12b, e. A strong
positive correlation between proteins and lipids was found in both
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experimental models. Negative correlations were less abundant compared
to the positive ones but more present in PD_NoTMEM175 samples. The
correlation within the same sample group may indicate functional or
physical lipid–protein interaction.

To explore the differences in the protein–lipid association among PD
patients, we conducted a topological analysis of protein–lipid correlation
networks (Fig. 12c, f). Networks were built using all strongly correlating
lipid–proteinpairs selected in each sample groupbasedon significant strong
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Fig. 9 | Altered lipid distribution in human dermal fibroblasts. a, b Volcano plot
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Pearson correlations of r > |0.6|. A cluster of coregulated features strongly
relevant to the latent components of themulti-omics dataset was identified,
which might be a potential characteristic of TMEM175 mutation
(Fig. 12c, f).

The TMEM175 sample group gave a topological network (Fig. 12c)
centred around 13 proteins (Rho GTPase-activating protein 24 (RHG24),
Peptidyl-glycine alpha-amidating monooxygenase (AMD), Galectin-3
(LEG3), rRNA methyltransferase 1 mitochondrial (MRM1), V-type pro-
ton ATPase subunit H (VATH), Mannosyl-oligosaccharide 1,2-alpha-
mannosidase (MA1C1), Endoplasmin (ENPL), Fibrillin-2 (FBN2),
Tetratricopeptide repeat protein 38 (TTC38), Type 2 phosphatidylinositol
4,5-bisphosphate 4-phosphatase (PP4P2), E3 ubiquitin-protein ligase
TRIM22 (TRI22), Beta-mannosidase (MANBA), LisH domain-containing
protein ARMC9 (ARMC9), Ferritin heavy chain (FRIH), Membralin
(MBRL), Lysosomal phospholipase A and acyltransferase (PAG15), Scin-
derin (SCIN), and Alpha- and gamma-adaptin-binding protein p34

(AAGAB))mainly involved in biosynthetic processes whichwere positively
correlated with PC and Cer species (Fig. 12c and Table 3). Interestingly,
Insulin-like growth factor-binding protein 3 (IBP-3) andArgininosuccinate
synthase (ASSY) were the only ones that presented exclusive negative cor-
relation with PC species. In addition, a separate subnetwork emergedwhich
was centred around Retinaldehyde dehydrogenase 3 (AL1A3), Carbonyl
reductase [NADPH] 1 (CRB1), andMethylmalonic aciduria type A protein
mitochondrial (MMAA). In this network all the proteins were positively
correlated with PE and HexCer (Fig. 12c and Table 3).

The network analysis performed on PD_NoTMEM175-derived
fibroblast cells (Fig. 12f) showed the presence of a cluster of PC and Cer
classes positively correlatedwith six proteins:HLAclass I histocompatibility
antigen A alpha chain (HLAA), E3 ubiquitin-protein ligase TRIM22
(TRI22), V-type proton ATPase subunit H (VATH), Beta-adducin
(ADDB), Interleukin-17 receptor A (I17RA) and Collagen alpha-1(XVIII)
chain (COLA1). Endoplasmin (ENPL) was the only one negatively

Table 2 | Altered lysosomal and lysosomal-related proteins in dermal fibroblasts derived from patients carrying TMEM175
mutation

ID Name Gene Fold change p-value

O00462 Beta-mannosidase MANBA 0.13 1.53E-06

P54803 Galactocerebrosidase GALC 0.15 3.83E-03

P51688 N-sulfoglucosamine sulfohydrolase SGSH 0.28 7.20E-05

Q9Y5W7 Sorting nexin-14 SNX14 0.37 4.40E-04

Q6NSJ5 Volume-regulated anion channel subunit LRRC8E LRRC8E 0.40 1.70E-02

P43235 Cathepsin K CTSK 0.40 5.13E-05

Q8NFG4 Folliculin FLCN 0.46 2.24E-02

P13473 Lysosome-associated membrane glycoprotein 2 (LAMP-2) LAMP2 0.46 2.00E-02

Q8NCC3 Phospholipase A2 group XV (1-O-acylceramide synthase) PLA2G15 0.46 2.33E-10

Q8NHG8 E3 ubiquitin-protein ligase ZNRF2 ZNRF2 0.47 3.47E-02

Q9UBX1 Cathepsin F CTSF 0.49 2.24E-03

Q9Y4G2 Pleckstrin homology domain-containing family M member 1 PLEKHM1 0.5 3.46E-02

Q9H6Y7 E3 ubiquitin-protein ligase RNF167 RNF167 0.51 3.53E-02

Q8TCT8 Signal peptide peptidase-like 2A SPPL2A 0.52 3.03E-02

Q96NT0 Coiled-coil domain-containing protein 115 CCDC115 0.53 7.80E-04

Q86T03 Type 1 phosphatidylinositol 4.5-bisphosphate 4-phosphatase PIP4P1 0.58 2.91E-02

Q9UGQ3 Solute carrier family 2. facilitated glucose transporter member 6 (Glucose transporter type 6) (GLUT-6) SLC2A6 0.59 2.54E-03

P57768 Sorting nexin-16 SNX16 0.61 4.62E-03

Q99519 P2X purinoceptor 4 (P2X4) (ATP receptor) (Purinergic receptor) P2RX4 0.65 1.94E-02

Q01628 Interferon-induced transmembrane protein 3 IFITM3 0.65 1.81E-02

Q96SL1 Solute carrier family 49 member 4 SLC49A4 0.65 1.82E-02

Q8N4L2 Type 2 phosphatidylinositol 4.5-bisphosphate 4-phosphatase (Type 2 PtdIns-4.5-P2 4-Ptase) PIP4P2 0.67 3.08E-06

P01130 Low-density lipoprotein receptor LDLR 0.67 1.95E-06

P02511 Alpha-crystallin B chain CRYAB 0.69 4.47E-02

P61916 NPC intracellular cholesterol transporter 2 NPC2 0.70 8.44E-06

P08962 CD63 antigen(Granulophysin) (Lysosomal-associated membrane protein 3) (LAMP-3) CD63 0.72 3.98E-02

Q8IWE5 Pleckstrin homology domain-containing family M member 2 PLEKHM2 0.75 3.40E-02

P51159 Ras-related protein Rab-27A (Rab-27) RAB27A 0.75 3.35E-03

Q13510 Acid ceramidase ASAH1 0.76 3.60E-02

P11279 Lysosome-associated membrane glycoprotein 1 (LAMP-1) LAMP1 1.37 2.91E-02

Q9UBR2 Cathepsin Z CTSZ 1.44 2.85E-03

Q9NQX7 Integral membrane protein 2C ITM2C 1.64 6.02E-03

P08195 Amino acid transporter heavy chain SLC3A2 SLC3A2 1.65 6.37E-05

Q01650 Large neutral amino acids transporter small subunit 1 SLC7A5 2.11 5.21E-03

P53634 Dipeptidyl peptidase 1 CTSC 2.65 1.90E-04

Modulated lysosomal and lysosomal-related proteins resulted from proteomic analysis of dermal fibroblasts derived from PD patients mutated in TMEM175 gene compared to controls.
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correlated with PC and Cer (Fig. 12f). A separate subnetwork of PS, PI and
PG classes was centred around two (Dynamin-1 (DYN1) and Probable
cysteine--tRNA ligase mitochondrial (SYCM)) and three proteins (Sema-
phorin-7A (SEM7A),Na(+)/H(+) exchange regulatory cofactorNHE-RF2
(NHRF2) and Breast cancer anti-estrogen resistance protein 3 (BCAR3))
that were positively and negatively correlated, respectively (Fig. 12f).

Although this integrative analysis provided a set of multi-omics sig-
natures for distinguishing the impact of TMEM175 mutation in patient-
derived fibroblasts and revealed correlations between proteins and lipids
within each group of analysis, these data need to be further validated on a
larger cohort and functional interpretation is speculative.

Discussion
This is the first study that adopted an untargeted omics approach to disclose
potential lipidomic, metabolomic and proteomic alterations in PD patients
carrying TMEM175mutation.

We focused our study on TMEM175 which encodes for an endo-
lysosomal ion channel playing an important role in maintaining lysosomal
pH and in regulating lysosomal functioning14,28. Recently, TMEM175 was
also described as an important PD risk factor10,29–32 and we found that
mutations occurring in this gene affected about 8% of the Italian PD
cohort11. In order to evidence allmetabolic alterations due to the presence of

TMEM175mutations at both circulating and cellular level, we stratified our
PDcohort into two subgroups based on the presence or absence ofmutation
in this gene. The analysis of the lipidomic profile revealed a wide dysregu-
lation in themost of lipid classes in both groups of PD patients compared to
the controls. In PD_TMEM175 patients we observed a significant dysre-
gulation of many lipid classes closely related to lysosome andmitochondria
metabolism including Acylcarnitines (CAR), Ceramides (Cer), Fatty Acids
(FA), Hexosylceramide (HexCer), Phosphatidylcholines (PC), Ether-linked
Phosphatidylcholine (PC O-), Lysophosphatidylcholines (LPC), Sphingo-
myelin (SM) andPhosphatidylinositol (PI) at both cellular andplasma level.

Acylcarnitineswere increased at cellular andcirculating level,mainly in
PD-TMEM175 group, suggesting a dysregulation of their metabolism in
these patients. Based on their chain, Acylcarnitines are classified into four
subgroups: short-chain, medium-chain, long-chain and very long-chain.
Previous studies reported decreased level of long-chain Acylcarnitine in the
serumofPDpatients33, whereas, in our study,we observed a significantwide
increase affecting all the four subgroups of Acylcarnitines detected in the
plasmaofTMEM175patients. In these patients, sixCAR lipids such asCAR
16:0, CAR 16:1, CAR 16:2, CAR 18:2, CAR 18:3, CAR 20:4, among all the
Acylcarnitines deregulated species, were significantly increased both in
plasma and in cells. The most important function of Acylcarnitines is to
support long fatty-acid β-oxidation and provide energy for cellular

Fig. 11 | PD_TMEM175 group displayed altera-
tion of lysosomal and mitochondrial proteins.
a Complete list of canonical pathways associated
with the dysregulated proteins identified in the
respective dataset. Y-axis lists the canonical path-
way, and the X-axis is the log of the corresponding
p-value for each. Red colouring indicates the path-
way is activated and blue colouring indicates the
pathway is inhibited. No colouring indicates insuf-
ficient data in the dataset or the IPA knowledge base
to determine if the pathway is activated or inhibited.
b Graphical representation of cellular pathways and
respective proteins resulted altered in
PD_TMEM175-derived dermal fibroblasts com-
pared to the controls.

PD_TMEM175 vs Controla

b
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processes34. Their deregulation could lead to an impairment in energy
production and mitochondrial functioning. It is interesting to note that
impairment in mitochondrial functioning is also present in cellular model
knock-out for TMEM17513.

An interesting finding of this study is the significant increase, in the
plasmaofTMEM175patients, of endo-lysosomal sphingolipids such asCer,
HexCer and SM. HexCer is also increased in dermal fibroblasts as also
described in patients carrying GBA mutations17. In fact, Cer, HexCer and
SM molecules are all affected by impaired GCase activity, underlying the
interrelated nature of sphingolipid metabolism and suggesting that
TMEM175mutations, affecting lysosomepHandmetabolism, could lead to
an initial GCase impairment ultimately altering the function of other
enzymes, such as α-sphingomyelinase and ceramide synthases (CerS),
involved in this metabolism11,35,36.

Increased oxidative stress is a central event in neuronal failure that
induces the activation of the sphingomyelin (SM)-ceramide pathway,
making them key players in neurodegeneration. Sphingomyelins were
previously described as structural components of cell membranes and
involved in apoptosis, autophagy, and immune response37–39. Some lipids of
this class were increased in the anterior cingulate cortex40, in the primary
visual cortex and in the Substantia Nigra of male PD patients41. Ceramide
has been proposed to be a second messenger in diverse cellular signalling
pathways, with levels of ceramides being transiently altered by several
extracellular signals and physiological changes37. Several publications
reported altered levels of both ceramides and sphingomyelins in patients

affected by neurodegenerative disorders including PD, Alzheimer’s disease
(AD),multiple sclerosis (MS) and dementiawith Lewy bodies (DLB)42. This
is the first study that describes a significant dysregulation of these lipid
classes in a well-stratified cohort of patients, carrying specific gene muta-
tions, both in cells and circulating biofluid.

Phosphatidylcholines (PCs) represent the most abundant lipids in the
cells because they are themajor components of all cellular membranes, and
they play a crucial role in lipoprotein formation and stability43. PCs have
been demonstrated to be part of lipid droplets’ surface, and are important in
regulating their dynamics. Lipid droplets are important players in crucial
events for cellular physiology including cellular lipotoxicity and de novo
lipogenesis44. Several studies described an alteration of PC at circulating
levels in PD patients with contrasting results and without considering the
presenceof specific geneticmutations45–47. It is interesting tohighlight that in
our study, the group of PDpatients carrying TMEM175mutation exhibits a
significant increase of PC in plasma with respect to PD_NoTMEM175
patients and to controls suggesting that genetic background could influence
PC metabolism. Instead, the data obtained in dermal fibroblasts need to be
taken with caution and require further validation in a larger cohort. Recent
studies suggested that changes in PC levels could be the consequence of
αlpha-synuclein (αS) accumulationonmembranes, as also observed in yeast
and rat cortical neuron models of αS excess48. Moreover, in PD patients
carrying TMEM175 mutation, we disclosed a significant correlation
between the concentration in plasma of PCwith age and with an earlier age
at the onset of the disease.

Table 3 | Integration analysis of lipidomic and proteomic data in fibroblasts revealed a group of proteins correlated to PC, Cer,
PE and HexCer in PD_TMEM175 group

Entry Entry name Protein Pathway

Proteins positively correlated to PC and Cer—Cluster 1

Q8N264 RHG24_HUMAN Rho GTPase-activating protein 24 Signal transduction

P19021 AMD_HUMAN Peptidyl-glycine alpha-amidating
monooxygenase

Fatty acid primary amide biosynthetic process

P17931 LEG3_HUMAN Galectin-3 (Gal-3) (Carbohydrate-binding
protein 35)

Innate immune response

Q6IN84 MRM1_HUMAN rRNA methyltransferase 1. mitochondrial rRNA modification

Q9UI12 VATH_HUMAN V-type proton ATPase subunit H (V-ATPase
subunit H)

Golgi lumen acidification; intracellular pH reduction; lysosomal lumen acidification

Q9NR34 MA1C1_HUMAN Mannosyl-oligosaccharide 1.2-alpha-
mannosidase IC

Carbohydrate metabolic process

P14625 ENPL_HUMAN Endoplasmin (glucose-regulated protein) Cellular response to ATP; negative regulation of apoptotic process; protein folding in
endoplasmic reticulum; response to endoplasmic reticulum stress

Q8N4L2 PP4P2_HUMAN Type 2 phosphatidylinositol 4.5-bisphosphate
4-phosphatase

Phosphatidylinositol dephosphorylation

Q8IYM9 TRI22_HUMAN E3 ubiquitin-protein ligase TRIM22 Positive regulation of autophagy

O00462 MANBA_HUMAN Beta-mannosidase (Lysosomal beta A
mannosidase)

Glycoprotein catabolic process; oligosaccharide catabolic process; protein
modification process

P02794 FRIH_HUMAN Ferritin heavy chain Intracellular sequestering of iron ion; iron ion transport; negative regulation of cell
population proliferation

Proteins negatively correlated to PC—Cluster 1

Q8NCC3 PAG15_HUMAN Lysosomal phospholipase A and
acyltransferase

Ceramidemetabolic process; diacylglycerol biosynthetic process; fatty acid catabolic
process; glycerophospholipid metabolic process

P17936 IBP3_HUMAN Insulin-like growth factor-binding protein 3
(IBP-3)

Apoptotic process; positive regulation of insulin-like growth factor receptor signalling
pathway [GO:0043568]; positive regulation of MAPK cascade; regulation of glucose
metabolic process

Proteins positively correlated to PE and HexCer—Cluster2

P47895 AL1A3_HUMAN Retinaldehyde dehydrogenase 3 (RALDH-3)
(Aldehyde dehydrogenase 6)

Apoptotic process

P16152 CBR1_HUMAN Carbonyl reductase [NADPH] 1 Cyclooxygenase pathway; positive regulation of reactive oxygen species metabolic
process

List of proteins detected in topological network 1 and 2 resulted from integrative analysis. Entry: UniProt id; Entry name: the name of the protein reported in UniProt (https://www.uniprot.org/). Pathways
reported were adapted from Gene Ontology in terms of cellular process.
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Fig. 12 | Integrative correlation analysis of proteome and lipidome of
PD_TMEM175 cellular models. Comprehensive exploration with data integration
analysis of proteomics and lipidomics data from cellular models. a, d Inter-omics
correlations presented by sample scatterplots displaying thefirst components of each
dataset (proteins and lipids) when comparing both PD_TMEM175 (a) and
PD_NoTMEM175 groups (d) with respect to controls. Correlations were calculated

using Pearson correlation between each dataset (lower diagonal plot).b, eCircos plot
representing the averaged expression of proteins and lipids in each cell type
(PD_TMEM175 and PD_NoTMEM175) and correlations between the features
selected in each of the data blocks (protein features coloured in blue, and lipids
features in green). c, f Relevant network plot showing positive (red lines) and
negative (green lines) correlations between features from each dataset.

https://doi.org/10.1038/s41531-024-00853-5 Article

npj Parkinson’s Disease |           (2025) 11:23 17

www.nature.com/npjparkd


Of great interest is thefinding that the levels of Phosphatidylinositol
(PI) were significantly increased both in plasma and in fibroblasts of PD
patients carrying TMEM175mutations. PIs are a relevant component of
cell membranes49 and are an important player in cellular signal
transduction50; their role in PD etiopathogenesis is still not elucidated.
Controversial results described elevated levels of PI 34:1 in Parkin-

mutant skin fibroblasts16, while decreased levels of the entire PI lipid
class were observed in the SN of male PD patients51. In our cohort, we
found that among the most dysregulated lipid species, PI 34:1|PI
16:0_18:1 was the only lipid showing a significant correlation (r =−0.55;
p = 0.006) with the age and with an earlier age at onset of motor
symptoms only in patients carrying TMEM175 mutations.

d
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f Correlation network CTR vs PD_NoTMEM175
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Metabolomics analysis performed in plasma identified among the
most enriched and impacted pathways discovered by KEGG database
analysis, those related to amino acid metabolism such as tryptophan
metabolism, lysine degradation, alanine, aspartate, and glutamate metabo-
lism. The most significant altered metabolites in these pathways were L-
threonine, L-tyrosine, L-aspartate, L-glutamine, L-asparagine, L-lysine, L-
glutamate, L-tryptophan, meanly increased in PD_NoTMEM175 patients
suggesting a completely different energymetabolism into the two groups of
patients.

Changes in glutamic acid concentrations seem to be of interest, as this
amino acid plays a role as a neurotransmitter in the brain and is involved in
the pathogenesis of PD and development of LID52. In our cohort, we
observed a reduction, although non-significant, of plasma levels of
L-Glutamate in PD TMEM175 patients and a significant increase in PD
No_TMEM175 patients. However, we observed a strongly significant cor-
relation with the severity of motor and non-motor symptoms in PD
TMEM175 patients. In literature, conflicting results have been reported on
L-Glutamate levels and PD pathology53–55, while significant negative cor-
relation between glutamate concentration and duration of the disease has
been suggested56. Some authors reported that increased serum concentra-
tions of glutamate may reflect increased cerebral glutamatergic activity57,58.
Moreover, there is evidence that glutamatergic overactivity is a critical
mechanism underlying different PD-associated striatal alterations in early
and advanced symptomatic stages of the disease59. Additional data on a
larger cohort could be useful to fully elucidate the role of Glutamate on PD
occurrence and severity.

The analysis of proteomic composition conducted in dermal fibro-
blasts derived from both PD patients and controls revealed a wide dereg-
ulation of lysosome, autophagy andmitochondrial pathways in PDpatients
carrying TMEM175mutations, supporting a relevant role of this channel in
regulating these cellular processes. We discovered significant decreased
amount of several key enzymes working at lysosome, autophagosome,
endoplasmic reticulum (ER), and plasma membrane, including PAG15,
PP4P1, GALC, FYV1, PIGO, PGPS1 and PLPP1 involved in phospho-
sphingolipids (SM) and glycerophospholipids (PC, PG, PI etc.) biosynthetic
pathways in the group of PD_TMEM175 patients. These data might
potentially confirm the presence of an altered lipid metabolism at cellular
level, which could mirror an upregulation of lipids observed at circulating
and cellular level19.

Galactosyl ceramidase (GALC) is a lysosomal enzyme involved in
sphingolipidmetabolismbyremovingβ-galactose fromβ-galactosylceramide60.
Genome-wide association studies have revealed the GALC locus on chromo-
some 14 associated with PD28,61,62. Recently it has been demonstrated that
GALC is the gene associated with PD in this locus and that associated variants
in GALC increased galactosyl ceramidase expression and activity61.

PP4P1, FYV1 and PIGO are involved in Phosphatidylinositol
metabolism. PP4P1 catalyses the hydrolysis of phosphatidylinositol-4,5-
bisphosphate (PtdIns-4,5-P2) to phosphatidylinositol-4-phosphate
(PtdIns-4-P). It regulates lysosomal positioning by recruiting JIP4 to
lysosomal membranes, thus inducing retrograde transport of lysosomes
alongmicrotubules63.Moreover, it also contributes to the assembly of the
V-ATPase complex in lipid rafts of the lysosomal membrane and to
subsequent amino acid-dependent activation of mTORC164. FYV1
catalyses the phosphorylation of phosphatidylinositol 3-phosphate to
form PtdIns(3,5)P265. This kinase is implicated in myriad essential cel-
lular processes such as the maintenance of endomembrane homo-
eostasis, and endocytic-vacuolar pathway, lysosomal trafficking, nuclear
transport, stress- or hormone-induced signalling and cell cycle
progression66. These findings were also supported by Ingenuity Pathway
Analysis which discovered a significant deregulation of proteins
involved in D-myo-inositol-5-phosphate synthesis and metabolism.
Myo-inositol is crucial for producing phosphoinositides which are
described to be able to interact with α-synuclein23–26. Recently, the group
of Dickson elucidated a mechanism by which PM PI(4,5)P2 dysregu-
lation caused neuronal cell death and that normalisation of PM PI(4,5)

P2 levels resulted in reduced a-Syn aggregates and in the rescue of
neuron viability in PDmodels67. Our study reported the first evidence of
a significant association between a specific lipid specie (PI 34:1|PI
16:0_18:1), belonging to the PI lipid class, and the presence ofTMEM175
mutations in PD patients as well as an earlier age at the onset of the
disease in this group of patients. These data were also supported by a
significant alteration of enzymes involved in PI metabolism observed in
PD TMEM175 patients. Additional studies are necessary to highlight a
possible mechanism of regulation between phosphoinositides and
TMEM175 activity.

Lysosomal Phospholipase A2 (PAG15) is a lysosomal enzyme which
hydrolyses lysophosphatidylcholine to glycerophosphorylcholine and a free
fatty acid. Phosphatidylglycerophosphate Synthase 1 (PGPS1) is responsible
for producing Glycerophosphoglycerols (PG) lipid class mainly into mito-
chondria, which represented the precursor for cardiolipin and bis(monoa-
cylglycerol)phosphate (BMP) synthesis in lysosomes and mitochondria
respectively19.

Phospholipid Phosphatase 1 (PLPP1) converts phosphatidic acid to
diacylglycerol, and functions in the synthesis of glycolipids and in phos-
pholipase D-mediated signal transduction. This enzyme is an integral
membrane glycoprotein that plays a role in the hydrolysis and uptake of
lipids from extracellular space (including S1P)68.

Interestingly, the analysis also reflected an alteration of proteins
involved in the insulin pathway including AHSG, ALB, C3, ITIH2, SER-
PINC1, IF2B1, MPRI, GLUT-6 and GLUT-10. Past evidence has described
that impairment of insulin signalling has been found to increase the risk of
AD69,70 and PD71,72 indicating a possible link between Insulin pathway reg-
ulation and neurodegenerative diseases. Moreover, it was noted that the
pathway of Insulin growth factor regulates the activation of PI3K/Akt sig-
nallingwhich is also important for regulatingneuronal survival and synaptic
plasticity during ageing and many neurodegenerative diseases73. It is
interesting to remark that this pathway was discovered by IPA as sig-
nificantlymodulated inPDpatients carryingTMEM175mutations and that
several mutations identified in this gene affected the binding between AKT
and TMEM175 channel11.

Among modulated lysosomal proteins, SPHM and SNX14 are parti-
cularly intriguing since their downregulation ismuchmore significant in the
comparison between TMEM175 group and controls with respect to non-
mutated group and controls. The deficiency of these proteins is reported to
be linked to lysosome storage disorders and neurodegeneration: SPHM is
involved in heparan sulfate degradation in lysosomes74. Mutation-driven
deficiency of this protein provokes heparan sulfate accumulation and results
in Sanfilippo A syndrome, which is characterised by central nervous sys-
tem’s aberrations75. SNX14 acts in synaptic signalling andmight have a role
in the fusion between autophagosome and lysosome76.Mutations in SNX14
gene are related to cerebellar atrophy in paediatric onset ataxias76 and in
cerebellar neurodegenerative pathologies77. In particular, SNX14 deficiency
is linked to lipiddysregulationduringneurodegeneration, characterisedby a
strong increase in acylcarnitine77. Strikingly, in our data, we have also found
an increase in this class of lipids, especially inTMEM175 group,with respect
to controls, highlighting crosstalk between protein and lipid impairment in
patients’ derived fibroblasts.

We also discovered a significant downregulation of enzymes impli-
cated in numerous finely regulated mitochondrial processes, such as
mitochondrial translation, ATP biosynthetic process, mitochondrial orga-
nisation, and response to oxidative stress. Interestingly, we found a down-
regulationof several proteins including theAcyl-CoAdehydrogenase family
members 10 and11 (ACD10andACD11) and the Short-chain specific acyl-
CoA dehydrogenase (ACADS), involved in fatty acid beta-oxidation and
degradation. These findings, together with altered levels of acylcarnitine
might suggest that TMEM175 mutations might have an impact also on
mitochondria metabolism.

Integration analysis of lipidomic and proteomic data in dermal fibro-
blasts discovered, in TMEM175 patients, two clusters of proteins correlated
with PC and CER and with PE and HexCer, respectively. The identified
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proteins are involved in the metabolic pathways of Glycerophospholipids,
Fatty acids and Sphingolipids (PP4P2, AMDandPAG15), in the autophagy
(TRIMM22), in lysosome functioning (ATP6V1A and MANBA) and in
glucose metabolism such as Endoplasmin and Insulin-like growth factor-
binding protein 3 (IBP-3). A positive correlation was also observed with
Galectin-3 (GAL3), a β-galactoside-binding cytosolic lectin, that unifies and
coordinates ESCRT and autophagy responses to lysosomal damage78. In
neuronal cells, GAL3 interacts with endogenous αSyn fibrils and affects
spatial propagation and the stability of pre-formed αSyn fibrils resulting in
short, amorphous toxic strains79.

The study presents several limitations, which include the size of the
study sample, the lack of proteomic analysis in plasma,which does not allow
us to study the presence of lipid and protein interactions in biofluids as well
as the lack of data related to plasma lipoprotein levels. Moreover, in this
study, untargeted lipidomic analysis didnot reveal several specific lysosomal
lipids, such as glucosylsphingosine and BMP, in plasma samples. To
quantify these lipids targeted analysis should be integrated. Although our
data need further validation in a wide number of patients, this study
highlights novel pathways related to PD and mutation in TMEM175 gene.
Overall, these results might serve as the basis for the development of future
testable hypotheses. Moreover, the study supports the hypothesis that the
stratification of patientsmight help in the detection of slight differences that
could be lost by analysing large cohorts with high genetic heterogeneity.

Methods
PD cohort population
804 independent and unrelated PD patients (501 males; 300 familiar and
504 sporadic cases) were recruited at the IRCCS Mediterranean Neurolo-
gical Institute (MNI) in Pozzilli. All PD subjects were of European ancestry
and were evaluated by neurologists of the Parkinson Study Group,
according to published diagnostic criteria80. 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 eva-
luation of non-motor domains. All the PD patients were of European
ancestry and informationabout family history, demographic characteristics,
anamnesis, and pharmacological therapywas also collected. TheMovement
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. These included language, facial
expressions, tremor, rigidity, agility in movements, stability, gait and bra-
dykinesia. Cognitive abilities were tested through an Italian validated ver-
sion of the Montreal Cognitive Assessment (MoCA). Cognitive domains
assessed include short-term memory (5 points); visuospatial abilities via
clock drawing (3 points), and a cube copy task (1 point); executive func-
tioning via an adaptation of Trail Making Test Part B (1 point), phonemic
fluency (1point), andverbal abstraction (2points); attention, concentration,
and working memory via target detection (1 point), serial subtraction (2
points), digits forward and backward (1 point each); language via con-
frontation namingwith low-familiarity animals (3 points), and repetition of
complex sentences (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
symptomswere assessed through an Italian validated version ofNonMotor
Symptoms Scale (NMS) for Parkinson Disease. This scale tests 9 items,
including cardiovascular domain, sleep/fatigue,mood/cognition, perceptual
problems/hallucinations, attention/memory, gastrointestinal, urinary, sex-
ual function, and ability to taste or smell. The 804 PD patients, additionally
with 282 healthy subjects, were analysed by Whole Exome Sequencing
(WES). Among the 804 PD patients, we found 63 PD patients carrying
mutations in TMEM175 gene.

All procedures involving human participants were approved by
the Institutional Review Board of IRCCS Neuromed. Approved study
protocols: N°9/2015, N°19/2020 and N°4/2023; Clinicaltrials.gov
registrations: NCT02403765, NCT04620980, NCT05721911. Clinical
investigations were conducted according to the principles expressed in

the Declaration of Helsinki. Written informed consent was obtained
from all participants.

Human dermal fibroblasts hDF cell line
For lipidomic and proteomic analysis at cellular level, we utilised human
dermal fibroblasts (hDF) from a selected cohort of PD patients
(PD_TMEM175 (N = 6), PD_NoTMEM175 (N = 4)) and controls (N = 2).
The hDF cells were generated in our laboratory. Skin samples of PDpatients
and unrelated healthy individuals were obtained by punch biopsy mostly at
the inner side of the upper arm. Tissue pieces were enzymatically digested
for 5 h at 37 °C by using Collagenase/Dispase kit (Roche Diagnostics,
Mannheim, Germany), followed bymechanical disaggregationwith a knife.
Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 4.5 g/L D-glucose, 0.11 g/L sodium pyruvate, 20% FBS, 1%
NEAA,1%L-glutamine, and 1%Pen-Strep at 37 °C in a humidifiedCO2 5%
air for about 4–5 weeks. hDF cell lines weremaintained andwere used in all
the experiments in sub-confluentmonolayers. Starvationwas performed for
1 h in HBSS.

Sample preparation
Blood samples from PD patients and healthy subjects were collected in
blood collection tubes (BD Vacutainer, K2E (EDTA)) then, after two cen-
trifugations at 1900×g for 10min, plasmawas aliquoted and stored at−80°.
Unique anonymized codes have been assigned to the samples for processing
and subsequent analysis, maintaining the confidentiality of personal data.
The extraction of plasma lipids was carried out with a biphasic method:
30 µLofplasmawas introduced into a tube andextractedwith 225 µLof cold
MeOH containing a combination of deuterated standards (Splash Lipido-
mix®). The solution was then vortexed for 10 s, and 750 µL of cold MTBE
was added andvortexed for 10 s. The tubewas thenplaced in a thermomixer
at 4 °C and vortexed for 6min at 2000 rpm. After that, 188 µL of water was
added, and the tube was vortexed for 10 s and then centrifuged for 2min at
14,000 rpm at 4 °C. Finally, 300 µL of supernatant was collected and eva-
porated with a SpeedVac. The dried sample was replenishedwith 50 µL of a
9:1 MeOH/toluene solution containing the internal standard CUDA
(12.5 ng/mL). For lipidomic analysis, cells were extracted using 1mL of
75:15 IPA/H2O solution, after the addition of 100 μL of CH3OH 5%
deuterated standard (Splash Lipidomix®). Then the samples were vortexed
for 30 s, sonicated for 2min, vortexed again for 30 s and then they were
incubated for 30min at 4 °C, under gentle, constant shaking. Subsequently,
samples were rested on ice for an additional 30min. To remove debris and
other impurities, the samples were centrifuged for 10min at 3500×g at 4 °C.
1mL of supernatant was collected and dried using a SpeedVac centrifuge
(Labogene). The dried samples were reconstituted in 100 μL of CH3OH
containing the internal standard CUDA (12.5 ng/mL). For proteomic
analysis, cells were lysedwithRIPAbuffer and sonicated. Proteinswere then
precipitatedwith cold acetone and resuspended. Proteinswere then reduced
in 25 µL of 100mM NH4HCO3 with 2.5 μL of 200mM DTT (Merck) at
60 °C for 45min and next alkylated with 10 μL 200mM iodoacetamide
(Merck) for 1 h at RT in dark conditions. Iodoacetamide excess was
removed by the addition of 200mMDTT. Proteins were then digested with
trypsin. The digests were dried by Speed Vacuum and then desalted81.

Metabolites were extracted as reported by Barberis et al.82. Briefly,
500 µL of an ACN/IPA/water (3:3:2) solution, with tridecanoic acid at 1
ppmas internal standard, was added to 12 µL of plasma.After vertexing, the
sample was centrifuged at room temperature for 15min at 14,500×g. The
supernatant was then dried in a speed-vacuum. The sample was derivatized
with methoximation (20 µL of Methoxamine, 80 °C, 20min) and under-
went sialylation (90 µL of BSTFA, 80 °C, 20min). After this, 10 µL of hex-
adecane (IS) were added to the sample before the GCxGC-MS analysis.

Lipidomic analysis
For lipidomic analysis, reconstituted samples were analysed with a Van-
quish UHPLC system (Thermo Scientific, Rodano, Italy) coupled with an
Orbitrap Q-Exactive Plus (Thermo Scientific, Rodano, Italy). Lipid
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separation was performed using a reversed-phase column (Hypersil Gold™
150 × 2.1mm, particle size 1.9 µm) maintained at 45 °C with a flow rate of
0.260mL/min. Mobile phase A for ESI mode positive consisted of 60:40
(v/v) acetonitrile/water with ammonium formate (10mmol) and 0.1%
formic acid, while mobile phase B was 90:10 isopropanol/acetonitrile (v/v)
with ammonium formate (10mmol) and 0.1% formic acid, while in the
negative ESI mode, the organic solvents for both mobile phases were the
same as in the positive with the exception of using ammonium acetate
(10mmol) as a mobile phase modifier. The gradient used was as follows:
0–2min from30 to 43%B, 2–2.1min from43 to55%B, 2.1–12min from55
to 65%B, 12–18min at 65% to 85%B, 18–20min at 85% to 100%B; 100%B
was held for 5min, and then the columnwas allowed to equilibrate to 30%B
for another 5min. The total running time was 30min. Mass spectrometry
analysis was performed in both positive ion (at 3.5 kV) and negative ion
(2.8 kV) modes. Data were collected in a data-dependent top 10 scanmode
(ddMS2). MS full-scan survey spectra (mass range m/z 80–1200) were
acquiredwith a resolution of R = 70,000 and target AGCof 1 × 106.MS/MS
fragmentation was performed using high energy c-trap dissociation (HCD)
with R = 17,500 resolution and 1 × 105 AGC target. The step normalised
collision energy (NCE) was set to 15, 30 and 45. The injection volume was
3 µL. For accurate mass-based analysis, regular Lockmass and interrun
calibrations were used. An exclusion list for background ions was generated
by testing the same procedural sample for both positive and negative ESI
modes22. Quality control was ensured by analysing pooled samples before,
at the beginning and at the end of the batches; using blanks to check for
residual interference; and using internal standards, directly in plasma or cell
samples, which include a series of analyte classes at levels appropriate for the
plasma (Avanti SPLASH Lipidomix) and an internal standard (CUDA)
prior to liquid chromatography-mass spectrometry (LC–MS) analysis.

Raw data acquired from lipidomic untargeted analysis were processed
with MSDIAL software (Yokohama City, Kanagawa, Japan), version 4.24.
Peaks were detected, MS2 data were deconvoluted, compounds were
identified, and peaks were aligned across all samples. For quantification, the
peak areas for the different molecular species detected were normalised
using the deuterated internal standard for each lipid class. To obtain an
estimated concentration expressed in nmol/mL (plasma), the normalised
areas were multiplied by the concentration of the internal standard. An in-
house library of standards was also used for lipid identification.

Proteomic analysis
Digested peptides were analysed on an Ultimate 3000 RSLC nano coupled
directly to an Orbitrap Exploris 480 with a High-Field Asymmetric Wave-
form Ion Mobility Spectrometry System (FAIMS) (all Thermo Fisher Sci-
entific). Samples were injected onto a reversed-phase C18 column (15 cm ×
75 µm i.d., ThermoFisher Scientific) and elutedwith a gradient of 6% to 95%
mobile phase B over 41min by applying a flow rate of 500 nL/min, followed
by an equilibration with 6%mobile phase B for 1min. The acquisition time
of one sample was 41min and the total recording of the MS spectra was
carried out in positive resolution with a high voltage of 2500 V and the
FAIMS interface in standard resolution, with aCVof−45V.The acquisition
was performed in data-independentmode (DIA): precursormass rangewas
set between 400 and 900, isolationwindowof 8m/z, windowoverlap of 1m/
z,HCDcollision energy of 27%, orbitrap resolution of 30,000 andRFLens at
50%. The normalised AGC target was set to 1000, the maximum injection
time was 25ms, and microscan was 1. For DIA data processing, DIA-NN
(version 1.8.1) was used: the identification was performed with “library-free
search” and “deep learning-based spectra, RTs and IMs prediction” enabled.
Enzymewas set to Trypsin/P, precursors of charge state 1–4, peptide lengths
7–30 and precursor m/z 400–900 were considered with maximum two
missed cleavages. Carbamidomethylation onCwas set as fixedmodification
and Oxidation on M was set as variable modification, using a maximum of
two variable modifications per peptide. FDR was set to 1%.

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the
dataset identifier PXD049990.

Metabolomic analysis
Metabolomics results were generated with a LECO Pegasus 4D Time-of-
Flight Mass Spectrometer (Leco Corp., St. Josef, MI, USA) equipped with a
LECO dual-stage quad jet thermal modulator. The GC part of the instru-
ment was an Agilent 7890 gas chromatograph (Agilent Technologies, Palo
Alto, CA, USA) equipped with a split/splitless injector. The first dimension
column was a 30m Rxi-5Sil (Restek Corp., Bellefonte, PA, USA) MS
capillary column with an internal diameter of 0.25mm and a stationary
phase film thickness of 0.25 μm, and the second dimension chromato-
graphic columnwas a 2mRxi-17SilMS (RestekCorp., Bellefonte, PA,USA)
with a diameter of 0.25mm and a film thickness of 0.25 μm. High-purity
helium(99.9999%)wasusedas the carrier gas,with aflowrateof 1.4 mL/min.
One μL of the sample was injected in splitless mode at 250 °C. The tem-
perature programme was as follows: the initial temperature was 100 °C for
2min, then ramped 20 °C/min up to 330 °C and then held at this value for
2min. The secondary column was maintained at +5 °C relative to the GC
oven temperature of the first. Electron impact ionisation was applied
(70 eV).The ion source temperaturewas set at 250 °C, themass rangewas25
to 550m/z with an extraction frequency of 32 kHz. The acquisition rates
were 200 spectra/s and themodulation period for the 2D analysis was 4 s for
the entire run. The modulator temperature offset was set at+15 °C relative
to the secondary oven temperature, while the transfer line was set at 280 °C.

The chromatograms were acquired in total ion current mode. Peaks
with a signal-to-noise (S/N) value lower than 500.0 were rejected. Chro-
maTOF version 5.31 was used for the raw data processing. Mass spectral
assignment was performed by matching with the NIST MS Search 2.3
libraries and theFiehnLib.An in-house libraryof standardswas alsoused for
the small molecules identification83.

LECO ChromaTOF software was used for all acquisition control of
metabolomics data, raw data processing and Statistical Compare for
alignment of all analytes. The exported data were normalised for internal
standards and optimised by lowess normalisation using quality control
samples.

Statistical analysis
Clinical and demographic characteristics were described using, as summary
statistics, median and the interquartile range (IQR) or absolute and relative
frequencies. Comparisons between PD patients and CNT were evaluated
usingMedCalc statistical software for continuous variables and Chi-square
test for dichotomous variables. Statistical analyses of lipidomic, proteomic
and metabolomic samples were performed with MetaboAnalyst 6.0 (www.
metaboanalyst.org). Statistical Analysis [single factor] function was used to
build volcano plots, principal component analysis (PCA), partial least
squares-discriminant analysis (PLS-DA) and heatmaps. Pathway and
Enrichment analysis functions were performed to integrate pathway
enrichment analysis and pathway topology analysis, starting from sig-
nificant metabolites found in statistics. GraphPad Prism 8 was used for
unpaired Student’s T-test and ONE-way ANOVA statistical analysis.

Comparison of plasma lipids levels between PD and CNT was per-
formed using unpaired T-test.

Linear regression analysis to compare lipids and metabolite con-
centrations with endophenotypes was performed with STATS.BLUE
(https://stats.blue/Stats_Suite/correlation_regression_calculator.html). Sig-
nificance was set at p < 0.05 for all analyses. Pearson’s correlation analysis
was carried out with GraphPad 8 and the resulting p-value was corrected
with Bonferroni. Bioinformatic analysis was carried out using DAVID
software (https://david.ncifcrf.gov/tools.jsp) and Ingenuity Pathway Ana-
lysis (Qiagen, Hilden, Germany).

Integrative multi-omics analysis
To identify the highly correlated features discriminating TMEMmutation,
we performed Data Integration Analysis for Biomarker discovery using
Latent cOmponent (DIABLO)27 analysis of proteomic and lipidomic data of
dermalfibroblasts of PDpatients carryingmutations inTMEM175andwith
no TMEM175 mutation. Dimension reduction was performed with an
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information gain algorithm to obtain only significant features among each
group using proteomic and lipidomic data separately. The DIABLO R
software was used to separately analyse each combination, utilising the
(MixOmics) library. The sPLSDA model was employed to determine
the correlation between the proteomic and lipidomic data for each group.
The model was constructed using a 10-fold cross-validation approach with
10 repetitions. Themodelwas initially assessed by calculating the area under
the curve (AUC) score for each component of the Partial Least Squares
Discriminant Analysis (PLSDA) algorithm. This was done to determine the
discriminatory strengthof the features. Following the evaluationof theAUC
score, the association between lipidomic and proteomic features was ana-
lysed using a circle correlation plot in the DIABLO package.

Data availability
All data are available in the main text or the supplementary materials. The
mass spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE partner repository with the dataset
identifier PXD049990. The lipidomic datasets are reported in supplemen-
tary data. Metabolomics datasets are available from the corresponding
author upon reasonable request. Biological samples are available on rea-
sonable request and after signed MTA.
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