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A B S T R A C T

α-Synuclein is a small presynaptic proteinwhose aggregation is oneof thehallmarks of Parkinson’s disease (PD). In our
quest to identifynovelpreventiveor therapeutic treatments forPD,wecollected60 Italianplant species, representative
of part of the Mediterranean flora, which were screened by a phylogenetic analysis in conjunction with a high-
throughput screening in a yeast model of PD expressing human α-synuclein. The integration of these approaches
led to the identification of four plants, Allium lusitanicum, Salvia pratensis, Verbascum thapsus and Glaucium flavum,
whose extracts, characterized by a metabolomic analysis, exhibit robust inhibitory activity against the amyloid ag-
gregation of α-synuclein in vitro, as well as in neuroblastoma cells overexpressing the protein. By employing a size
exclusion chromatography affinity approach coupled to mass spectrometry, we identified the phenylpropanoid
glycoside acteoside from the extract of the edible plantV. thapsus as themetabolite that directly binds α-synuclein and
effectively inhibits its fibril formation. In addition, acteoside reduces oxidative stress inneuroblastomacells exposed to
α-synuclein fibrils and activates the NRF2 pathway. Notably, acteoside improves motor performance in a Drosophila
model of PD and exhibits a significant reduction of protein carbonyl groups, suggesting that this compound may
mitigate oxidative stress-induced protein damage. Our findings could pave the way for the development of new
strategies aimed at discovering novel neuroprotective agents targeting PD-related diseases.

Introduction

Aging is a complex physiological condition influenced by various
biological pathways that not only affect lifespan but also play a crucial
role in the development and progression of age-related diseases. Among
these, Parkinson’s disease (PD) is a neurodegenerative disorder affecting
2–3 % of the population over 65 years, clinically characterized by
movement disorders and cognitive impairment, and by the misfolding
and aggregation of α-synuclein at the molecular level [1–3]. α-synuclein
(α-syn) is a small presynaptic protein, mainly expressed in neurons of the

central and peripheral nervous system, involved in the regulation of
vesicle trafficking and neurotransmitter release [4]. It is an intrinsically
disordered protein that can adopt an α-helical conformation when
associated with biological membranes. Mutations or overexpression of
α-syn can lead to aggregation into toxic oligomers and fibrils, which
alter vesicle trafficking, mitochondrial activity and induce cellular
toxicity, ultimately leading to the loss of dopaminergic neurons [2].

The onset of age-related diseases is also shaped by environmental fac-
tors. According to the One Health concept, the health of humans, animals,
plants, and the environment are closely linked and inter-dependent, andby
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means of a collaborative and trans-disciplinary approach it aims to achieve
improved health and well-being outcomes. Through the bioprospecting
approach, biodiversity enables the identification of a number of com-
pounds (from diverse sources such as plants, marine organisms, and mi-
croorganisms) with bioactive properties beneficial for preventing or
treating human diseases. Indeed, the potential of natural compounds is
huge, and recent years have seen a surge in publications highlighting their
numerous neuroprotective effects [5,6]. In this context, selecting plant
candidates is a critical step before analyzing their biological activities. As
Najmi et al. [7] suggested, various approaches can be employed: selection
based on ethnopharmacological knowledge, traditional medicine systems,
or random selection. However, it has been suggested that closely related
taxa may share biosynthetic pathways of similar phyto-metabolites and
that their chemical molecules are generally conserved with each other [8,
9]. Molecular phylogenetic approaches offer an alternative method to
identify plant-based natural products reducing the time and cost of sub-
sequent biological analysis [9,10].

The National Biodiversity Future Center in Italy is dedicated to
conserving, restoring, monitoring, and enhancing biodiversity within the
Mediterranean biodiversity hotspot [11] (https://www.nbfc.it). The
Mediterraneanbasin,with its diverse andheterogeneousplant life, boasts a
significant number of endemic species, likely due to its varied geography,
environmental conditions, and historical influences [12]. Although many
Mediterranean plants have been described, they remain a vital resource for
research in biochemistry, phytochemistry, and pharmacology, potentially
leading to the discovery of new therapeutic molecules.

This study was designed to develop an innovative integrated approach
to select themost promising neuroprotective plant extracts froma library of
Mediterranean plants. We exploited the information present in a broad
phylogenetic framework, combined with a high-throughput screening in a
yeastmodelofPDexpressinghumanα-syn.Fromthe selectedplantextracts,
we identified the phenylpropanoid glycoside acteoside, with strong anti-
aggregant activity against α-syn fibrillation. The neuroprotective proper-
ties of acteoside were deeply evaluated through biophysical techniques, in
neuroblastoma cell cultures and in a Drosophila melanogaster model of PD
based on the inactivation of theDJ-1β gene [13], the fly ortholog of human
DJ-1 (PARK7), mutated in early-onset familial PD forms [14].

Materials and methods

Sample collection and extraction

Aerial vegetative organs (leaves and eventually young herbaceous
stems) of the 60 plant species investigated were collected in triplicate
from plants growing in the botanical garden of Padova (Italy), grown in a
nursery or in the open field, as specified in Supplementary Table S1. The
samples were immediately frozen in liquid nitrogen, ground into a fine
powder using an A11 basic analytical mill (IKA-Werke, Staufen, Ger-
many), and then stored at − 80 ◦C. Approximately 1 g of frozen powder
was subjected to extraction using 10 vol (w/v) of 100 % LC-MS grade
methanol (Honeywell, Seelze, Germany). The mixture was vortexed for
30 s, sonicated on ice for 10 min in a 40-kHz ultrasonic bath (SOLTEC,
Milano, Italy), and then centrifuged at 14,000 g for 10 min at 4 ◦C. The
collected supernatantswere divided into ten 1.5mL tubes,with each tube
containing 1mL of extract, and stored at − 20 ◦C. Nine aliquots were then
subjected to processing with a vacuum evaporation system (SpeedVac,
Heto-Holten, Frederiksborg, Denmark) and allocated for the following in
vitro bioassays, while one aliquot was kept for LC-MS analysis.

Untargeted liquid chromatography-mass spectrometry (LC-MS)
metabolomics analysis

The untargeted LC-MS metabolomics analyses were performed using
the instrumentation and methodology described in previous studies [15,
16] with slight modifications. In brief, the extracts were diluted at 1:10,
1:50 and 1:100 with LC-MS grade water (Honeywell) and filtered

through 0.22 μm Minisart filters (Sartorius-Stedim Biotech, G€ottingen,
Germany). The analyses were performed with Ultra-Performance Liquid
Chromatography-High-Resolution Mass Spectrometry (UPLC-HRMS)
and 5 and 1 μL were injected into the instrument for analysis in both
negative and positive ionization modes, respectively. The elution was
carried out in gradient mode among two mobile phases (A: 0.1 % formic
acid in water, B: 100 % acetonitrile). The elution gradient commenced at
1 % B, held for 1 min, then increased to 40 % B at 10 min, 70 % B at
13.5 min, 90% B at 15min, and reached 99% B at 16.5 min. Themethod
was then maintained at 99 % B for 3.5 min before returning to 1 % B at
20.1 min. The method concluded with an isocratic phase (1 % B) at
25 min. MS data were acquired in profile and sensitivity modes and by
using a scan range of 50–2000m/z. The scan time was set at 0.3 s and the
MS data were acquired with function 1 (no fragmentation) and function
2 (CID fragmentation with argon at 35 eV). Furthermore, a FAST-DDA
data-dependent analysis was conducted to improve metabolite identi-
fication. This involved assessing the accurate mass (derived from the
m/z ratio), retention time, and fragmentation pattern (MS/MS from the
FAST-DDA analysis) for each ion, followed by cross-referencing with a
proprietary library of authentic standard compounds, an in silico data-
base of plant compounds, and relevant scientific literature and public
databases such as Pubchem, MoNA and MassBank. Identification levels
were established according to metabolomics standards initiative (MSI):
level 1, unambiguous identification with reference standards; level 2,
putative assignment based on MS data similarity with literature data or
databases; level 3, putative assignment established by spectral similarity
to chemical class of compounds and chemotaxonomic data.

Phylogenetic selection approach

The lists of plants with anti-aggregant, neuroprotective and anti-
Parkinson’s biological activities were downloaded from the Dr. Duke’s
Phytochemical and Ethnobotanical Databases [17,18] to determine
their phylogenetic clumping. Hereinafter, we will refer to these plants as
‘Medicinal Plants’ (MP). The MP belonging to the Pteridophyta and
Ceratophyllales (Supplementary Table S1) were excluded from the
phylogenetic analyses due to their low number in the database. The
Maximum Likelihood (ML)-based chronogram produced by Zanne et al.
[19] was downloaded and four monophyletic subtrees (i.e., Mono-
cotyledoneae with 7060 tips, Superrosidae with 10,009 tips, Super-
asteridae with 11,324 tips, and Basal eudicots with 948 tips as defined in
Ref. [19]) representing 29,341 species in total, were extracted for use as
reference in subsequent analyses.

The functions available in the R package ‘pm4mp’ (https://github.
com/gzecca/pm4mp) were used as follows. The function “clea-
n_and_match()” was applied with the argument “reftype = z” and the
argument “match_thr = 0.9” to standardise the species names and to find
the fuzzy matches between the MP names and tree tip names. The
resulting fuzzy matches were manually checked for misspelling on the
Plants of the World Online (https://www.plantsoftheworldonline.org)
and on the World Flora Online (https://www.worldfloraonline.org)
databases and corrected when necessary in the MP lists (Supplementary
Table S2). The “tree4nodesigl()” and “sample4nodesigl()” functions were
used to prepare input files for PHYLOCOM v4.2, which was used to
identify the “hot nodes” in the reference phylogenies [20]. The “hot
nodes” are the nodes on a phylogenetic tree that contain an over-
abundance of taxa of a given category compared to a random pattern of
distribution [21,22]. The function “nodesiglR()” with parameters
“start= 1” and “stop= 1500” was used to run PHYLOCOM from R and to
perform 1500 repetitions of the “nodesigl” command using 999 ran-
domizations each. Repetitions were necessary because of the stochastic
nature of the null model used by PHYLOCOM to test the statistical sig-
nificance of hot nodes. The appropriate number of repetitions was
determined based on preliminary analyses, and chosen to exceed the
number of replicates after which the detected hot nodes remained con-
stant (data not shown). The function “nodesigl_harvesteR()” with the
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argument “fract = 5” was used to keep the (stable) hot nodes present in
all 1500 runs that contained at least 5 % of MPs and to extract their
corresponding “hot trees” in Newick format. We define the “hot trees” as
subtrees of the reference phylogenies containing independent subsets of
phylogenetically nested “hot nodes” and therefore containing different
sets of species (for details see the “pm4mp” package documentation). The
60 plant species selected by the NBFC project (Supplementary Tables S1
and S2) were searched within the identified hot trees. The “hot_-
tree_painteR()” function was used to plot the hot trees where at least one
plant species selected by the NBFC project was found.

Yeast strains and media

The yeast strain utilized to assess the biological activity of plant
extracts is BY4742[pYX242-SNCA], overexpressing human α-syn. Cell
cultures were grown in minimal medium containing 2 % glucose as the
carbon source and 0.67 % yeast nitrogen base lacking amino acids,
supplemented with 50 mg/L of essential amino acids and bases neces-
sary for the auxotrophic strain’s requirements and with 0.1 mM ampi-
cillin to prevent contaminations. Cells were grown at 30 ◦C under
continuous agitation at 120 rpm. For treatments with the extracts, the
dried extracts, obtained by 100 mg of fresh leaves, were resuspended in
75 μL of 100% ethanol, vortexed and sonicated for 20min at 28 KHz and
then added to 5 mL of the medium. In the control condition, 75 μL of
ethanol was added in the medium (final ethanol concentration of 1.5 %).

Biolog OmniLog system

The Biolog OmniLog System was utilized to compare the cellular
phenotypes of BY4742[pYX242-SNCA] yeast cells supplemented with
60 different extracts. Yeast cell cultures were grown on agar plates at
30 ◦C, then inoculated into 8 mL of 2 % glucose minimal medium in
sterile glass tubes. The cell suspension was measured using the BIOLOG
Turbidimeter (Biolog, Hayward, CA) until reaching a cell suspension
transmittance of 62 % T. The suspension was prepared according to the
BIOLOG PM protocol for yeast cells: Dye D 75x (Biolog, Hayward, CA),
cells 48x, and medium. This suspension was then pipetted into the 96-
well plates (100 μL per well). All dried extracts were resuspended in
75 μL of 100 % EtOH and 1.5 μL of extract, corresponding to 20 mg of
fresh leaves/mL medium, were added to each well of the plates (1.5 %
EtOH final concentration) to reach a 100 μL total volume. Microplates
were then incubated in the OmniLogTM system at 30 ◦C for 72 h. The
experiment was conducted in triplicate. Growth profiles were compared
using the y-maximum value of each kinetic curve.

Chronological lifespan assay (CLS)

Cells were grown in liquid medium until reaching the mid-late expo-
nential phase, after which they were inoculated at a density of 0.150 OD/
mL into flasks containingmedium either without extracts (solvent control)
or supplemented with the extract (corresponding to 20mg of fresh leaves/
mL medium). Survival (expressed as percentage) was evaluated by propi-
dium iodide (PI) staining at different time points using the Cytoflex cyto-
fluorimeter (Beckman Coulter, Milan, Italy) and analyzed with Cytoflex
software (version 2.6.0.105), as previously reported [23].

Analysis of reactive oxygen species (ROS) and aggresome levels in yeast

ROS level within the cells was assessed through DHE (dihydroethi-
dium) staining. Following a 24 h treatment with the extracts, cells were
harvested, resuspended in phosphate-buffered saline (PBS) solution, and
stained with 5 μg/mL of DHE for 10 min, as previously reported [23].
Flow cytometric analyses were conducted using the Cytoflex cyto-
fluorimeter (Beckman Coulter) and data were analyzed using Cytoflex
software (version 2.6.0.105). The intracellular protein aggresomes were
analyzed using the PROTEOSTAT® Aggresome detection kit (ENZO Life

Sciences). Yeast cells were collected after 24 h treatment with the ex-
tracts; 0.2 OD of cells were collected and resuspended in PBS buffer and
stained with the PROTEOSTAT® Aggresome detection reagent at a
dilution of 1:1500, as previously reported [24]. Fluorescence-activated
cell sorting (FACS) analyses were conducted using a Cytoflex cyto-
fluorimeter (Beckman Coulter) and analyzed with Cytoflex software.

Thioflavin T (ThT) assay

α-syn was purchased fromMerck-Millipore and dissolved at 70 μM in
PBS. Protein samples (20 μL, 70 μM concentration of α-syn) were incu-
bated at 37 ◦C in PBS up to 72 h under constant shaking at 900 rpm with
a thermo-mixer in the absence (cnt) or in the presence of the extracts.
Dried extracts, corresponding to 100 mg of fresh leaves resuspended in
75 μL of 100 % ethanol, were diluted 1:10 in PBS and 5 μL were added to
α-syn to test their effect on protein aggregation; in control experiments
ethanol was used as solvent control. The ThT binding assay was per-
formed according to Ref. [25] using a 20 μM ThT solution in the PBS
buffer. 180 μL of ThT solution were added to 20 μL of the aggregated
α-syn samples, transferred into a black 96-well clear bottom multiwell
plate and ThT fluorescence was read at the maximum intensity of
fluorescence of 485 nm using a Victor X3 plate reader (PerkinElmer).
Fluorescence of blank samples was subtracted from the fluorescence
values of all samples. In control experiments with each extract, no
interference with ThT fluorescence was observed.

Seed fibrils formation

For seed fibrils formation 250 μL of α-syn at 70 μM was incubated at
37 ◦C in PBS for 72 h under constant shaking at 900 rpm in a thermo-
mixer. Fibrils formation was verified through the Thioflavin T assay
by mixing 10 μL of fibril samples with 20 μM ThT in a final volume of
100 μL. Fluorescence emission at 485 nm was recorded using a plate
reader (BIoTek Synergy H1, Agilent).

Aggregation kinetics

For kinetic experiments, 35 μM α-syn (100 μL) was incubated at
37 ◦C in PBS, with 20 μM ThT solution in PBS, up to 72 h under constant
shaking at 425 cpm using a plate reader (BIoTek Synergy H1, Agilent) in
the absence (cnt) or in the presence of V. thapsus extract or acteoside
(50 μM and 100 μM). The dried extract of V. thapsus was resuspended in
75 μL of 100 % EtOH and 2.5 μL were added to α-syn to test the effect on
protein aggregation; in control experiments ethanol was used as solvent
control. For fibril elongation experiments, 1 μM preformed seed fibrils
were added to 35 μM α-syn in PBS. To probe fibril elongation, protein
samples (100 μL) were incubated at 37 ◦C in PBS, with 20 μM ThT so-
lution in PBS, under constant shaking at 425 cpm using a plate reader
(BIoTek Synergy H1, Agilent) in the absence (cnt) or in the presence of
acteoside (1 μM, 25 μM, 50 μM and 100 μM). Acteoside was purchased
fromMerck and was resuspended in water and added to α-syn; in control
experiments water was used as solvent control.

Transmission electron microscopy (TEM) imaging

For the visualization of α-syn fibrils by TEM, α-syn was used at 70 μM
in PBS. Protein samples (250 μL) were incubated at 37 ◦C in PBS, with
20 μM ThT solution in PBS under constant shaking at 900 rpm with a
thermo-mixer up to 72 h, in absence (cnt) or in the presence of acteoside
(50 μM). Samples were loaded on carbon coated copper TEM grids (5 μL)
and let them air-dried. Then a negative staining (Uranyl Acetate, 1 %)
was performed to enhance the contrast and to improve the observations.
TEMmicrographs were acquired with JEOL JEM 2100Plus Transmission
Electron Microscope (JEOL, Japan) operating with an acceleration
voltage of 200 kV, and equipped with an 8 megapixel Gatan (Gatan,
USA) Rio Complementary Metal-Oxide-superconductor (CMOS) camera.

A. Lambiase et al. Neurotherapeutics xxx (xxxx) xxx

3



Cell cultures

SH-SY5Y cell lines harboring pTet-SNCA-FLAG were purchased from
Merck. Cells were cultured on plates at 37 ◦C in DMEM/F12 medium,
containing 10 % fetal bovine serum, 2 mM glutamine, 100 units/mL
penicillin and 100 μg/mL streptomycin, in a humidified 5 % CO2 incu-
bator. Doxycycline-inducible α-syn-expressing cells were selected
against the antibiotic puromycin with a dose of 2 μg/mL. Induction of
α-syn expression was achieved by adding 6 μg/mL doxycycline (from a
6 mg/mL stock in DMSO) for 48 h.

The extracts obtained from 100 mg of fresh leaves were resuspended
in 75 μL of 100 % ethanol and used as 200x stocks (corresponding to
6.6 mg/mL of medium, final ethanol concentration 0.5 %); 0.5 %
ethanol was used as solvent control. Acteoside was resuspended in
water and used at a final concentration of 100 μM. For immunofluo-
rescence assays, 1.6 × 105 cells were seeded on geltrex-coated glass
cover slips in wells of a 24 multiwell plate and treated the day after for
48 h.

SH-SY5Y cells were purchased from ATCC. Cells were cultured on
plates at 37 ◦C in DMEM medium, containing 10 % fetal bovine serum,
2 mM glutamine, 100 units/mL penicillin and 100 μg/mL streptomycin,
in a humidified 5 % CO2 incubator. For analysis of ROS level
8 × 103 cells were seeded in wells of a 96 multiwell plate and treated
with 5 μM of α-syn fibrils for 72 h. To obtain the fibrils, α-syn (70 μM)
was incubated at 37 ◦C in PBS up to 72 h under constant shaking at
900 rpm with a thermo-mixer in the presence or in the absence of
acteoside (1 mM).

Analysis of acteoside availability in cells

To evaluate the intracellular/cell-associated level of acteoside,
2 × 106 SH-SY5Y pTet-SNCA-FLAG cells were seeded in 60-mm dishes
and treated with acteoside at 100 μM up to 24 h. For metabolite
extraction, cells were washed twice with PBS before being lysed with ice
cold 80 % methanol solution for 5 min. The lysate was transferred into a
1.5 mL tube and sonicated in bath 1 min on and 1 min off for 5 times.
Samples were centrifuged at 14,000 g for 30 min at 4 ◦C and the su-
pernatant was filtered using a 3 kDa molecular weight cut-off filter at
14000 g for 1 h at 4 ◦C. The eluate was transferred in LC-MS vials and
stored at − 20 ◦C.

Samples were injected into a Xevo G2-XS quadrupole time of flight
mass spectrometer coupled to a Waters ACQUITY ultra-performance
liquid chromatography (UPLC) H-Class system through an ESI source
(Waters Corporation, Milford, MA, USA). The instrument was operated
in negative ion current in sensitivity mode. The capillary voltage was
maintained at 1.5 kV with the source temperature held constant at
140 ◦C.

An ACQUITY UPLC® BEH C18 1.7 μm, 2.1 mm × 50 mm, (Waters
Corporation, Milford, MA, USA) was used for analyte separation. The
flow rate was set to 400 μL/min with a column temperature of 40 ◦C. A
gradient of solvent A (99.9 % LC-MS-grade water with 0.1 % formic
acid) and solvent B (LC-MS-grade 99.9 % acetonitrile with 0.1 % formic
acid) was applied with a total run time of 12 min as follows: 0–0.3 min at
2 % B; 0.3–6.3 min linear increase from 2 to 98% B; 6.3–8.3 min 98% B;
9–12 min 2 % B. Transition selection and optimization of collision en-
ergy were performed manually on acteoside and its isomer isoacteoside
standard solutions, and data acquisition in MRM mode was performed
with Masslynx (v4.2). The transitions monitored were m/z 623.1 (CE
32 V) → m/z 161.1 (quantifier) and 461.1 at CE 28 V (qualifier) for
acteoside and isoacteoside. A standard curve 8–5000 nM of both the
analytes was run to test the linearity of the response and to confirm the
different retention time of the two isomers. The accuracy of each stan-
dard point was calculated with TargetLynx based on the determined
linear regression curve and should be between 80 % and 120 % of the
expected value. Analyte quantity (acteoside + isoverbascoside) was
extrapolated from the respective standard curves.

Cell viability assay

Cells viability was determined using the MTT (3-[4,5-dimethylth-
iazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay. After treating cells
for 72 h as described above, the culture medium was removed and cells
were incubated for 2 h at 37 ◦C in 100 μL of DMEM containing 0.5 mg/
mLMTT. Then, 100 μL of solubilization buffer (10 % Triton X-100, 0.1 N
HCl in isopropanol) was added to cells. Absorbance was measured using
a microplate reader (BioTek Synergy H1, Agilent) at 570 nm.

Analysis of reactive oxygen species (ROS) level in SH-SY5Y cells

Intracellular ROS were determined using fluorescent probe 2′,7′-
dichlorofluorescin diacetate, acetyl ester (H2DCFDA, Merck). After
treating cells for 72 h as described above, the culture medium was
removed and cells were washed twice with PBS. Then, 5 μMof H2DCFDA
was added to each well for 30 min. After washing cells twice with PBS
solution, the fluorescence was measured using a microplate reader
(BioTek Synergy H1, Agilent) at excitation wavelength of 490 nm and
emission wavelength of 520 nm. Data were normalized on total viability
measured with MTT assay.

Western blot and native dot blot analyses

Cells were lysed in RIPA buffer (Thermo Scientific) supplemented
with protease inhibitors (Roche) and phosphatase inhibitor cocktails
(Merck). The lysates were centrifuged at 4 ◦C and the supernatants were
collected. Protein concentration was determined using the Bradford
assay (Bio-Rad). Protein samples were separated by SDS-PAGE and
transferred to nitrocellulose membranes. After the transfer, the mem-
branes were blocked with 5 % nonfat dry milk and primary antibodies
anti-NRF2 (1:1000, Thermofisher), anti-α-syn (Merck, 1:1000) and anti-
vinculin (1:5000, Merck) were used. Conjugated secondary antibodies
were applied, and the signal was detected using enhanced chem-
iluminescence (ECL). The resulting signals were captured using the
Chemidoc system (Bio-Rad). For native dot blot analysis, samples from
in vitro α-syn aggregation assays, performed in the absence or in the
presence of the plant extracts, were dropped onto nitrocellulose mem-
branes and incubated with the oligomer specific A11 mouse antibody
(1:500, Thermo Fisher) or with the anti-α-syn antibody (1:1000, Merck).

Immunofluorescence assay

Cells grown on cover slips were washed with PBS, fixed with 4 %
formaldehyde for 15 min, and permeabilized with PBS 0.2 % Triton X-
100 for 10 min. Then, cells were washed in blocking solution (PBS 1 %
BSA), blocked at room temperature for 60 min, and then incubated
overnight at 4 ◦C with the primary antibody anti-α-Syn33 (1:40, Merck)
recognizing α-syn oligomers, or with the primary antibody anti-NRF2
(1:200, Thermo Fisher). After that, cells were incubated with anti-
rabbit AlexaFluor488 secondary antibodies (1:200, Thermo Fisher) for
1 h. Coverslips were mounted with a DAPI containing mounting medium
for nuclear staining. Image acquisition was carried out on a Thunder
fluorescence microscope (Leica Microsystems). For the analysis of α-syn
oligomers, fluorescence images were analyzed using ImageJ software
(NIH) and the Integrated Density (IntDen) of the α-syn fluorescence
signal was quantified. Quantitative analysis of NRF2 nuclear localiza-
tion was performed using Cell-ACDC, an open source user friendly GUI-
based framework for segmentation [26]. Nuclei were segmented by
applying an automated thresholding algorithm (Otsu method) on the
DAPI channel, generating accurate nuclear masks. Within each
segmented nucleus, the concentration parameter, defined as the total
fluorescence intensity normalized to the nuclear area, was calculated.
The resulting output data were exported and statistically analyzed to
compare NRF2 localization across different treatment conditions.
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Real time PCR

Total RNA was isolated using the Quick-RNA Mini-Prep Kit (Zymo
Research), according to manufacturer’s instructions. RNA (1 μg) was
reverse-transcribed using iScript supermix (Bio-Rad), according to the
manufacturer’s protocol. For each real-time PCR, cDNA were amplified
using the ChamQ mastermix (Vazyme) and specific primers. Each sam-
ple was normalized for total RNA content using ACTB and GAPDH as
housekeeping genes. The primers used are the following: ACTB-F:
CACCATTGGCAATGAGCGGT, ACTB-R: GTCTTTGCGGATGTCCACGT;
GAPDH-F: AGAAGGCTGGGGCTCATTTG, GAPDH-R: TGCTAAGCAGTT
GGTGGTGC; NQO1-F: TCCGGAGTAAGAAGGCAGTG, NQO1-R: TCCA
GGCGTTTCTTCCATCC; HMOX1-F: TTCAAGCAGCTCTACCGCTC, HMO
X1-R: TTGCACTTTGTTGCTGGCCC.

Size exclusion chromatography coupled to reversed phase LC-MS (SEC AS-
MS)

For the SEC AS-MS analysis, the dry extracts were first diluted in
1 mL of dichloromethane (DCM) and dried under nitrogen to obtain the
accurate weight. A 10 mg/mL solution in methanol was prepared and
centrifuged for 5 min at 13,000 rpm and then diluted in water:methanol
(70:30 v/v) to obtain a final concentration of 2 mg/mL. Incubation so-
lutions (500 μL) containing 10 μM α-syn and the selected plant extracts
(2 mg/mL) were prepared in 0.1 M potassium dihydrogen phosphate
buffer at pH = 7 and incubated for 96 h at 4 ◦C. SEC AS-MS experiments
of the incubated samples were carried out with two chromatographic
systems (System 1 and System 2) as described in Ref. [15]. Briefly,
System 1 was used for SEC analyses using a TSK Gel Super SW2000
125 Å column (300× 4.6 mm ID, 4 μm) from Tosoh Bioscience. Analysis
was carried out in isocratic elution (KH2PO4 0.1 M, 0.05 % NaN3,
pH = 7) at a flow rate of 350 μL/min α-Syn was detected at λ = 280 nm
and the peak was eluted in the window 6.5–8 min. The elution fraction
(750 μL final volume) was focused on an Agilent Zorbax Eclipse Plus C18
analytical trap column (12.5 × 4.6 mm ID, 5 μm). The trap column was
connected to System 2 on the head of an analytical column, an XTerra
MS C18 column (250 × 2.1 mm ID, 5 μm) from Waters. Chromato-
graphic separation of the plant extracts fished analytes and the analyses
of the fingerprinting of the extracts were carried out through gradient
elution where the mobile phase was water 0.1 % formic acid (solvent A)
and acetonitrile 0.1 % formic acid (solvent B). Specifically, after an
isocratic step at 1 % B for 11.50 min, a linear gradient of B from 1 % to
40 % was applied in 22 min. Then, three sequential linear gradient steps
were performed (from 40 % to 70 % in 8.5 min, from 70 % to 90 % in
3.5 min and from 90% to 100% in 3.5 min). Lastly, an isocratic step was
carried out at 100 % B for 8.5 min. Compound identification was ach-
ieved as reported in Ref. [15] through mass spectrometry (MS) using a
linear ion trap mass spectrometer (LTQ) equipped with an electrospray
ion source (ESI) (Thermo Fisher Scientific, Waltham, MA, USA). Full
scan mass range was set up in the 250–1500 Da range.

Native mass spectrometry (Native-MS)

Native-MS analysis was performed to assess the interaction of α-syn
with acteoside. Commercial α-syn (Merck Millipore) and acteoside
(Merck) powders were individually resuspended in 100 mM ammonium
acetate pH 7 at 1 mg/mL stock concentration. Titration experiments
were performed preparing independent samples at fixed α-syn concen-
tration (7 μM) and variable acteoside concentrations (0–1400 μM). Each
sample (10 μL) was directly infused into the mass spectrometer (Orbi-
trap Fusion, Thermo Fisher Scientific) by a static nano-electrospray
source, employing borosilicate, metal-coated capillaries with 1-μm in-
ternal diameter (Thermo Fisher Scientific). Analytes desolvation and
charging were obtained applying a 1.1–1.2 kV ion spray voltage. The
main instrumental parameters were set as follows: resolving power atm/
z 200, 120,000; detection window, 700–2600 m/z; IRM pressure, 3

mTorr (intact protein mode); ion-transfer tube temperature, 275 ◦C; in-
source fragmentation, 0–5 V; AGC target, 4 × 105; maximum injection
time, 100 ms. Tandem MS analysis at selected charge states of the
protein-ligand complex was performed by collision-induced dissociation
(CID) with helium gas. Final spectra were obtained by averaging the
signal over 30 s acquisition. A ligand-binding curve was generated
calculating the relative intensity ratio of bound vs. total α-syn peak
signals.

Fly culture and acteoside treatment

DJ-1βex54 mutant flies (hereafter called DJ-1β) were used as PD
model flies [27]. They were cultured on standard Drosophila food at
25 ◦C. For acteoside treatments, DJ-1β mutant second instar (L2) larvae
were cultured on standard medium containing 0.1 % dimethyl sulfoxide
(DMSO) (untreated flies) or supplemented with 250 or 400 μM acteoside
(GenoChemWorld). After eclosion, adult female flies were transferred to
new tubes and cultured for five days in vials containing DMSO or
acteoside. Subsequently, flies were directly evaluated in climbing assays
or frozen in liquid nitrogen and kept at − 80 ◦C for quantification of
protein carbonylation level. The effect of acteoside was also evaluated in
flies treated only after eclosion: 1-day-old DJ-1β mutant female flies
were transferred to new vials containing either 0.1 % DMSO (control) or
acteoside-supplemented food (400 μM) and climbing assay was carried
out 5 days and 10 days later.

Climbing assay and determination of carbonylation protein level

Locomotor performance of DJ-1β mutant flies was analyzed using
climbing assay, which exploit flies’ innate negative geotaxis, an upward
movement response following mechanical stimulation. This simple,
robust, and cost-effective behavioral test is widely used to evaluate
motor function in fly models of neurodegenerative diseases [28]. In
these assays, a total of 80–120 5-day-old female flies were analyzed per
condition. Groups of 10–20 female flies were transferred to graduated
plastic tubes (1.4 cm diameter), acclimated for 1 min, gently tapped
down to the bottom and allowed to climb for 10 s, recording the process.
Moreover, climbing assays were also carried out in 5-day-old and
10-day-old female flies treated only after eclosion. The climbing ability
of untreated (DMSO) and acteoside-treated flies was determined as the
average of the height reached by each fly after this time [29]. Protein
carbonyl groups were measured in extracts from DJ-1β female flies of
different ages and subjected to different treatment regimes using 2,
4-dinitrophenylhydrazine (DNPH) derivatization in 96-well plates
(Greiner 96 well plate, polypropylene) as previously described [30].

Statistical analysis

All experiments were conducted in triplicate. Results are presented
as mean± standard deviation (SD). Statistical analyses were made using
the two-tailed Student’s t-test, with significance set at p < 0.05. For
Drosophila experiments, groups were statistically compared by one-way
ANOVA analysis followed by Tukey’s post hoc test (*p < 0.05).

Results

Plant species selection

Within a collection of plant species belonging to the Italian flora, in
the frame of the Italian initiative NBFC (National Biodiversity Future
Center, https://www.nbfc.it), extracts from 60 plant species rich in
specialized metabolites were selected and tested. While the chemical
structures of primary metabolites are common across various species,
specialized metabolites sharing core structures often exhibit a distribu-
tion linked to specific genetic lineages [31]. Thus, to facilitate a broad
exploration of specialized metabolites with their bioactivities, species
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from all major clades of Angiosperms were included in this investiga-
tion. The species, listed in Supplementary Table S1, encompass mono-
cots and eudicots, representing a total of 24 orders and 40 families.
Additionally, two more primitive vascular species belonging to the
Pteridophyta group were also included. Among the 60 analyzed species,
the leaves of 11 plants (Althaea officinalis, Aloysia citrodora, Artemisia
abrotanum, Beta vulgaris, Castanea sativa, Diospyros kaki, Filipendula
ulmaria, Lysimachia vulgaris, Rosa canina, Salvia pratensis, Verbascum
thapsus) are included in the Belfrit list, which defines a common refer-
ence for the use of plants in food supplements [32]. The inclusion of
these species is particularly relevant, as it allows for a deeper evaluation
of their specialized metabolites for public health applications [33].

To screen for the promising neuroprotective properties of this plant
extract library, we conducted two complementary analyses: an in silico
phylogenetic analysis to select potential medicinal plants, and a
screening using a yeast model expressing the human protein α-syn, to
select protective extracts against misfolded α-syn also in a cellular
system.

Phylogenetic selection approach

Phylogenetic analyses identified 34, 45 and 50 hot trees related to
antiaggregant, antiparkinsonian, and neuroprotective biological activ-
ities, respectively (Supplementary Table S3). The hot trees containing at
least a taxa included in the list of 60 plants of NBFC project were plotted
(Supplementary Fig. S1). All taxa included in hot trees were defined as
Potential Medicinal Plants (PMP) if these were not already recognized as
Medicinal Plants (MP) in the databases used. The plant species appear-
ing in both the list of 60 plants and the hot trees are listed in Table 1
specifying if these are MP or PMP. In Fig. 1A and B two examples of hot
trees are plotted, wherein the clade encompassing the plant species
identified by the phylogenetic approach applied in this study (Table 1)
was enlarged for clarity. Altogether, our analysis identified 7 plants of
our library associated with the antiaggregant biological function, 8
plants with the antiparkinsonian effect and 4 plants with the neuro-
protective properties (Table 1). Therefore, a total of 11 plants (Allium
angulosum, Allium lusitanicum, Castanea sativa, Medicago marina, Salvia
pratensis, Verbascum thapsus, Glaucium flavum, Acorus calamus, Althea
officinalis, Malva alcea, Artemisia abrotanum), selected on the basis of the
phylogenetic analysis (Table 1), have a high probability to present a
medicinal value.

High-throughput screening of plant extracts with anti-aging and
antioxidant effects

In parallel with the in silico analysis, a high-throughput screening on
the 60 extracts of our library was conducted in vivo using a S. cerevisiae
PD model, in which the human protein α-syn is overexpressed [34,35].
The Omnilog Biolog instrument was first employed to evaluate the effect
of all plant extracts (at a concentration corresponding to 20 mg of fresh
leaves/mL medium) on yeast cell growth. This step allowed us to
exclude extracts exhibiting cytotoxicity, enabling a focused analysis of
biologically relevant candidates to be considered in the following assays.
Out of 60 plant extracts tested, only two obtained from Heuchera san-
guinea and Empetrum hermaphroditum, showed relevant cellular toxicity
and were thus excluded from further analysis (Fig. 2A). Of the other 58,
10 extracts did not significantly influence cell growth, while the
remaining ones (48) stimulated the cell proliferation (expressed as
maximal growth obtained after 72 h). On the basis of these data, we
proceeded with a detailed analysis of the 58 non-toxic extracts in order
to explore their potential anti-aging, antioxidant, and neuroprotective
properties.

These 58 extracts were tested in the context of a standard chrono-
logical life span (CLS) experiment [36], to evaluate any ameliorating
effect on the age-dependent α-syn mediated cell death, as we also
recently reported [23]. Most extracts increased both mean and maximal

lifespan of yeast cells (as indicated by the yellow color in the heatmap,
Fig. 2B), except for those from Glandularia tenera, Pseudosasa japonica
and Acorus calamus. Notably, 18 different extracts (Echinophora spinosa,
Acalypha virginica, Pulsatilla montana, Butomus umbellatus, Ranunculus
lingua, Typha laxmannii, Centranthus ruber, Aquilegia atrata, Allium lusi-
tanicum, Eryngium maritimum, Glaucium flavum, Verbascum thapsus, Suc-
cisa pratensis, Valeriana dioica, Salvia pratensis, Akebia quinata,
Sternbergia lutea and Adenophora liliifolia) exhibited very potent
anti-aging activities, increasing mean lifespan more than 3.5 fold
compared to the control condition. Coherently, these extracts also
extended the maximum lifespan, although at different extents (Fig. 2B).

Alongside a decreased lifespan, oxidative stress is a typical feature of
toxic protein aggregation induced by α-syn [37]; therefore the intra-
cellular ROS level after 24 h treatment with the extracts were also
quantified. Strikingly, 16 extracts (Pulsatilla montana, Sternbergia lutea,
Osyris alba, Rosa canina, Nonea lutea, Ranunculus lingua, Salvia pratensis,
Malva alcea, Glaucium flavum, Succisa pratensis, Verbascum thapsus,
Euonymus europaeus, Adenophora liliifolia, Allium lusitanicum, Inula sali-
cina, Valeriana dioica) decreased intracellular ROS level more than 2.5
fold (Fig. 2B). Therefore, 10 extracts showed the ability to attenuate
both senescence and oxidative stress, two key hallmarks of age-related
diseases (Fig. 2C), they derived from Ranunculus lingua, Verbascum
thapsus, Adenophora liliifolia, Valeriana dioica, Allium lusitanicum, Succisa
pratensis, Salvia pratensis, Pulsatilla montana, Glaucium flavum and
Stembergia lutea. These plants belong to different plant families but, with
the exception of Allium lusitanicum that contains only saponins, the other
plant extracts share some chemical similarities as eight species are
characterized by the presence of flavonoids. Specifically, Adenophora
lilifolia, Ranunculus lingua, Succisa pratensis and Verbascum thapsus have
compounds belonging to the flavone class (e.i. luteolin and derivatives),
whileGlaucium flavum, Pulsatilla montana, Sternbergia lutea and Valeriana
dioica have compounds belonging to the flavonol class (e.i. quercetin and
derivatives). Furthermore, six of these ten plant extracts with antiaging
and antioxidant activity (Glaucium flavum, Pulsatilla montana, Ranun-
culus lingua, Salvia pratensis, Succisa pratensis and Valeriana dioica) are
characterized by the presence of compounds from the cinnamyl deriv-
ative class, known for their antioxidant properties [38].

From the combination of the three screening methods, i.e. phyloge-
netic identification as a medicinal plant, increase of mean lifespan (>3.5
fold) and decrease of ROS level (>2.5 fold), we identified 4 plant ex-
tracts responding to all three criteria (Fig. 2C). In fact, from the phylo-
genetic analysis, 11 species were identified as potential medicinal plants

Table 1
Plant species appearing in both the list of 60 plants of NBFC-project and the hot
trees subdivided for biological activity. In the category column: MP =Medicinal
Plants, PMP = Potential Medicinal Plants.

Biological Activity NBFC-project Category

Antiaggregant Allium angulosum PMP
Allium lusitanicum PMP
Castanea sativa MP
Medicago marina PMP
Salvia pratensis PMP
Verbascum thapsus MP
Glaucium flavum MP

Antiparkinsonian Acorus calamus MP
Allium angulosum PMP
Allium lusitanicum PMP
Althaea officinalis MP
Castanea sativa MP
Malva alcea PMP
Artemisia abrotanum PMP
Salvia pratensis PMP

Neuroprotective Allium angulosum PMP
Allium lusitanicum PMP
Artemisia abrotanum PMP
Salvia pratensis PMP
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(PMP) or medicinal plants (MP) (Table 1), but only 4 of them,
A. lusitanicum, G. flavum, S. pratensis and V. thapsus, were also able to
improve cell longevity (>3.5 fold increase) and reduce intracellular ROS
(>2.5 fold decrease) in the yeast model (Fig. 2C). Consequently, the
combination of these approaches underscores the potential preventive
and therapeutic benefits of A. lusitanicum, G. flavum, S. pratensis and
V. thapsus against neurodegenerative diseases such as Parkinson’s
disease.

Phytochemical profiles of A. lusitanicum, G. flavum, S. pratensis and
V. thapsus extracts

Building on the promising biological findings, the phytochemical pro-
files of the above selected specieswere obtained and shown in Fig. 3 as base
peakchromatograms recorded innegative ionization (only forG.flavumwe
reported also the positive ionization chromatogram to highlight the
exclusive occurrence of alkaloids). The four species are characterized by

Fig. 1. Phylogenetic analysis. Phylogenetic hot tree associated with neuroprotective (A) and antiaggregant (B) biological activity. The branch colors increase from
white to red proportionally to the number of nested hot nodes (nhn). Medicinal Plants (MP) are indicated by an arrow and their branches are highlighted in purple.
All hot nodes are indicated with a black circle. Horizontal bar giving the scale of the branch lengths in million years (Ma).
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the presence of different classes of secondary metabolites, their identity
and LC-MS features are reported in Table 2. A. lusitanicum accumulates
different glycosides of steroidal saponins characterized by furostane, spi-
rostane and cholestane skeletons (Fig. 3A, Table 2). A more exhaustive
phytochemical characterization of this species is reported in a previous
published work [15]. G. flavum is characterized by the accumulation of
large amounts of glaucine and other aporphine/isoquinoline alkaloids,
while rutin is the most abundant flavonoid among the polyphenols detec-
ted (Fig. 3B, Table 2). S. pratensis accumulates awide array of polyphenols,
mainly rosmarinic acidand itsderivatives aswell asother caffeic acidesters
such as salvianolic acids (Fig. 3C, Table 2). V. thapsus presents a more
diversified profile with the occurrence of iridoid glucosides (mainly cata-
lpol) and their derivatives esterified to various hydroxycinnamic acids;
moreover, this species presents large amounts of acteoside (Supplementary
Fig. S2) and minor amounts of acteoside isomers and other phenyl-
propanoid/phenylethanoid glycosidic esters (such as leucosceptoside and
martynoside) (Fig. 3D, Table 2).

The extracts of S. pratensis, V. thapsus and G. flavum inhibit α-syn
aggregation

Recent studies indicate that a number of natural extracts can display
a direct inhibition of amyloid fibril formation [6,39]. These findings
have spurred interest in exploring plant-derived compounds as potential
therapeutic agents targeting protein misfolding and aggregation.

To investigate these promising features, the anti-aggregant proper-
ties of the four selected extracts, A. lusitanicum, S. pratensis, V. thapsus
and G. flavum were evaluated through a multi-tiered approach, that
integrates complementary systems, including yeast cultures and neuro-
blastoma cells expressing human α-syn, as well as direct protein inter-
action studies. This multifaceted strategy allowed us to explore their
effects at various biological levels, ranging from cellular outputs to
direct molecular interactions.

Firstly, we investigated whether the positive effects of the extracts on
yeast longevity (Fig. 4A–C), also reported in the heatmap of Fig. 2B,

Fig. 3. Specialized metabolite-profiling of the selected plant extracts. Base peak chromatograms, in negative ionization mode, of Allium lusitanicum (A),
Glaucium flavum (B), Salvia pratensis (C) and Verbascum thapsus (D). For G. flavum also the positive ionization chromatogram is shown in red. The ID of the peaks are
the same as Table 2.

Fig. 2. Screening in yeast cells. (A) Effect of the extracts on cell growth: maximum y-value of growth kinetics of yeast cells overexpressing α-syn, grown in minimal
medium containing 2 % glucose for 72 h in the absence (cnt) or presence of the extracts (corresponding to 20 mg fresh leaves/mL medium). The black bar identifies
the control (cnt). *p < 0.05 relative to maximum y-value in control cells (n = 3). (B) Heatmap showing the effect of the plant extracts on mean lifespan, maximal
lifespan and ROS reduction on yeast cells overexpressing α-syn. Data are expressed as fold change compared to control condition and are visualized using a color
scale, with yellow indicating an increase and blue indicating a decrease of each parameter (n = 3). (C) Venn diagram of the plant extracts resulting from the
phylogenetic analysis and the screening in yeast cells. The increase of mean lifespan of at least 3.5 fold and the reduction of ROS level of at least 2.5 fold have been
considered. The extracts from A. lusitanicum, S. pratensis, V. thapsus and G. flavum have been selected by all three screening systems.
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Table 2
LC-MS features of the main specialized metabolites detected in the extracts of Allium lusitanicum, Glaucium flavum, Salvia pratensis and Verbascum thapsus.
Peak IDs refer to peak numbers of Fig. 3. Abbreviations: FA, formic acid; Rt, retention time; UI, unidentified.

Peak ID Compound Rt (min) Molecular
formula

Precursor ion m/z observed Error
(ppm)

Diagnostic product ions (m/z) MSI levela

Allium lusitanicum
1 Saponin class IV4 + 2

hexoses + desoxyhexose
7.13 C45H74O19 [M + FA-H]- 963.481 − 1.45 447.312; 609.364; 771.423; 917.480 2

2 Saponin class IV4 + 2 hexoses + desoxyhexose + acetyl
group

7.60

C47H76O20 [M + FA-
H]-

1005.492 − 1.99 447.312; 609.364; 771.423; 917.480 2

3 Saponin class IV4 + 2 hexoses + desoxyhexose + acetyl
group

7.65

C47H76O20 [M + FA-
H]-

1005.492 − 1.99 447.311; 609.364; 771.423; 899.468;
917.477; 959.485

2

4 Saponin class IV3 + 2
hexoses + 2 desoxyhexoses

8.46 C51H84O22 [M + FA-H]- 1093.545 − 1.55 431.319; 593.369; 755.426; 901.482;
1047.541

2

5 Saponin class IV3 + 2
hexoses + 3 desoxyhexoses

8.51 C57H94O26 [M − H]- 1193.598 − 2.51 431.315; 575.356; 593.369; 755.420;
883.470; 901.482; 1047.541

2

6 Saponin class IV3 + 2 hexoses + desoxyhexose + pentose 8.55
C50H82O22 [M + FA-

H]-
1079.531 − 3.71 431.319; 593.369; 755.426; 901.482 2

7 Saponin class IV3 + 2
hexoses + desoxyhexose

8.65 C45H74O18 [M + FA-H]- 947.487 − 1.79 431.315; 593.374; 755.426; 901.482 2

Glaucium flavum
8 Vanillyl alcohol hexoside

isomer 1
3.71 C14H20O8 [M − H]- 315.108 − 0.04 2

9 Vanillyl alcohol hexoside
isomer 2

3.75 C14H20O8 [M − H]- 315.108 − 0.04 153.056; 135.046 2

10 Coumaroyl quinic acid 4.52 C16H18O8 [M − H]- 337.0923 0.11 191.057; 163.041; 119.050 2
11 Feruloyl quinic acid 4.87 C17H20O9 [M − H]- 367.1029 0.01 193.051; 149.061; 134.037 2
12 Laurifoline 5.27 C20H24NO4

+ [M]+ 342.1705 0.07 297.114; 282.087; 265.087; 237.090;
222.070; 219.080; 207.080; 191.085;
165.072

2

13 Isoboldine/Salutaridine
isomer

5.44 C19H21NO4 [M+H]+ 328.1549 − 0.08 297.110; 285.12; 265.084; 239.069;
237.093; 192.101

2

14 Caffeoyl malic acid 5.57 C13H12O8 [M − H]- 295.0454 − 0.03 179.033; 135.046; 133.015; 115.003 2
15 Isoboldine or Salutaridine

isomer 3
5.78 C19H21NO4 [M+H]+ 328.1549 − 0.08 297.114; 265.087; 237.090; 233.060;

222.069; 205.066; 194.071; 177.069
2

16 Corydine/Isocorydine isomer 6.14 C20H23NO4 [M+H]+ 342.1689 4.75 236.083; 265.084 2
17 Rutin 6.17 C27H30O16 [M − H]- 609.1456 − 0.08 300.026; 271.026; 255.031 1
18 Corydine/Isocorydine isomer 6.61 C20H23NO4 [M+H]+ 342.1705 0.07 311.129; 279.095; 251.106; 236.083 2
19 Kaempferol hexose-

deoxyhexose
6.70 C27H30O15 [M − H]- 593.1506 0.06 285.041; 255.031; 227.035 2

20 Protopine 6.86 C20H19NO5 [M+H]+ 354.1341 0.12 336.121; 275.068; 247.073; 206.080;
188.071; 149.059

2

21 Norchelidonine 7.09 C19H17NO5 [M+H]+ 340.1164 6.15 275.068; 189.069; 247.077; 305.079;
323.091

2

22 UI 7.24 C20H30O10 [M − H]- 429.1761 − 0.09 249.113; 205.124; 179.052; 161.133;
119.039

23 Glaucine 7.26 C21H25NO4 [M+H]+ 356.1862 − 0.07 325.142; 310.119; 294.128; 279.099;
251.106; 236.083

2

24 3β,23-dihydroxy-30-nor-
olean-12,20-dien-28-oic acid
hexose-hexuronic acid

9.08 C41H62O15 [M − H]- 793.401 0.03 631.352; 455.312 2

Salvia pratensis
25 UI 1.44 C10H6O8 [M − H]- 252.9984 0.17 136.985; 116.928; 115.002; 71.008
26 Caffeoyl threonic acid 4.39 C13H14O8 [M − H]- 297.0629 − 6.26 179.036; 161.029; 135.030; 117.017;

75.006
2

27 C9H12O3-hexose-deoxyhexose 5.11 C21H32O12 [M + FA-H]- 521.1863 1.38 475.184; 113.024; 329.124; 161.047;
149.061; 311.113; 167.074

3

28 Tuberonic acid hexoside 5.28 C18H28O9 [M − H]- 387.1664 − 2.33 207.103; 163.113 2
29 Rosmarinic acid hydrate 5.42 C18H18O9 [M − H]- 377.0873 − 0.12 359.0787; 197.0464; 179.0338;

161.0261; 135.0465; 133.0301
2

30 Salvianolic acid A 6.17 C26H22O10 [M − H]- 493.1135 − 0.07 313.0726; 295.0627; 185.0256;
109.0307

2

31 Luteolin-O-hexoside 6.51 C21H20O11 [M − H]- 447.0943 − 3.51 285.038 2
32 Rosmarinic acid hexose 6.70 C24H26O13 [M − H]- 521.1287 1.55 359.075; 341.086; 323.077; 197.046;

179.034; 161.023; 135.044
2

33 Sagerinic acid 6.99 C36H32O16 [M − H]- 719.1615 − 0.41 161.026; 359.075; 197.044; 179.036;
341.067; 135.044

2

34 Luteolin acetylhexoside 7.19 C23H22O12 [M − H]- 489.1029 0.81 447.090; 285.042 2
35 Salvianolic acid K 7.34 C27H24O13 [M − H]- 555.1139 − 0.07 493.115; 359.079; 295.059; 197.046;

179.034; 161.026; 135.046
2

36 Rosmarinic acid 7.41 C18H16O8 [M − H]- 359.0767 − 0.03 197.046; 179.036; 161.026; 135.046;
133.030; 123.046

1

(continued on next page)
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could be associated with their influence on the formation of intracellular
aggresomes. It is widely recognized that these inclusion bodies of
aggregated, misfolded proteins can arise in response to different cellular
stress. Their abundance increases during the stationary phase and is
markedly elevated in cells overexpressing α-synuclein (Supplementary
Fig. S3, [24]); indeed they represent a typical hallmark of PD and other
neurodegenerative diseases [40]. Notably, treatment with all four ex-
tracts resulted in a reduction of intracellular aggresomes, albeit to
varying extents, ranging from 40% (G. flavum) to a stronger reduction of

60 % (A. lusitanicum and V. thapsus) and 80 % (S. pratensis) (Fig. 4D). To
further evaluate the ability of the selected extracts to prevent protein
misfolding, SH-SY5Y neuroblastoma cell cultures conditionally
expressing α-syn were also used [41]. Cells were treated with doxycy-
cline to induce the overexpression of α-syn in the presence of the ex-
tracts, and the toxic oligomeric species of α-syn were detected following
48 h treatment. Notably, a significant decrease in α-syn oligomers was
observed with S. pratensis, V. thapsus, and G. flavum extracts (around
40 %) (Fig. 5A–B), which also slightly affected cell viability

Table 2 (continued )

Peak ID Compound Rt (min) Molecular
formula

Precursor ion m/z observed Error
(ppm)

Diagnostic product ions (m/z) MSI levela

37 Lithospermic acid 7.77 C27H22O12 [M − H]- 537.1033 − 0.01 493.115; 359.079; 295.059; 221.044;
197.046; 179.036; 161.023; 135.044;
133.030

2

38 Chrysoeriol-(3-Hydroxy-3-
methylglutaroyl)-O-hexoside

7.96 C28H30O15 [M − H]- 605.1477 4.86 503.119; 461.107; 299.056; 284.034;
255.030

2

39 Octene alcohol-hexose-
pentose

8.15 C19H34O10 [M + FA-H]- 467.2129 − 0.13 421.208; 289.169; 161.044; 149.046;
131.033; 113.024; 101.022

2

40 Methyl rosmarinate 8.37 C19H18O8 [M − H]- 373.0923 0.10 197.046; 179.036; 175.039; 160.017;
135.044; 123.046

2

41 UI 8.58 C28H28O15 [M − H]- 603.1355 − 0.85 317.065; 137.025; 197.044; 87.008;
93.032

42 UI 8.77 C21H36O10 [M + FA-H]- 493.2289 − 0.83 447.224; 315.180; 161.047; 359.083
43 Salvianolic acid L 9.23 C36H30O16 [M − H]- 717.1456 − 0.06 519.095; 338.052; 179.034; 161.023;

135.044
2

Verbascum thapsus
44 Catalpol 2.30 C15H22O10 [M + FA-H]- 407.1192 − 0.62 199.061; 169.052; 181.052; 151.040;

163.039; 137.025
2

45 UI 2.89 C21H32O14 [M + FA-H]- 553.1761 1.36 507.176; 345.121; 181.049; 315.103;
163.041; 151.039; 231.088; 327.111

46 Aucubin 3.08 C15H22O9 [M + FA-H]- 391.124 1.10 345.121; 179.053; 183.065; 165.054 2
47 Dihydroaucubin 3.69 C15H24O9 [M + FA-H]- 393.142 − 5.90 347.131; 185.081; 179.055; 167.072 3
48 Forsythoside 4.05 C20H30O12 [M − H]- 461.165 1.94 135.046; 113.025; 315.110; 297.100;

161.045
2

49 Hydroxy-saccatoside
(Catalpol-O-caffeoyl-
deoxyhexoside) isomer 1

5.39 C30H38O17 [M − H]− 669.205 − 2.59 161.025; 133.029; 163.039; 179.033;
135.044

3

50 Hydroxy-saccatoside
(Catalpol-O-caffeoyl-
deoxyhexoside) isomer 2

5.61 C30H38O17 [M − H]- 669.205 − 2.59 161.025; 133.029; 163.039; 179.033;
135.044

3

51 Saccatoside (Catalpol-O-
coumaroyl-deoxyhexoside)

5.9 C30H38O16 [M − H]- 653.205 4.21 145.031; 377.124; 163.041; 491.157;
291.087; 117.035

3

52 Methoxy-saccatoside
(Catalpol-O-feruloyl-
deoxyhexoside)

6.14 C31H40O17 [M − H]- 683.219 − 0.13 175.041; 160.016; 407.136; 193.051 3

53 Acteoside-pentose 6.19 C34H44O19 [M − H]- 755.241 − 1.93 593.210; 161.025; 133.029; 447.151;
179.033; 135.046; 125.025

2

54 Apigenin-hexose-hexuronide 6.27 C27H28O16 [M − H]- 607.130 0.17 269.046; 431.102; 225.057 2
55 Verminoside (caffeoyl-

catalpol)
6.41 C24H28O13 [M − H]- 523.147 − 2.95 161.025; 179.033; 135.046; 133.029 2

56 Acteoside 6.56 C29H36O15 [M − H]- 623.197 1.58 161.025; 461.165; 133.029; 179.036;
135.046; 113.025

1

57 Leucosceptoside A-pentose 6.70 C35H46O19 [M − H]- 769.256 − 0.01 593.210; 175.041; 160.016; 193.051;
447.151;

2

58 Acteoside isomer 1 6.86 C29H36O15 [M − H]- 623.197 1.42 161.025; 461.165; 133.029; 179.036;
135.046; 113.025

2

59 Acteoside isomer 2 6.92 C29H36O15 [M − H]- 623.197 1.42 161.025; 461.165; 133.029; 179.036;
135.046; 113.025

2

60 Scutellarioside II (p-
coumaroyl-catalpol)

7.16 C24H28O12 [M − H]- 507.153 − 4.45 145.028; 231.066; 345.098; 163.041;
119.050

2

61 Leucosceptoside A 7.21 C30H38O15 [M − H]- 637.214 − 0.42 461.165; 175.041; 160.016; 193.051;
135.046; 113.025

2

62 Martynoside-pentose 7.41 C36H48O19 [M − H]- 783.273 − 1.73 175.041; 607.226; 193.051; 160.016;
461.169

2

63 Leucosceptoside A isomer 7.43 C30H38O15 [M − H]- 637.214 − 0.42 461.165; 175.041; 160.016; 193.051;
135.046; 113.025

2

64 Martynoside 8.07 C31H40O15 [M + FA-H]- 697.237 − 4.21 651.230; 175.041; 160.016; 193.051;
475.182

2

65 Octene alcohol-hexose-
pentose

8.15 C19H34O10 [M + FA-H]- 467.211 4.15 289.166; 421.206; 161.048; 101.025;
113.025

3

66 Martynoside isomer 8.23 C31H40O15 [M − H]- 651.230 − 0.95 175.041; 160.016; 193.051; 475.182 2

a According to metabolomics standards initiative (MSI).
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(Supplementary Fig. S4A). Despite the difference in oligomeric forms,
the total level of α-syn (both endogenous and overexpressed, which
bears a FLAG-tag that enables to discriminate it from the endogenous
protein) did not vary significantly with the treatments (Fig. 5C). In
contrast, the extract from A. lusitanicum, which strongly reduced cell
viability (Supplementary Fig. S4A), did not lower α-syn oligomer level at
all (Fig. 5A–B). We speculate that its toxicity could overcome the po-
tential activity of other beneficial compounds within the extract.
Alternatively, these active molecules exhibited very low permeability,
resulting in no detectable positive effect on cells.

Considering these results, we next investigated whether the extracts
could inhibit the aggregation of the purified α-syn protein. To this end,
we took advantage of the Thioflavin T (ThT) fibrillation assays to
monitor α-syn aggregation over 72 h. In the absence of the extracts, ThT
fluorescence exhibited a strong increase, indicating substantial amyloid
fibril formation (Fig. 5D), as already known [25,42]. Strikingly, the
presence of the extracts completely abolished this signal, with residual
ThT fluorescence level of less than 2 % for A. lusitanicum and G. flavum,
and 9 % and 17 % for V. thapsus and S. pratensis, respectively (Fig. 5D).
The inhibition of fibril formation was also confirmed with a dot blot
using A11 antibody, which specifically recognizes oligomeric α-syn

(Fig. 5E) and by TEM analysis (Fig. 5F). The results obtained strongly
highlight that all the four extracts inhibit the aggregation of the purified
α-syn protein in vitro.

Then, surface plasmon resonance (SPR) analysis was employed to
assess direct interactions between the extracts and α-syn protein by
immobilizing the protein on a CM5 sensor chip (as previously re-
ported in Ref. [23]). The anti-α-syn antibody bound to the protein on
the chip, whereas the oligomer-specific anti-Syn33 antibody did not
(Supplementary Fig. S5A), confirming that the immobilized α-syn was
in its monomeric form. This system was then used to test direct in-
teractions between α-syn and the extracts from A. lusitanicum,
S. pratensis, V. thapsus, and G. flavum. All extracts showed
concentration-dependent binding to α-syn, with increasing extract
concentrations producing higher SPR signals (Supplementary
Fig. S5B-I). These results, along with previous ones, suggest that the
extracts contain compounds that directly bind α-syn and inhibit its
amyloid aggregation.

In conclusion, integrating data from yeast, neuroblastoma cells, and
SPR analysis, extracts from S. pratensis, V. thapsus, and G. flavum
consistently inhibited the formation of toxic α-syn oligomers across all
models, indicating the presence of anti-aggregant compounds.

Fig. 4. The extracts from A. lusitanicum, S. pratensis, V. thapsus and G. flavum extend yeast lifespan. (A) CLS of yeast cells overexpressing α-syn grown in
medium containing 2 % glucose in the absence or presence of A. lusitanicum, S. pratensis, V. thapsus and G. flavum extracts (at a concentration corresponding to 20 mg
of fresh leaves/mL medium), added in exponential phase of growth. (B) Mean and maximal lifespan of cells in (A). (C) ROS content of cells treated for 24 h as in (A).
(D) Aggresomes level of cells treated for 24 h as in (A). Histograms represent mean ± SD of at least three independent experiments. *p < 0.05.
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Acteoside from V. thapsus binds α-syn

In order to identify which metabolites present in the extracts can
directly bind to α-syn protein, the extracts fromA. lusitanicum S. pratensis
V. thapsus and G. flavum were analyzed by size exclusion chromatog-
raphy coupled to reversed phase LC-MS (SEC AS-MS). We decided to
make this analysis considering all the extracts because the one from
A. lusitanicum was able to affect α-syn aggregation in vitro (Fig. 5D–F),
despite its inconsistent effect on neuroblastoma cells (Fig. 5A–B). An
already established ligand fishing assay, based on size exclusion chro-
matography coupled to reversed phase LC-MS for the analysis of
botanical extracts, was modified for the affinity screening of the four
extracts toward α-syn [15].

Each extract was incubated with α-syn and injected in the SEC col-
umn to isolate and collect α-syn complexes. Bound ligands were des-
orbed from the trap column and analyzed by RPLC-MS. The LC-MS
chromatograms of G. flavum and S. pratensis extracts obtained by the
described fishing method did not reveal the presence of any bound li-
gands. As concerns the A. lusitanicum extract, we observed the fishing of
3 different saponins, putatively identified through the classification of
the aglycone class and the number and type of sugars attached to it, in
accordance with Geng et al. 2021 [43]: saponin class IV3+2 hexoses+3
desoxhexoses, saponin class IV3 +2 hexoses +1 desoxyhexose + 1
pentose, saponin class IV3 +2 hexoses +1 desoxyhexoses (Supplemen-
tary Fig. S6A–C).

Notably, in the case of V. thapsus extract, the most abundant
metabolite acteoside was successfully fished as reported in Fig. 6A. In
particular, the chromatogram shows two peaks at retention times 27.35
and 28.20 corresponding to both isoforms of the molecule, able to bind
α-syn (Fig. 6A, lower panel). These peaks correspond to acteoside and its
isomer, and were identified by extracting the ionic current in the mass
spectrum. Their presence was confirmed through fingerprinting and by
comparing their mass values with those of the main molecules in the
extract, as reported in Table 2. In the non-treated extract, they appeared
at retention times 27.25 and 28.09 (Fig. 6A, upper panel), while in the
SEC-AS-MS analysis of the incubated extract with α-syn, they shift
slightly to 27.35 and 28.20. Interestingly, in the V. thapsus extract there
are different structurally related compounds, such as leucosceptoside
(phenylethanoid glycosides) or verminoside (caffeoyl-catalpol), but
only acteoside was able to bind α-syn in the SEC AS-MS analysis, sup-
porting the specificity of this binding.

Then, our analysis highlights that saponins from the extract of
A. lusitanicum and acteoside from V. thapsus were able to bind α-syn
protein. Interestingly, the abundance of the fished metabolites was al-
ways lower in the incubated samples compared to the extracts, as the
result of the binding equilibrium.

We decided to focus our attention on the molecule acteoside
(Fig. 6B), which is well known for its neuroprotective functions [44],
and the interaction between α-syn and acteoside was further investi-
gated by biophysical methods. Native-MS was employed to directly
detect the protein-metabolite complex, thanks to the preservation of
non-covalent interactions during the analysis. The nano-ESI-MS spec-
trum of α-syn under non-denaturing conditions (Supplementary
Fig. S7A) showed a multimodal charge state distribution, in agreement
with the heterogeneous conformational ensemble populated by the
intrinsically disordered polypeptide chain. The titration of α-syn with
acteoside highlighted the comparison of new peaks in the spectrum,
with a position that corresponds to the mass of the 1:1 protein-ligand
complex (Fig. 6C). These new signals increased in intensity at high
metabolite concentrations, and mainly involve the low- and
medium-charge states of the protein, corresponding to the compact and
intermediate conformational components (Fig. 6D). The complex iden-
tity of the signals was further confirmed by collision-induced dissocia-
tion in gas-phase, with the detection of the unbound partners upon
collision with helium atoms (Supplementary Fig. S7B). Despite the
semi-quantitative nature of Native-MS experiments, the simultaneous

detection of free and bound protein states allowed the determination of
a binding curve (Fig. 6E) and a rough estimation of the (apparent)
dissociation constant of the complex (Kd~ 0.9 mM). These results
indicate a low affinity of α-syn for the metabolite, and are in agreement
with the ones obtained by SPR. Indeed, this analysis also showed a direct
binding of acteoside to α-syn, with a progressive increase of SPR-signal
with ligand concentration. However, the accurate determination of the
binding parameters was not possible, due to the lack of saturation
caused by the very low affinity of the metabolite for the protein (Sup-
plementary Fig. S8).

To conclude, considering its interaction with α-syn protein, the
molecule acteoside from V. thapsus was considered for extended
investigation.

Acteoside inhibits α-syn aggregation

Building upon the identification of acteoside as a key metabolite
binding to α-syn, we further elucidated its potential neuroprotective
properties. Acteoside (Fig. 6B), the predominant phenylpropanoid
glycoside in V. thapsus extract (Fig. 3C, Table 2), is commonly found in a
variety of plants, especially of the Verbascum species, but also in more
than 200 other plant species belonging to 23 different families, and it is
well known for its strong antioxidant activity [45]. In order to investi-
gate the direct effect of acteoside on the protein aggregation process, the
Thioflavin T (ThT) assay was used. The incubation of α-syn (35 μM) in
the presence of 100 μM or 50 μM acteoside revealed that the molecule
was exceptionally active, abrogating almost completely the formation of
fibrils, with residual ThT fluorescence level of less than 1 % at both
concentrations tested, similarly to the effect exerted by the whole
V. thapsus extract (Fig. 7A). To better understand the inhibition of α-syn
aggregation, we also investigated the protein aggregation kinetics.
Notably, we did not observe the characteristic curve of α-syn aggrega-
tion when the protein was incubated with 100 μM and 50 μM of
acteoside (Fig. 7B). This finding suggests that acteoside inhibits the
formation of nucleation sites, which are essential for the initiation of the
fibrillation phase and occur approximately 24 h from the beginning of
the aggregation assay, as seen in the control sample (Fig. 7B).
Remarkably, the inhibition of α-syn primary nucleation was also
confirmed by the visualization of α-syn fibrils by TEM. Indeed, fibril
formation was clearly visible when α-syn was incubated alone, while the
presence of acteoside completely abolished the formation of the fibrillar
species (Fig. 7C).

We next analyzed whether acteoside can influence fibril elongation
[46], by studying aggregation of monomeric α-syn in the presence of
preformed fibrils (PFF) of α-syn that act as seeds for secondary nucle-
ation. Strikingly, we observed that acteoside inhibited fibril elongation
in a dose-dependent manner: 1 μM acteoside did not affect the fibril
elongation phase, whereas at higher concentrations (25 μM, 50 μM and
100 μM) fibril elongation was completely abolished, as highlighted by
the absence of the characteristic curve of aggregation (Fig. 7D).

Altogether, these data indicate that acteoside plays a key role in the
anti-aggregant effects of V. thapsus extract, influencing both primary
nucleation and fibril elongation phases.

Acteoside activates the NRF2 signaling pathway

Before investigating acteoside effects on cell cultures, its cellular
availability was assessed in human neuroblastoma cells by measuring
intracellular/cell-associated level of acteoside in cells treated with
100 μM of acteoside, a concentration which was not toxic up to 72 h
(Supplementary Fig. S4B). As shown in Fig. 8A, the highest
intracellular/cell-associated acteoside levels were observed after 1 h of
treatment, and it gradually decreased over time. Then, in order to
confirm the protective role of acteoside against oxidative stress, which is
strictly connected with the onset of PD [47], SH-SY5Y cells were exposed
to 5 μM extracellular α-syn aggregates, obtained in the absence or
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presence of 1 mM acteoside. Intracellular ROS level induced by PFF
decreased by 54 % with acteoside in comparison with the control
(Fig. 8B).

Strikingly, in SH-SY5Y neuroblastoma cells conditionally expressing
α-syn, treatment with 100 μM acteoside reduced the level of aggregated
α-syn, as measured by immunofluorescence analysis using an antibody
specific for the oligomers (Fig. 8C), without affecting the total level of
α-syn, both endogenous and overexpressed (which bears a FLAG tag that
enables to discriminate it from the endogenous protein, Fig. 8D).

To investigate the molecular mechanism underlying acteoside’s
antioxidant activity, we focused on NRF2, a well known pathway
responsible for mediating antioxidant responses and maintaining redox
homeostasis [48]. Indeed, we observed an increase in NRF2 protein level
in cells treated with acteoside (Fig. 8E and F). Moreover, a clear nuclear
enrichment of NRF2 was observed upon acteoside treatment (Fig. 8G
and H). Accordingly, the mRNA level of two NRF2-dependent genes
(NQO1 and HMOX1) increased in cells treated with acteoside (Fig. 8I),
supporting NRF2 functional activation. In addition, pretreatment with
acteoside prevented the increase of ROS level in cells treated with fibrils,
but this effect was not observed when acteoside was added together with
the NRF2 inhibitor (Fig. 8J). Altogether, these findings suggest that
acteoside reduces intracellular ROS level through the activation of the
NRF2 signaling pathway in neuroblastoma cells, in line with its anti-
oxidant and neuroprotective effect.

Acteoside improves locomotor performance and reduces oxidative protein
damage in a Drosophila melanogaster model of PD

Considering the antioxidant efficacy of acteoside in various biolog-
ical systems [49–52], including rotenone-treated flies (a Drosophila
model of sporadic PD) [53], we tested acteoside in a Drosophila PD
model based on DJ-1β inactivation. The DJ-1 protein plays a central role
in cellular defense against oxidative stress and is involved in ROS
scavenging, transcriptional regulation, redox-dependent chaperone ac-
tivity, mitochondrial function, and anti-apoptotic signaling [54].
Accordingly, DJ-1β mutant flies exhibit several PD-relevant phenotypes,
including locomotor deficits, reduced lifespan, ROS accumulation, and
hypersensitivity to oxidative toxins [29,55,56]. Thanks to its high
pharmacological responsiveness, this Drosophila PD model has been
successfully used to evaluate the therapeutic potential of multiple
compounds with different mechanisms of action [29,56–58]. Besides, it
should be mentioned that mutations in the DJ-1 protein cause autosomal
recessive forms of PD, and oxidatively damaged DJ-1 protein accumu-
lates in the brains of patients with idiopathic PD [59]. Therefore, to
assess the potential therapeutic effect of acteoside, DJ-1β mutant flies
were cultured on medium supplemented with the compound throughout
development, from larval stage to five days post-eclosion. To determine
the optimal dose for acteoside supplementation in flies, two concen-
trations of the compound were used (250 μM and 400 μM) and loco-
motor performance was assessed via climbing assays in 5-day-old flies.
Acteoside administration resulted in a significant, dose-dependent
improvement in motor function, producing a beneficial effect at both
tested concentrations (Fig. 9A).

DJ-1β mutant flies also exhibit increased ROS production, resulting
in oxidative damage of cellular components [57,60]. A notable marker

of oxidative damage is protein carbonylation, whose level is elevated in
DJ-1β mutant flies [61]. To determine whether acteoside influences
oxidative protein damage, we measured protein carbonylation level in
extracts from 5-day-old DJ-1β mutant flies treated with vehicle or with
the compound at the tested concentrations (250 μM and 400 μM).
Consistent with the climbing assay results, flies treated with 400 μM
acteoside exhibited a significant reduction of protein carbonyl groups
(Fig. 9B), indicating that this compound can attenuate oxidative
stress-induced protein damage, likely contributing to the observed im-
provements in motor performance. Despite the strong effect on motor
function, treatment with 400 μM acteoside had no significant impact on
fly longevity (Supplementary Fig. S9), suggesting that it may improve
healthspan rather than extend lifespan.

To further evaluate whether acteoside could exert a beneficial effect
also when administered in adulthood, more accurately reflecting the
timing of PD, flies were treated with acteoside (at a concentration of
400 μM) after eclosion and climbing assays were performed 5 and 10
days following treatment initiation. As shown in Fig. 9C, acteoside
significantly improved motor ability at both time points, demonstrating
that it retains its efficacy also when administered post-eclosion. In
agreement with these results, protein carbonylation level was also
significantly decreased after 10 days of treatment (Fig. 9D). Therefore,
the beneficial effect of acteoside emerges not only with early supple-
mentation but also when treatment is initiated at advanced stages,
reflecting the temporal dynamics and progression of PD pathology.

In conclusion, the observed functional recovery in DJ-1β mutants
suggests that acteoside can effectively counteract deficits linked toDJ-1β
dysfunction, thereby modulating PD-related phenotypes and validating
its therapeutic potential.

Discussion

Plant biodiversity is an exceptional source of secondary metabolites,
nevertheless no more than 15 % of higher plants have been systemati-
cally investigated for medicinal properties [62]. Consequently, the
approach of bioprospecting, which promotes the research in biodiversity
for new resources with potential income, remains a valuable opportu-
nity to identify new bioactive compounds, or new sources of known
compounds, increasing the value of biodiversity and supporting its
conservation. Natural substances play a central role in creating inno-
vative solutions for disease prevention/treatment and the advancement
of analytical techniques, combined with high-throughput screening
methods, can significantly improve the process of drug discovery. The
biodiversity of the Mediterranean hotspot [11] is an extraordinary
resource of bioactive compounds for advancing innovative therapies
targeting non-communicable diseases, including neurodegenerative
disorders.

A growing number of patients worldwide suffer from PD and the
currently available drugs, which regulate dopaminergic and cholinergic
transmission, primarily aim to control symptoms and improve patients’
quality of life. However, there is still no definitive cure for this disease,
making it necessary to develop new drugs, with particular attention to
preventive strategies.

In this paper, we present a multidisciplinary approach to examining
60 different Italian plants representative of part of the Mediterranean

Fig. 5. The extracts from S. pratensis V. thapsus and G. flavum reduce α-syn aggregation. (A–B) SH-SY5Y pTet-SNCA-FLAG cells were treated with 6 μg/mL
doxycycline to induce α-syn overexpression, in the absence or presence of the extracts from A. lusitanicum, S. pratensis, V. thapsus and G. flavum for 48 h. Repre-
sentative immunofluorescence images (63x) of fixed cells, immunostained with anti-Syn33 antibody (specific for oligomeric species). Nuclei were stained by DAPI
(blue). Graphs in B represent mean ± SD of oligomeric α-syn fluorescence quantified as Integrated Density (IntDen) using ImageJ software. (C) SH-SY5Y pTet-SNCA-
FLAG cells were treated with 6 μg/mL doxycycline to induce α-syn overexpression, in the absence or presence of the extracts from A. lusitanicum, S. pratensis, G. flavum
and V. thapsus for 48 h. The level of α-syn (both endogenous and FLAG-tagged overexpressed proteins) was evaluated by Western blot. Vinculin was used as loading
control. (D) α-syn aggregation process, followed by ThT fluorescence, in the absence (cnt) or presence of A. lusitanicum, S. pratensis, V. thapsus or G. flavum extracts for
72 h. (E) Dot-blot analysis of α-syn (1 and 5 μg) after 72 h of aggregation in the absence (cnt) or presence of A. lusitanicum, S. pratensis, V. thapsus or G. flavum extracts
using A11 anti-oligomer antibody and anti-α-syn antibody as a control. (F) TEM images of α-syn after 72 h of aggregation in the absence (cnt) or presence of
A. lusitanicum, S. pratensis, V. thapsus or G. flavum extracts. Data represent mean ± SD from three independent experiments.
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Fig. 6. Acteoside binds to α-syn. (A) RPLC-MS chromatograms in negative ion mode of V. thapsus crude extract (upper panel) and V. thapsus crude extract fished by
α-syn (lower panel). Extracted ion acteoside, 623.19 m/z. (B) Chemical structure of acteoside. (C) Acteoside-α-syn interaction by Native-MS. Enlargement in the
region of α-syn 7+ charge state of Native-MS spectra, obtained at distinct acteoside concentrations (0–280 μM). The peaks corresponding to unbound α-syn (blue
circle) and 1:1 α-syn-acteoside complex (red circle) are labeled. (D) Histogram reporting the fraction of unbound α-syn (blue) and α-syn-acteoside complex (red) as a
function of the analyte charge state. (E) Fraction of protein in the bound state vs. total ligand concentration. The solid line represents the non-linear fit of the
experimental data with a 1:1 binding curve (Kd ~0.9 mM).
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flora. We combined an in silico screening system based on phylogenetic
methods with a high-throughput screening using as a model the budding
yeast expressing human α-syn.

This approach allowed a rapid and economic high-throughput
analysis and led us to focus on phytoextracts from four plants, namely
A. lusitanicum, S. pratensis, V. thapsus and G. flavum,which are promising
sources of neuroprotective compounds for the preventive treatment of
PD, being strongly active in reducing the toxic intracellular species of
aggregated proteins. Notably, acteoside, one of the major metabolites
found in the V. thapsus extract, emerges as the key molecule that binds
α-syn. Of paramount importance, V. thapsus is already included in the
Belfrit list [32], supporting its utilization as a public health product
[33]. Acteoside, also known as verbascoside, was first isolated in 1963
from Verbascum sinuatum L., belonging to the family Scrophulariaceae
[45]. Chemically, acteoside (Fig. 6B), with a formula of C29H36O15 and a
molecular weight of 624 Da, is a phenylethanoid glycoside [63].
Acteoside contains a hydroxyl salidroside residue condensed with caf-
feoyl and rhamnose moieties, and is among the most widespread
disaccharide caffeoyl esters. While mainly detected in Verbascum

species, acteoside has also been found in 23 different plant families [45,
64]. It is extracted from various traditional Chinese medicine sources
including Rehmannia glutinosa, Cistanche deserticola and Pedicularis
kansuensis [65] and is considered a crucial secondary metabolite in folk
medicine [66,67] with a variety of pharmacological activities [68–72].
Several studies have reported that acteoside exerts strong antioxidant
activities, and it is especially able to enhance the endogenous antioxi-
dant defences of the cell (for a review see Ref. [45]). The neuro-
protective effects of acteoside have been linked not only to its ability to
mitigate oxidative stress, but also to inhibit neuroinflammation and to
modulate autophagy [53,67].

Here we also show that acteoside directly binds to α-syn and inhibits
its amyloid fibrils formation (Figs. 6 and 7), a key event in the prevention
of PD. Specifically, since α-syn aggregation involves both nucleation and
growth phases [73], we show under different aggregation conditions that
acteoside inhibits primary nucleation, by preventing nuclei formation
during the lag phase (Fig. 7B and C), as well as fibril-induced amplifi-
cation during the growth phase (Fig. 7D), indicating that acteoside
functions as a protein aggregation inhibitor at multiple stages of the

Fig. 7. Acteoside inhibits α-syn aggregation. (A) α-syn aggregation process, followed by ThT fluorescence after 72 h, in the absence (cnt 1, solvent control 2.5 %
ethanol) or presence of V. thapsus (solvent 2.5 % ethanol) and in the absence (cnt 2, solvent control water) or presence of acteoside (100 μM or 50 μM in aqueous
solution). (B) Kinetic of α-syn aggregation process, detected by ThT fluorescence, in the absence (cnt) or presence of acteoside (100 μM or 50 μM), with a zoom of the
20–30 h time interval. (C) TEM images of 70 μM α-syn after 72 h of aggregation in the absence (cnt) or presence of acteoside (50 μM in aqueous solution). (D) α-syn
fibril elongation: 35 μMmonomeric protein was incubated with 1 μM of preformed fibrils, detected by ThT fluorescence, in the absence (cnt) or presence of increasing
concentration of acteoside (1 μM, 25 μM, 50 μM and 100 μM). Representative data from n = 3 independent experiments.
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process. Intriguingly, previous studies have shown that acteoside reduces
the aggregation of another prion-like protein, the amyloid β (Aβ) peptide,
thereby decreasing its toxicity in Alzheimer’s disease models [74–76].

The discovery that acteoside also inhibits α-synuclein fibrillation
paves the way for its potential development as a preventive treatment
for PD. Given that PD is a disorder with complex evolution, a broad-

Fig. 9. Effect of acteoside on DJ-1β mutant flies. (A) Motor performance of DJ-1β mutant flies treated with 250 and 400 μM acteoside was evaluated by performing
a climbing assay (n = 80–120 5-day-old female flies for each condition). (B) Protein carbonylation level in DJ-1β mutant flies treated with 250 and 400 μM acteoside
was analyzed using 2,4-dinitrophenylhydrazine (DNPH) derivatization, data are expressed as arbitrary units (a.u.) per mg of protein. Results were normalized to data
obtained from flies cultured in vehicle medium (0.1 % DMSO). Values are expressed as mean ± SD from three independent experiments in which three biological
replicates were used. Groups were statistically compared by one-way ANOVA analysis followed by Tukey’s post hoc test (*p < 0.05). (C) Motor performance of DJ-1β
mutant flies treated post-eclosion with 400 μM acteoside was evaluated by performing a climbing assay 5 and 10 days after treatment initiation (n = 80–120 female
flies per condition). (D) Protein carbonylation level in DJ-1β mutant flies treated post-eclosion with 400 μM acteoside was analyzed 10 days after treatment using 2,4-
dinitrophenylhydrazine (DNPH) derivatization, data are expressed as arbitrary units (a.u.) per mg of protein. Results were normalized to data obtained from control
flies cultured in vehicle medium (0.1 % DMSO). Values are expressed as mean ± SD from three independent experiments. *p < 0.05.

Fig. 8. Acetoside activates the NRF2 signaling pathway. (A) Temporal course of intracellular/cell-associated level of acteoside in neuroblastoma cells. Data are
expressed as pmol acteoside/μg proteins. (B) SH-SY5Y cells were grown for 72 h in the absence or presence of 5 μM α-syn, obtained after 72 h of aggregation without
or with 1 mM acteoside. ROS level was evaluated by H2DCFDA staining. *p < 0.05. (C) SH-SY5Y pTet-SNCA-FLAG cells were treated with 6 μg/mL doxycycline to
induce α-syn overexpression, in the absence or presence of 100 μM acteoside for 48 h. Cells were fixed and immunostained with anti-Syn33 antibody (specific for
oligomeric species). Graphs represent mean ± SD of oligomeric α-syn fluorescence quantified as Integrated Density (IntDen) using ImageJ software. (D) SH-SY5Y
pTet-SNCA-FLAG cells were treated with 6 μg/mL doxycycline to induce α-syn overexpression, in the absence or presence of 100 μM acteoside for 48 h. The level
of α-syn (both endogenous and FLAG-tagged overexpressed) was evaluated by Western blot. Vinculin was used as loading control. (E) Western analysis using anti-
NRF2 and anti-vinculin antibody on protein extracts from neuroblastoma cells grown for 48 h in the absence (cnt) or in the presence of acteoside (100 μM). (F)
Quantitative analysis of NRF2 protein level in (E). (G) Immunofluorescence images of neuroblastoma cells treated with 100 μM of acteoside for 48 h. Fixed cells were
immunostained with anti-NRF2 antibody. Nuclei were stained by DAPI (blue). (H) Quantitative analysis of nuclear localization in (G) performed using Cell-ACDC
software. (I) Relative mRNA expression levels of NQO1 and HMOX1 genes in neuroblastoma cells grown in the absence (cnt) or in the presence of acteoside
(100 μM) for 48 h. (J) SH-SY5Y cells were pretreated with 100 μM acteoside and/or 5 μM ML385 (NRF2 inhibitor) for 2 h, then treated with 5 μM α-syn fibrils for
72 h. ROS level was evaluated by H2DCFDA staining. Data represent mean ± SD from n = 3 independent experiments,*p < 0.05.

A. Lambiase et al. Neurotherapeutics xxx (xxxx) xxx

19



spectrum approach to target different pathological pathways could be a
promising strategy. In this context, oxidative stress is strongly associated
with this disease and it is linked with various cellular processes, which
all seem to contribute to neurodegeneration [77]. Notably, in SH-SY5Y
cells exposed to toxic α-syn aggregates, acteoside decreases intracellular
ROS level (Fig. 8B). This is associated with the activation of the NRF2
signaling pathway, leading to the stimulation of the antioxidant
response (Fig. 8). In agreement with our data, previous reports have
highlighted the role of acteoside in modulating the NRF2 pathway in
vitro and both in mouse and Zebrafish PD models [78,79]. Moreover,
docking analyses have also reported possible binding of acteoside to
NRF2 protein [80]. Remarkably, acteoside treatment restored locomotor
function and reduced protein carbonylation in vivo in a Drosophilamodel
of PD based on loss of DJ-1β function (Fig. 9). This dual action in a
different PD model affecting a gene involved in both familial and spo-
radic form of the disease underscores its potential as a multifunctional
therapeutic candidate for PD. Although preliminary, these results, ob-
tained in a multicellular model organism, provide a solid basis for future
studies aimed at dissecting the molecular pathways targeted by acteo-
side and evaluating its translational relevance inmammalian PDmodels.

Understanding acteoside’s pharmacokinetic properties is crucial to
assess its therapeutic potential and translational value. Despite its well
documented antioxidant and neuroprotective activities, and its high
level of safety [71,81–83], acteoside exhibits poor bioavailability [51].
In vivo studies in rats and beagle dogs have shown low systemic avail-
ability after oral administration, with bioavailability ranging from 0.1 %
to 4 %. This poor bioavailability is primarily attributed to acteoside’s
high hydrophilicity, low membrane permeability and active efflux
transport through P-glycoprotein (P-gp) [44]. Our findings are consis-
tent with the previous observations. Intracellular or cell-associated
acteoside reaches approximately 0.1 % after 1 h of treatment
(Fig. 8A). This low but measurable uptake confirms acteoside’s ability to
enter cells or interact with their membranes, supporting its bioactivity.
In addition, promising studies in rat models indicate that acteoside is
able to reach the brain [84] and its blood-brain barrier permeability can
be further enhanced through lipid encapsulation [85], suggesting that
proper formulations of this compound are essential to maximize its ac-
tivity in vivo. In conclusion, this study provides new evidence that
acteoside possesses an inhibitory effect on α-syn aggregation and sup-
ports its antioxidant role, suggesting the relevance of this molecule as a
candidate for neuroprotection in PD. Future studies will be essential to
investigate the molecular pathways involved in the anti-aggregant
properties of acteoside and to develop new strategies to increase its
potential value as a preventive agent against synucleinopathies in vivo.
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