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Alzheimer’s and Parkinson’s_disgaSes) are the most common neurodegenerative disorders of the central nervous
euronal death and neurological dysfunction. There is currently no treatment
progression, and the synthetic drugs proposed to alleviate the symptoms often

system, characteriz b.y
that effectively slow! ﬂ%
cause side effec ies are now focused on neuroprotective properties exhibited by natural agents, such
as polyp % action on different cell signaling pathways is well known. In this article, we analyzed
the co % the properties of polyphenolic extracts from forage plants, such as Lotus ornithopodioides,
i, coronarium, Medicago sativa, and Cichorium intybus. The liquid chromatography-mass spectrometry/
mass spectrometry analysis on the extracts allowed the identification of total 24 phenolic acids and 25 flavonoids. The
effects of the extracts on key enzymes of cholinergic neurotransmission, such as acetyl cholinesterase and butyryl
cholinesterase, were examined, together with an investigation on the aggregation and disaggregation of amyloid fibrils.
The polyphenols acted as inhibitors of the considered enzymes and interfered with the amyloidogenesis process, with
differences depending on the specific extracts. The inhibition constants towards cholinesterases ranged in the 60-240
uM interval; the extracts showed different inhibition mechanisms, from competitive to non-competitive. Differences
also emerged in the amyloidogenesis process, with IC,  values comprised in a large interval. Finally, the extract
from M. sativa significantly reduced the cell viability of the human neuroblastoma cell line SH-SYSY. These results
suggest that polyphenols extracted from these plants may behave as multitargeting agents against key factors of
Alzheimer’s and Parkinson’s diseases. Therefore, they can be considered as promising candidates for the prevention
and management of symptoms of these neurodegenerative disorders in combination with pharmacological therapies.

1. INTRODUCTION

Inelderly people, increased life expectancy is frequently
accompanied by the appearance of neurodegenerative disorders
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of the central nervous system, such as Alzheimer’s disease
(AD) and Parkinson’s disease (PD) [1,2]. These pathologies,
characterized by a progressive neuronal death, cause severe
disabilities, such as memory loss, aphasia, disorientation,
depression, tremor, limb rigidity, slowness, walking difficulties,
and so on [3]. Furthermore, worsening of these disabilities with
age, and the need for long periods for care and therapy, entail high

Mariorosario Masullo, Department of Medical, Movement and
Well-Being Sciences, University of Naples “Parthenope”, Napoli, Italy.
E-mail: mario.masullo @ uniparthenope.it

costs even for families of patients affected by these pathologies
[4]. AD and PD are the consequence of multifactorial disorders,
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which alter the neurotransmission metabolism and induce the
formation of protein aggregates [5,6]. The multifactorial nature
of these disorders may explain a missing effective and novel
therapeutic treatment, capable to prevent, delay and counteract
the progression of these diseases [7].

Among enzymes involved in these multifactorial
disorders, a central role is played by enzymes involved in the
cholinergic neurotransmission, such as acetylcholinesterase
(AChE) and butyrylcholinesterase (BuChE) [8,9]. Indeed,
these enzymes are primarily responsible for the hydrolysis of
acetylcholine or butyrylcholine, respectively, thus allowing the
return of the activated cholinergic neuron to its resting state
[10]. Therefore, AChE and BuChE inhibition by synthetic or
natural compounds has relevant implications for the onset of
neurodegenerative disorders [7,11,12]. In addition, AChE is also
implicated in the aggregation of amyloid-beta (AP) peptides
leading to the abnormal formation of AP plaques around
neurons, a hallmark of AD [13]. Therefore, the identification of
natural inhibitors of the filamentous aggregation of A peptides
would be extremely interesting for a novel therapeutic approach
to this neurodegenerative disorder [11,14].

Therapies for AD and PD treatment are primarily
based on cholinesterase inhibitors, and the most common
synthetic drugs, such as donepezil, galantamine, and
rivastigmine, are used against these disorders, although their
usage is often accompanied by bothersome side effects, such as
loss of appetite, hepatotoxicity, and gastrointestinal disorders
[15]. To overcome this problem, novel research is focused

the identification of plant-derived natural agents, e d
with neuroprotective properties acting with Xls eting
nols cte

effects [16—18]. Under these concerns, polyph d
ptop , such as
the decrease in the incidence of ne orative diseases,
because acting on different cell signaling,pathways [19-21]. In
particular, flavonoid-rich extracts from Mediterranean plants
can modulate AChE and BuChE activity, such as those from
Annurcaapple flash [ 18] and lemon peel [22]. In addition, tannins
derived from Mediterranean plants have also demonstrated
inhibitory activity on AChE and BuChE [23,24]. Flavonoids
and tannins, exerting beneficial effects on human health, are
present also in plants used as forage crops [25] belonging to the
Fabaceae family [26], such as Lotus ornithopodioides (known
as Southern Bird’s-foot trefoil), Hedysarum coronarium (Sulla)
[27], Medicago sativa (Alfalfa) [28,29], as well as in Cichorium
intybus L. (Chicory) belonging to the Asteraceae family. All
these abundant and edible plants, used in diet and medicine for
their strong antioxidant, anti-inflammatory, and antimicrobial
properties [30,31], represent a suitable source to produce
phytochemicals and products for healthcare and treatment of
various disorders.

In a recent article, we have described the antioxidant
properties of polyphenol- or tannin-enriched extracts from
leaves of L. ornithopodioides, H. coronarium, M. sativa, and
C. intybus [32]. Now, in this study, we focused our attention
on the chemical characterization of these extracts and their
anticholinesterase activity. To this aim, we determined the effect
of these extracts on AChE and BuChE activity, because these
enzymes are the major targets for developing new molecules for

from plants have shown several intere!mE
D

AD and PD treatment. In addition, the ability of these extracts
either to reduce or revert the peptide AB, , self-aggregation
was carried out by in vitro assays. Finally, in light of potential
therapeutic applications of these extracts in the prevention,
delay, and management of AD and PD, we also performed
preliminary evaluations of their cytotoxic effect, using in vitro
cellular models consisting of human neuroblastoma SH-SY5Y
cell line. The results of this investigation show that a natural
extract from M. sativa may be useful as a possible co-adjutant
to a therapeutic approach to AD and PD.

2. MATERIALS AND METHODS

2.1. Materials and standards

The following reagents methanol (MeOH), formic
acid, and quinaldic acid, were liquid chromatography-mass
spectrometry (LC-MS) grade and purchased from Sigma Aldrich
(Darmstadt, Germany). The Phenolic Acids and Alcohols
Standard Mixture-V2 along with the Flavonoids Standard
Mixture-V2 were obtained from MetaSci library (https://www.
metasci.ca/). These substances were used for peak identification,
Multiple Reaction Monitoring (MRM) method development,
and calibration curves. Acetylthiocholine, butyrylthiocholine,
5’,5’-dithi &i—nitrobenzoic (DTNB), thioflavine T, and
the e hE and BuChE, were acquired from Sigma-

1 & ano, Italy). The human B-amyloid peptide (140,
t. 20479) was obtained from Abcam (Cambridge, UK).
1 other reagents were analytical grade.

2.2. Methods
2.2.1. LC-MS/MS analysis of phenolic acids and flavonoids

Plants of Mediterranean forage crops considered in this
study were Lotus ornithopodioides, Hedysarum coronarium, M.
sativa, and C. intybus. The origin of these plants and preparation
of the relative extracts were extensively reported in our previous
work [32]. In particular, extracts from L. ornithopodioides and
H. coronarium, enriched in condensed tannins, were indicated as
LoCT and HcCT, respectively, whereas extracts from M. sativa
and C. intybus, enriched in flavonoids, were indicated as MsF
and CiF, respectively. The lyophilized material obtained from
these extracts was dissolved in dimethylsulfoxide (DMSO),
and the different groups of phenolic compounds, such as total
phenolics, flavonoids, and proanthocyanidins, were determined
as previously reported [32]. Total phenolics, measured as gallic
acid equivalents, were used for a comparative evaluation of
polyphenols among extracts.

The LC-MS/MS system used for the analysis of the
extracts included a UHPLC (Nexera Series LC-40, Shimadzu,
Kyoto, Japan) coupled to a triple quadrupole/linear ion
trap tandem mass spectrometer (QTRAP 4500, AB Sciex,
Framingham, MA, USA) that was equipped with a Turbo V
ion source. Instrument control, data acquisition, and processing
were achieved by the associated Analyst 1.6 and Multiquant
3.0 software. Quantification of phenolic acids and flavonoids
was conducted in the same conditions as previously reported
[33]. The Q1 mass, the Q3 transition, the best parameters, and
retention times are described in the Supplementary Table S1.
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Chromatograms for both phenolic acids and flavonoids are
reported as Supplementary Figures S1 and S2.

Validation of chromatographic methods was
conducted by analyzing calibration curves. Limits of detection
and quantification are reported in Supplementary Table S2.

2.2.2. Cholinesterase assay and related kinetic parameters

The activity of AChE and BuChE was determined
by Ellman’s method [34], as previously reported [35],
using acetylthiocholine or butyrylthiocholine as substrates,
respectively. The reaction mixture contained 330 uM DTNB,
500 uM acetylthiocholine or butyrylthiocholine, respectively,
and increasing concentrations of the extracts in a 500-pl final
volume of 0.1 M sodium phosphate buffer, pH 7.4. The reaction
started with the addition of 100 mU/ml AChE or BuChE, and
the absorbance increase at 412 nm was followed kinetically,
employing a Cary 100 UV-VIS Spectrophotometer (Agilent,
Santa Clara, CA, USA). The steady-state enzymatic activity
was derived from the initial rate of reaction obtained from the
linear part of the kinetics. The inhibitor concentration required
to cause a 50% reduction of enzymatic activity (IC,)) was
derived from semi-logarithmic plots, in which the logarithm
of the residual activity ratio was plotted against the extract
concentration; the IC value was extrapolated from the slope of
the resulting straight lines [35].

The kinetic parameters K, and ¥ of AChE and
BuChE activity were determined as previously described [11],

concentrations of the specific thiolated substrate. V:

the inhibition constant (K)) and the putative X

by measuring the initial velocity (v,) of the reaction at differe@

inhibition were derived by comparing the
kinetic parameters in the absence or 1
concentrations of the extracts, using

for competitive (a), noncompetitive (
mechanism:

K=K, [I/(K",~K,)

ned

of fixed
g equations

ncompetltlve (c)

equation (a)

K=v x[ywv._ -V. ) equation (b)
Ki = I/’m ax [I]/( Vmax - V’max) and
K =K', < [1J/(K,,~K"\) equations (c)

where K, or V°_ represent the K, or ¥ measured
in the presence of inhibitor concentration [I].

2.2.3. Assay for self-aggregation or disaggregation of Af}, ,
fibrils

Self-aggregation of AP, , fibrils was achieved as
previously reported [11], by incubating for 24 hours at 4°C
a 12-pl reaction mixture of aggregation buffer, containing
200 mM sodium phosphate buffer, pH 8.0, and 0.5% (v/v)
DMSO, in which 96 uM A, ,  peptide was dissolved. The
reaction ended by adding 0.5 ml of 1.6 uM thioflavine T in
50 mM glycine-NaOH buffer, pH 8.5, and the fluorescence
intensity was monitored for 5 minutes at 25°C, using a Cary
Eclipse Spectrofluorimeter (Agilent, Santa Clara, CA, USA).
Excitation and emission wavelengths were set at 446 and 490
nm, respectively, and excitation and emission beam slits were

both set at 10 nm. The fluorescence value at the plateau was
averaged over a scan of at least 2 minutes, and the fluorescence
background due to extracts and other components in the reaction
mixture was subtracted. To determine the inhibition ratio in
the self-aggregation reaction, the decrease of fluorescence
signal observed in the presence of various concentrations of
extracts was compared to that measured in their absence. The
concentration leading to 50% residual AB, _, self-aggregation
(IC,,) was derived from a semi logarithmic plot in which the
logarithm of the residual activity ratio was plotted against the
extract concentration.

The assay for disaggregation of A, fibrils entailed
a previous fibril aggregation step as reported above. Then, the
extent of fibril disaggregation caused by extracts was evaluated
by incubating for additional 24 hours at 4°C a reaction mixture
containing 12 pl of the formed fibril mixture with 2 pl of
aggregation buffer, without or with various concentrations of the
extracts. The disaggregation ended with the addition of 0.5 ml
of the thioflavine T solution, and the fluorescence was measured
as reported above. The concentration of extract leading to 50%
residual AP fibrils disaggregation (IC,)) was derived from a
semi logarithmic plot, in which the logarithm of the residual
activity ratio&i plotted against the extract concentration.

2.3, Cel and treatments

\C human neuroblastoma SH-SYS5Y cell line
an Type Culture Collection, Manassas, VA, USA) was

intained in Dulbecco’s modified Eagle medium (DMEM,;
Microgem Laboratory Research, Milan, Italy), containing 10%
heat-inactivated fetal bovine serum (FBS; Microgem Laboratory
Research, Milan, Italy), 2 mM L-glutamine, 100 IU/ml penicillin
G, and 100 pg/ml streptomycin. Cultures were kept in a humidified
incubator at 37°C with a 5% CO, atmosphere. Cancer cells were
subcultured and plated in 75 cm? dishes every 2 days and were
utilized during their exponential phase of growth. Treatments
were administered 24 hours after plating.

Cell wviability was assessed by measuring
the  mitochondrial — metabolic  activity, using the
3-(4,5-dimethylthiazol-2-yl)-2,5-biphenyltetrazolium bromide
(MTT) assay, as previously reported [18]. Briefly, cells were
seeded into 96-well microplates (1 x 10* cells/well). After
24-hour incubation, the samples were treated with extracts at
varying concentrations or with 0.5% DMSO (Sigma-Aldrich,
St. Louis, MO, USA) as a control vehicle. After 24 hours, 10
pl of the MTT solution (5 mg/ml) was added to each well in
the dark, and plates were further incubated for 3 hours at 37°C
under the same culturing conditions. Then, the culture medium
was removed, and 100 pl of 0.1 N HCI in isopropanol was
added to each well to solubilize the formazan crystals. Finally,
the absorbance was measured at a wavelength of 570 nm using
a BioTek Synergy H1 microplate reader (Agilent, Santa Clara,
CA, USA). Cell viability was expressed as a percentage relative
to the untreated cells set as 100%.

2.4. Statistical analysis

All the assays were performed at least three times,
and the values obtained were analyzed with the KaleidaGraph
program (Synergy, 5.0 version, Adalta, Italy). The kinetic and
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inhibition parameters were shown as the mean + standard
error. The statistical significance of both nonlinear and linear
data fittings was checked using the correlation coefficient R.
For the cell viability, statistical significance was determined
using ANOVA, followed by Bonferroni’s post hoc test, with
significance accepted at p < 0.05.

3. RESULTS

3.1. Identification of polyphenols extracted from leaves of
Mediterranean forage crops

Plants used in this work, namely L. ornithopodioides,
H. coronarium, M. sativa, and C. intybus, represent arich source
of polyphenols, whose healthy properties as co-adjutants for
treatment of neurodegenerative diseases have been described.
The relative four extracts, LoCT, HcCT, MsF, and CiF, were
subjected to LC-MS/MS analysis in order to characterize
their constituents, using 81 standard polyphenols, comprising
43 phenolic acids and 38 flavonoids (Supplementary Table
S1). The chromatograms obtained with the four extracts
are shown in Figure 1 and Figure 2, for phenolic acids and
flavonoids, respectively. The results obtained from the MRM
analysis are reported in Tables 1 and 2 for phenolic acids
and flavonoids, respectively. Concerning phenolic acids
(Table 1), a great variability in composition, concentration,
and distribution across the different plants, emerges from the
data. Among the 24 identified phenolic acids, several were
consistently detected in all extracts, including p-coumari

acid, m-coumaric acid acid, ferulic acid, 4-hydroxybenz

acid, phloretic acid, gentisic acid, salicyli ¢ Dﬁ'
3,5-dihydroxybenzoic acid, although their conceutrations
were below the detection limit in some-gases! enolic
acids, i.e., gallic acid, 2,3-dihydro o) cid, sinapic

acid, 2,6-dihydroxybenzoic acid, dihy affeic acid, vanillic
acid, and 2,4-dihydroxybenzoic acid, were present in LoCT,

HcCT, and MsF, whereas chlorogenic acid and caffeic acid
were present in LoCT, HcCT, and CiF. On the other hand,
hydroferulic acid and rosmarinic acid were found in LoCT
and HcCT, whereas catechol, trans-2-hydroxycinnamic acid,
nordihydroguaiaretic acid, and caffeic acid-phenethyl ester
were identified only in LoCT. Finally, aspirin was detected and
quantified only in MsF. An evaluation of the most abundant
phenolic acids quantified in the various extracts was also
attempted (Table 1). Indeed, except for phloretic acid, whose
concentration was not evaluated, 3,5-dihydroxybenzoic
acid, ferulic acid, and m-coumaric acidseem to be the most
represented compounds in LoCT; gallic acid and vanillic acid
in HcCT; salicylic acid, vanillic acid, and dihydrocaffeic acid
in MsF; chlorogenic acid and caffeic acid in CiF.

Concerning the 25 flavonoids identified in the four
extracts (Table 2), also in this case, a great variability in their
concentration, composition, and distribution emerges from
the data. In particular, quercetin, (+)-catechin, polydatin,
kaempferol, baicalein, diosmetin, morin, apigenin, rutin,
hesperetin, isoliquiritigenin, biochanin A, and formononetin
were identified in all extracts, although their concentration
was below the quantification limit in some extracts. Myricetin,
(+/-)-naringenin, trans-pterostilbene, and genistein were
presen %T, HcCT, and MsF, whereas baicalin was

re ﬁr; T, MsF, and CiF. On the other hand, (+)-taxifolin
(& ein were found in extracts from LoCT and HcCT,
hereas (—)-epicatechin and acacetin were found in extracts
rom HcCT and MsF, and hesperidin in LoCT and CiF. Lastly,
fisetin was exclusively detected and quantified in HcCT, and
(-)-epigallocatechin gallate was detected, but not quantified
in LoCT. An evaluation of the most abundant flavonoids
quantified in each extract was also attempted (Table 2).
Indeed, with the exception of isoliquiritigenin and polydatin,
whose concentrations were not evaluated, trans-pterostilbene

Figure 1. Extract lon Chromatogram (XIC) of multi reaction monitoring (MRM) of phenolic acids extracted from: A) Lotus
ornithopodioides, B) Hedysarum coronarium, C) Medicago sativa, D) Cichorium intybus.



D’Errico et al. / Journal of Applied Pharmaceutical Science 2025: Article in Press

Piiiiiiiii

L =
|

ol

Figure 2. Extract lon Chromatogram (XIC) of Multi reaction monitoring (MRM) of Flavonoids extracted from:
A) Lotus ornithopodioides, B) Hedysarum coronarium, C) Medicago sativa, D) Cichorium intybus.

Table 1. Phenolic acids detected in the extracts of Lotus ornithopodioides, Hedysarum coronarium, Medicago sativa and

Cichorium intybus.

Phenolic acid (ng/ml) L. ornithopodioides H. rium M. sativa C. intybus
Gallic acid <LOD* N i 10 <LOD N/A®
Chlorogenic acid <LOD \ 9.46 N/A 210.18
Caffeic acid <Li <LOD N/A 19.65
p-Coumaric acid ° <LOD <LOD <LOD
m-Coumaric acid 291 11.07 2.45 <LOD
2,3-Dihydroxybenzoic acid <LOD <LOD <LOD N/A
Ferulic acid 24.24 <LOD 2.28 <LOD
Sinapic acid 3.72 2.73 4.89 N/A
Aspirin N/A N/A 4.15 N/A
4-Hydroxybenzoic acid <LOD <LOD <LOD <LOD
2,6-Dihydroxybenzoic acid <LOD <LOD <LOD N/A
Dihydrocaffeic acid <LOD <LOD 20.33 N/A
Phloretic acid +¢ + + +
Hydroferulic acid <LOD <LOD N/A N/A
Catechol <LOD N/A N/A N/A
Gentisic acid <LOD <LOD <LOD <LOD
Salicylic acid <LOD <LOD 108.53 <LOD
trans-2-Hydroxycinnamic acid <LOD N/A N/A N/A
3,5-Dihydroxybenzoic acid 63.53 5.58 <LOD <LOD
Vanillic acid 1.06 31.86 31.36 N/A
Nordihydroguaiaretic Acid <LOD N/A N/A N/A
Rosmarinic acid <LOD <LOD N/A N/A
Caffeic acid phenethyl ester <LOD N/A N/A N/A
2,4-Dihydroxybenzoic acid <LOD <LOD <LOD N/A

2 <LOD, below the Limit of Detection.

®N/A, not detected.

¢+, detected in the extract, but non quantifiable in the selected linearity range.

005
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Table 2. Flavonoids detected in the extracts of Lotus ornithopodioides, Hedysarum coronarium, Medicago sativa
and Cichorium intybus.

Flavonoid (ng/ml) L. ornithopodioides H. coronarium M. sativa C. intybus
Quercetin 3.18+£0.2 2891+0.5 6.7+0.24 1.81+0.53
(-)-Epicatechin N/A® 1.48+0.12 13.16 £0.7 N/A
(+)-Catechin 11.17 £0.82 13.15+1.37 24.74 +0.93 10.39+0.28
Myricetin <LOQ® <LOQ <LOQ N/A
Polydatin N/A +¢ N/A +
Kaempferol 7.74 £ 0.09 20.92 +3.47 26.17 £2.43 3.99+0.97
Acacetin N/A 4.83+0.42 4.57+0.52 N/A
Baicalein 2.04 +0.026 2.72+0.04 2.02£0.03 2.12£0.04
(+)-Taxifolin <LOQ <LOQ N/A N/A
Diosmetin 3.54+0.09 2.14+04 9.54+1 <LOQ
Morin 6.36 +1.33 28.42+1.98 2.19+0.09 <LOQ
(-)-Epigallocatechin gallate <LOQ N/A N/A N/A
(+/-)-Naringenin 1.38 +£0.08 0.37+0.03 0.83 £0.02 N/A
Baicalin 1.86 £ 0.11 N/A 16.01 £0.27 1.11 +£0.02
Hesperidin 23.73+0.08 N/A N/A <LOQ
Fisetin N/A 2.56+0.03 N/A N/A
Apigenin 2.31+0.03 1.82 £ 0.0 4542 +4.36 1.93+0.03
trans-Pterostilbene 36.33+£2.08 .775.47 4 2.74 £ 0.05 N/A
Rutin 4.6+0.79 TAl 23+ 2 <LOQ 0.03 £ 0.02
Daidzein <LOQ Q N/A N/A
Hesperetin 2.4+0.06 3.36£0.39 1.66 +0.02 1.47 +0.02
Isoliquiritigenin o + 6 + + +
Biochanin A 1 \ 13.67+0.17 2.64+0.18 <LOQ
Formononetin 0. 13 10.02 £0.24 0.08 =0.03 <LOQ
Genistein 05.1 +0.07 7.03+0.17 23.48 +£0.03 N/A

2 N/A, not detected; * <LOQ, be
linearity range.

and hesperidin seem to be the most represented compounds
in LoCT; trans-pterostilbene and rutin in HcCT; apigenin,
kaempferol, (+)-catechin, and genistein in MsF; (+)-catechin,
and kaempferol in CiF.

3.2. Effect of the plant extracts on cholinesterase activity

The effects of LoCT, HcCT, MsF, and CiF on the
steady state activity of cholinesterases were investigated. The
dose-dependent inhibition profile exerted by the four extracts
on AChE and BuChE activity is shown in Figure 3. In the AChE
assay (Fig. 3A), a significant and progressive reduction of the
steady state activity was observed with MsF, whereas the other
extracts were much less effective; indeed, when the extracts
were added at 100 uM concentration, the residual AChE activity
dropped to nearly 20% with MsF, whereas it remained above
50% with LoCT, HcCT, or CiF. In the BuChE assay (Fig. 3C),
the best inhibition profile was observed with HcCT, followed
at a distance by MsF, LoCT and CiF, which were much less
effective, even when added at 100 uM concentration. These
data were also analysed through a logarithmic transformation of
the residual activity ratio. The semi-logarithmic plots drawn for

Limit of Quantification; ¢ +, detected in the extract, but non quantifiable in the selected

AChE (Fig. 3B) and BuChE (Fig. 3D) allowed the extrapolation
of the inhibitor concentration that caused a 50% reduction of
activity (IC,)) through the slope of the resulting linearized
inhibition profile. The IC,, values reported in Table 3 confirm
that, among the four extracts, MsF (52 £ 7 uM) and HcCT (40
+ 6 uM) were endowed with the best inhibition power towards
AChHE and BuChE, respectively.

To get an insight into the inhibition mechanism of
the extracts, kinetic measurements of the AChE activity were
realized upon the addition of the various extracts. As shown in
Figure 4, their effect was evaluated using both a low, 2040 uM,
and a high, 100 uM, concentration of HcCT, MsF, and CiF; in the
case of LoCT, only the high concentration was used, because of
the weak inhibition power by this extract. The v, data of AChE
were analyzed in the typical Michaelis—Menten representation
(Fig. 4A, 4C, 4E, and 4G) and in Lineweaver—Burk plots (Fig.
4B, 4D, 4F, and 4H), thus allowing the extrapolation of the
kinetic parameters K, and V__in the absence or in the presence
of the various plant extracts; the similar values obtained with
both Michaelis—Menten and Lineweaver—Burk equations were
averaged and reported in Table 4.
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Indeed, LoCT produced a decrease in the V of
AChE activity with a minimum increase of the K, whereas
HcCT caused a progressive decrease of the Vconcomitant
with some decrease of the K. On the other hand, MsF and
CiF caused a progressive and consistent increase in the K,
without apparently affecting the V. of the reaction. On the
basis of these effects and using appropriate equations, we
calculated the inhibition constant (K) of each extract, an
important parameter for measuring their inhibition power
(Table 4). Indeed, CiF (K, = 60 = 8 uM) had the greatest
inhibition power, followed by MsF (K, = 83 + 12 pM) and
HcCT (K, =106 + 14 pM) in order, and at a distance by LoCT
(K, = 239 & 23 uM). The inhibition mechanism displayed by
the extracts was also evaluated by inspecting the intersection
of the straight lines obtained in Lineweaver—Burk plots.
Indeed, the intersection on the abscissa axis with LoCT (Fig.
4B) suggested a non-competitive inhibition mechanism,
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Figure 3. Effect of LoCT, HcCT, MsF and CiF extracts on the steady-state
activity of AChE (A,B) and BuChE (C,D). The ratio of activity was assayed
in the absence (open circles) or in the presence of the indicated concentrations
of LoCT (filled circles), HcCT (triangles), MsF (inverted triangles) and CiF
(squares) and expressed as a percentage for AChE (A) and BuChE (C).
The data obtained on four or three independent measurements for AChE or
BuChE, respectively, were also analyzed after a logarithmic transformation
of the activity ratio of AChE (B) and BuChE (D). The correlation coefficient
R of the linear equation ranged between 0.909 and 0.964 (B) or 0.977 and
0.990 (D).

whereas the almost parallel lines obtained with HcCT (Fig.
4D) pointed to an uncompetitive mechanism. Vice versa, the
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Figure 4. Kinetic analysis of the AChE inhibition by LoCT, HcCT, MsF and CiF
extracts. The kinetic measurements of AChE activity were realized as reported in
the Methods section in the presence of 80-500 M acetylthiocholine concentration
(three determinations for each concentration), without (open circles) or with the
following concentrations of polyphenolic extracts: (A, B) 100 uM (squares) LoCT;
(C, D) 20 uM (filled circles) or 100 M (squares) HcCT; (E, F) 40 uM (rhombuses)
or 100 uM (squares) MsF; (G, H) 20 uM (filled circles) or 100 uM (squares) CiF.
Data were reported as the initial velocity of substrate transformation (v, mean
value = S.E.) using the hyperbolic Michaelis-Menten equation (A, C, E, G) or the
Lineweaver-Burk representation (B, D, F, H). The correlation coefficient R of the
hyperbolic or linear equation ranged between 0.978 and 0.987 (A, B), 0.969 and
0.997 (C, D), 0.956 and 0.993 (E, F), 0.968 and 0.994 (G, H).

Table 3. Inhibition by polyphenolic extracts on the steady state activity of cholinesterases.

Acetylcholinesterase (AChE)

Butyrylcholinesterase (BuChE)

Extract Concentration interval (uM) IC,, (uM) Concentration interval (uM) IC,, (nM)
LoCT 0-100 > 100 (R =0.964) 0-100 >100 (R=0.977)
HcCT 0-100 > 100 (R =0.909) 0-100 40+ 6 (R =0.988)

MsF 0-100 5247 (R=0.963) 0-100 89+ 8 (R=10.990)
CiF 0-100 > 100 (R = 0.960) 0-100 > 100 (R =0.982)

The IC, values were extrapolated from a logarithmic transformation of the activity data obtained on four or three independent
measurements for AChE or BuChE, respectively. The correlation coefficient R of the straight lines used for calculation is

reported in parentheses.
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Table 4. Effect of polyphenolic extracts on the kinetic parameters of AChE.

Extract Conc(:;\t/[r)ation K, acetif:lt;l/[i)ocholine (mAbsI//;‘:;nute)* Put?::; ;nnl;isll)lition (ullﬂ;i/l ) Calculation of K.

None 134+ 14 3645+ 133 (n=28)

LoCT 100 167 +22 2528 £ 154 (n=3) non-competitive 239+23 equation (b)

HcCT 20 136 £7 2736 £67 (n=4) uncompetitive 106 + 14 equations (c)
100 109 +13 2111 £ 105 (n=4)

MsF 40 180+3 4182 +£29 (n=3) competitive 83+12 equation (a)
100 373 +£99 4265+ 733 (n=3)

CiF 20 197 £27 3832282 (n=4) competitive 60+ 8 equation (a)
100 296 +7 4043 £ 64 (n=4)

*Number of replicates are reported in parentheses.

Table 5. Effect of polyphenolic extracts on the kinetic parameters of BuChE.

Extract Conc(e;lrll\t/[r)ation K, butyl;)l;lg)iocholine (mAbS/;In;{HUte)* Putzllltl:'ceh ;nnl;islr)liltion ( ullf\l/[ | Calculation of K,

None 202+4 4324 +42 (n=4)

LoCT 100 175+£19 2623 £ 133 (n=23) non-competitive 155+6 equation (b)

HcCT 40 410+ 37 3996 £259 (n=3)  mixed, approaching 75+ 13 equation (a)
100 380 + 33 2968 + 173 (n =3) Pe“tive

MsF 20 186 +32 3314 +294 (n0= 3) petitive 97+ 11 equation (b)
100 181 +£35 2390 8 (n=

CiF 100 111 £10 2646 £ 8 uncompetltlve 141+7 equations (c)

*Number of replicates are reported in parentheses.

intersection on the ordinate axis with M
(Fig. 4H) indicated a competitive in i anism.

The same kinetic measurements were performed
with the BuChE activity, and the results are presented in
Figure 5. Also in this case, the v, data obtained without or with
the extracts were analyzed with the Michaelis—Menten (Fig.
5A, 5C, 5E, and 5G) and Lineweaver—Burk (Fig. 5B, 5D, 5F,
and 5H) representation. The resulting values of K, and V|
reported in Table 5 suggest that LoCT and MsF provoked 2
decrease of the ¥, without apparently affecting the K, of
the reaction. On the other hand, HcCT provoked a decrease
of the V_ concomitant to an increase of the K, , whereas CiF
caused a decrease of both V' and K|, of BuChE activity. The
corresponding values of K, calculated for these extracts are
reported in Table 5. Indeed, two extracts, namely HcCT (K,
=75+ 13 uM) and MsF (K, = 97 £ 11 uM), were endowed
with a moderate inhibition power towards BuChE, whereas
LoCT (K, = 155 & 6 uM) and CiF (K, = 141 = 7 uM) showed
a lower inhibition power. The inhibition mechanism was also
evaluated through the Lineweaver—Burk plots. Indeed, the
intersection of the straight lines on the abscissa axis with LoCT
(Fig. 5B) and MsF (Fig. 5F) suggested their non-competitive
inhibition mechanism. In the case of HcCT (Fig. 5D), the lines
intersected very close to the ordinate axis, thus suggesting a
mixed mechanism, with some prevalence to a competitive
inhibition. Finally, the almost parallel lines observed with CiF
(Fig. 5H) pointed to an uncompetitive mechanism.

xx%?

3.3. Effect of the plant extracts on self-aggregation of the
AB, ,, peptide and disaggregation of amyloid fibrils

Toevaluate the effect ofthe extracts onamyloidogenesis
of the A, ,, peptide, we have analyzed if these samples might
interfere with the AB, ,, self-aggregation process, as well as
with the disaggregation of preformed amyloid fibrils (Fig. 6).
Concerning the self-aggregation process, the AB, , peptide was
incubated alone or in the presence of increasing concentration
of the extracts and the extent of fibrils formation was reported in
Figure 6A. The data clearly show that all four extracts interfered
with the amyloid fibril formation process, with HcCT exerting
a slightly higher efficacy among the four extracts. After the
logarithmic transformation of the amyloid fibril formation
ratio, the resulting semi-logarithmic plots (Fig. 6B) allowed the
extrapolation of the IC, values for all extracts. This parameter
confirmed that HcCT (144 = 6 uM) was the most effective in
interfering with fibrils formation, followed by CiF and LoCT
(205 £ 12 uM and 207 + 10 pM, respectively), and by MsF (364
+ 10 uM) in the order (Table 6).

Then, we moved to evaluate the effects exerted by
the extracts on the amyloid disaggregation process (Fig. 6C).
In this assay, all the extracts displayed a lower interfering
effect compared to that observed in fibrils formation, although
with a different order of effectiveness among them. To better
address this point, the data were also analysed through the semi-
logarithmic plots (Fig. 6D), thus allowing the extrapolation
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Figure 5. Kinetic analysis of the BuChE inhibitien by , HcCT, MsF and
CiF extracts. The kinetic measurements of Bu 1vity were realized as
reported in the Methods section in the presence of 80500 pM butyrylthiocholine
concentration (three determinations for each concentration), without (open
circles) or with the following concentrations of polyphenolic extracts: (A, B) 100
UM (squares) LoCT; (C, D) 40 uM (rthombuses) or 100 M (squares) HcCT; (E, F)
20 pM (filled circles) or 100 uM (squares) MsF; (G, H), 100 pM (squares) CiF.
Data were reported as the initial velocity of substrate transformation (v,, mean
value + S.E.) using the hyperbolic Michaelis-Menten equation (A, C, E, G) or the
Lineweaver-Burk representation (B, D, F, H). The correlation coefficient R of the
hyperbolic or linear equation ranged between 0.976 and 0.996 (A, B), 0.982 and
0.997 (C, D), 0.907 and 0.996 (E, F), 0.977 and 0.996 (G, H).

of the IC, values reported in Table 6. Indeed, in the fibril
disaggregation process, the lowest IC, | was found with HcCT
(272 £ 16 uM), closely followed by LoCT (296 + 12 uM), then
by MsF (502 + 35 uM), and at a distance by CiF (> 600 pM).

3.4. Effect of the plant extracts on the viability of a
neuroblastoma cell line

The human neuroblastoma SH-SYS5Y cell line was
chosen to evaluate the effect of the polyphenolic extracts
on the cell viability of these cancer cells. To this aim, SH-
SYSY were exposed, for 24-hour treatment, to increasing
concentrations of the various extracts up to 250 uM for LoCT,
HcCT, and MsF or up to 150 uM for CiF. As a vehicle, the

D
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~
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Ln firbrils formation ratio

25 1

Fibrils disaggregation (%)
Ln fibrils disaggregation ratio
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Figure 6. Effect of LoCT, HcCT, MsF and CiF extracts on amyloid fibrils
formation (A, B) or disaggregation (C, D) process. The ratio of formation/
disaggregation was measured in the absence (open circles) or in the presence
of the indicated concentrations of LoCT (filled circles), HcCT (triangles),
MSsF (inverted friangles) and CiF (squares) and expressed as a percentage
for formationA ( r disaggregation (C). The data of three independent
me@sur % ril formation or disaggregation, respectively, were also
analyzed “aftef™a logarithmic transformation of the formation ratio (B) or
fSagg 1on ratio (D). The correlation coefficient R of the linear equation
ed between 0.936 and 0.999 (B) or 0.980 and 1.000 (D).

Table 6. Effect of polyphenolic extracts on the amyloid fibril
aggregation and disaggregation process.

Self-aggregation of AB, | Disaggregation of AB, |
eptide eptide
Extract pep PP
Concentration IC,, Concentration IC,,
range (uM) (M) range (uM) (nM)
LoCT 0-450 207 £ 10 0-—450 206+ 12
(R=0.962) R=1)
HcCT 0-450 144+ 6 0—-450 272+ 16
(R=0.999) (R=0.998)
MsF 0-450 364 =10 0-450 502 +£35
(R=0.936) (R=0.998)
CiF 0-450 205+ 12 0-450 > 600
(R=10.995) (R =0.980)

The IC, values were extrapolated from a logarithmic transformation of

the data on formation (n = 3) or disaggregation of fibrils (n = 3). The
correlation coefficient R of the straight lines used for calculation is reported in
parentheses.

DMSO concentration, was kept always lower than 0.6%
(v/v). Cell viability was evaluated with the MTT assay, and
the results were reported in Figure 7. The greatest effect was
observed with MsF, with an evident dose-dependent reduction
of cell viability (Fig. 7C). In particular, after treatment with
250 uM MsF, the cell viability of SH-SYSY was reduced to
29%. The other extracts were much less effective, and none
of them reached a 50% reduction of cell viability, even with
the maximum dose of treatment. In particular, cell viability of
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Figure 7. Cell viability of human neuroblastoma SH-SY5Y cell line line after
treatment with polyphenolic extracts. Cells were treated for 24 hours with
the indicated concentrations of LoCT (panel A), HcCT (panel B), MsF (panel
C) or CiF (panel D). Control cells were incubated with 0.6% (v/v) DMSO
as a vehicle. Cell viability was determined with the MTT assay, as reported
in Materials and Methods. The values, reported as a percentage compa

to control cells, represent the mean =+ standard error of separat.e eXpeki S
performed in triplicates. The significance was evaluated witl <@

(*%), and 0.001 (¥**).

SH-SY5Y was reduced to 74%, 66% r treatment
with 250 uM LoCT (Fig. 7A), 250 uM' (Fig. 7B), or 150
uM CiF (Fig. 7D), respectively.

4. DISCUSSION

In the last decades, natural polyphenols contained in
edible plants have attracted the attention of many researchers
for their possible benefits as adjutants of therapies against
several human pathologies [36]. Indeed, it is known that an
enriched-polyphenol diet is recommended to prevent and
alleviate symptoms of neurodegenerative disorders, like
AD and PD [37-40]. Polyphenols include a wide variety of
different structures, comprising phenolic acids, flavonoids,
lignans, and stilbenes; this variety highlights their complex
biological functions. Understanding the origin and structural
diversity of polyphenolic compounds is crucial for recognizing
their antioxidant, anti-inflammatory, and neuroprotective
properties.

In a recent paper, we demonstrated that polyphenols
extracted from Mediterranecan forage crops, such as L.
ornithopodioides, H. coronarium, M. sativa, and C. intybus,
display antioxidant activities, hopefully useful for the design
of drugs beneficial for human health [32]. In the present work,
the composition of these extracts, namely LoCT, HcCT, MsF,
and CiF, was analysed in detail, and the different components,
including 24 phenolic acids and 25 flavonoids, were overall

identified. The identification of natural compounds in extraction
mixtures constitutes an indispensable information for future
analysis and focus on the effects of single components on
various metabolic pathways. However, at the moment, the
working hypothesis followed in the present work is that the
effects observed by plant extracts could be due to a specific
combination of their various components. Indeed, several
dietary regimes, including the popular Mediterranean diet,
place at the top the usage of plants as natural foods and/or
coadjutants of therapeutic treatments, without considering the
effects of each specific component [16,18-21].

Because of the neuroprotective properties possessed
by polyphenols [22-24], we decided to investigate on the
effects caused by LoCT, HcCT, MsF, and CiF on two crucial
enzymes of the neurotransmission process, such as AChE and
BuChE. Indeed, all extracts acted as moderate inhibitors of
bothenzymeswith K valuesranginginthe 60-240 uMinterval.
Among the four samples, the flavonoid-containing extracts
had a slightly greater potency towards both cholinesterases,
compared to samples containing condensed tannins. MsF
had an almost similar inhibition strength against AChE (K
=83 uM) and BuChE (K, = 97 uM), whereas CiF displayed
a greater inhibition towards AChE (K, = 60 uM) compared
to.BuCh “& 141 uM). On the other hand, despite of their

owerlstrength, extracts with condensed tannins showed a

L&ﬁce for BuChE inhibition, with K, values of 75 uM
nd 155 uM for HcCT and LoCT, respectively. The study
f the effects on kinetic parameters of both cholinesterase
activities revealed differences in the inhibition mechanism
exerted by extracts, which are of difficult interpretation. For
instance, MsF and CiF had the same competitive mechanism
towards AChE, whereas they showed different mechanisms
towards BuChE, i.e., non-competitive and uncompetitive
for MsF and CiF, respectively. This different behavior could
be explained by the combination/overlapping of different
inhibition mechanisms exhibited by single components in
the extracts.

Another parameter considered for evaluating the
possible effects of plant extracts on neurodegenerative
diseases was the formation and disassembly of amyloid fibrils
deriving from the aggregation of AR , peptide. Our data on
the self-aggregation process indicate that all extracts acted as
moderate inhibitors of this process, with IC_ values ranging
in a moderately wide interval, 144-364 uM; indeed, the
greatest efficacy found with HcCT was not so distant from that
observed with MsF. Concerning the effects on disaggregation of
amyloid fibrils, all extracts displayed a common lower efficacy
compared to the self-aggregation process. Furthermore, greater
differences were found in the interval of IC values, ranging
from 272 uM to > 600 uM. However, among the various
extracts, the HcCT sample had the greatest efficacy in both
AB, ,, peptide self-aggregation and disaggregation process. All
these results are congruent with recent studies reporting that
plant-derived extracts/compounds can protect neuronal cell
damage using an in vitro model of AD, by interfering with the
AB, ,, peptide aggregation [11,14,41,42], although the Authors
underlined the hindering aspects related to the intracellular
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bioavailabilty and the capability to cross the ematoencephalic
barrier by substances of natural origin.

We have also checked the cytotoxicity against human
neuroblastoma cells, as the usage of polyphenols is probably
associated with a reduced incidence of several human pathologies
[43,44]. Indeed, we have already reported that the extract from
M. sativa affected the cell viability of the gastric MKN-28 and
AGS cancer lines [32]. Under this regard, the neuroblastoma
cell line SH-SYS5Y, mimicking immature cholinergic neurons
[11,45], is frequently used as an in vitro model of AD. We
have found that MsF significantly reduced the viability of SH-
SYSY cells, a finding potentially useful for considering natural
polyphenolic extracts in cancer therapy. However, comparing the
cytotoxicity against neuroblastoma cells with the IC, values for
enzyme inhibition and amyloidogenesis, the therapeutic window
is restricted to a narrow interval, thus limiting the practical
application of these Mediterranean forage crop extracts.

5. CONCLUSION

The results reported in this study indicate that, although
to a different extent, L. ornithopodioides, H. coronarium, M.
sativa, and C. intybus leaf extracts, inhibit AChE and BuChE,
and interfere with the peptide AB, ,, amyloidogenesis process;
therefore, they have properties for postulating the usage as
adjutants in the treatment of AD. On the other hand, the reduced
cell viability caused by M. sativa extract in a neuroblastoma
cell line, as well as in gastric cancer cell lines [32], suggests its

further investigation is required to assess this hyp
In particular, the intracellular bioavailability

t t
components, and their ability to cross the @ n alic
e

potential use as a coadjutant in anticancer therapies; howev%
t

barrier should be investigated, to estab ntial use
of these substances in therapies. All t % 1dings strengthen
the consideration that polyphenols canwserve as models for
developing innovative strategies aimed at the prevention of
human diseases and enhancing human health [18,22].
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