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Parkinson'’s disease (PD) is the second most common neurodegenerative disease, with genetic factors like
mutations in the LRRK2 gene being a key cause of late-onset autosomal dominant parkinsonism.
Nutritional strategies, such as using bioactive peptides with anti-inflammatory properties from sources
like hemp protein, are gaining interest as an alternative to pharmacological therapies. In this study, we
used an LRRK2-associated PD mouse model to test the efficacy of a hempseed protein hydrolysate
(HPH60A + 15F) with antioxidant and anti-inflammatory properties. Mice were given HPH60A + 15F
(10 mg kg™ day™) orally for 7 days. After treatment, brain tissue and macrophages were analyzed to
assess neuroinflammation markers. Additionally, the neuroavailable peptidome was characterized using
an in vitro model simulating the intestinal and blood—-brain barriers. The oral treatment has been shown
to reduce protein aggregates of a-syn, CD68, iNOS, and COX2 in the brain. The treatment also signifi-
cantly lowered TNF-a gene expression in the striatum, with a notable reduction in the gene expression of
other pro-inflammatory cytokines in bone marrow-derived macrophages (BMDMes), such as IL-1p or IL-6.
The peptide TVTAMNVVYALK was proposed as a potential highly active peptide, able to exert anti-inflam-
matory effects in the brain. The results have shown that HPH60A + 15F is capable of alleviating neuroi-
nflammation by reducing the expression of pro-inflammatory cytokines, which could have promising
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Introduction

The use of bioactive peptides in functional foods is gaining
interest in the food industry, as well as in the scientific com-
munity, given their advantages of production from natural
sources and their high benefits for human health. At the same
time, the use of plant proteins in society is increasing, as con-
sumers are aware of the health benefits and the environmen-
tally friendly character that their consumption can have com-
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pared to traditional sources of animal origin."> One of the
promising plant sources whose investigation has been increas-
ing recently is hemp protein. Hempseeds have been demon-
strated to be a sustainable source of high-quality protein,
including globulin (edestin) which accounts for 60-80%, and
albumin, which constitutes the rest.®> The potential health
benefits that its consumption might have on different markers
have been recently reviewed, and some human studies have
demonstrated positive effects on glycemic control, hindgut
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function, and antioxidant status.*”® On top of that, the use of
food-grade proteases to produce hempseed protein hydroly-
sates (HPHSs) from protein concentrates or isolates is gaining
interest to manufacture a pool of oligopeptides in which some
of them might exert certain bioactivity and could be used to
promote health in humans.” In this regard, our research group
has widely explored the antioxidant® and anti-inflammatory
properties, as well as the bioavailability”'® of several protein
hydrolysates obtained with alcalase and flavourzyme, and the
results have shown that a hydrolysate obtained by subjecting
the hemp protein isolate (HPI) to 60 min of hydrolysis with
alcalase, followed by 15 min with flavourzyme (HPH60A + 15F)
exerts high activity in murine microglia'’ and in primary
human monocytes."? Considering all these in vitro results, we
hypothesize that HPH60A + 15F could have neuromodulatory
effects in vivo, and these assays could be used to explain the
underlying mechanisms if improvements in neurological para-
meters are found.

On the other hand, Parkinson’s disease (PD) is the second
most common neurodegenerative disease and is associated
with a loss of nigrostriatal dopaminergic innervation in the
substantia nigra pars compacta (SNpc) area. Although its
cause is unknown, several genetic and environmental predis-
posing factors have been characterized. One of these is the
Leucine-Rich Repeat Kinase 2 (LRRK2) gene, whose mutations
are the most prevalent cause of late-onset autosomal dominant
parkinsonism."® The most common mutation G2019S is found
in up to 40% of patients in certain ethnic populations. In
addition to pathogenic mutations, common genetic variability
in LRRK?2 is a risk factor for sporadic PD.'*'* Specifically, cell
death in the SNpc is restricted to a group of neuromelanin-
containing dopaminergic neurons called A9 neurons.
Dopaminergic neuronal loss is accompanied by intraneuronal
inclusions known as Lewy bodies,'® which are protein aggre-
gates that are cytoplasmically deposited within neuronal cell
bodies and are immunoreactive to the protein o-synuclein
(a-syn). The a-syn protein in a healthy brain is found without a
defined tertiary structure or forming o-helical structures, while
in a brain with PD, this protein adopts an amyloid-like struc-
ture that is fibrils rich in p-sheets, tending to form aggregates.
The LRRK2 protein is also involved in the aggregation of a-syn.
Studies in transgenic mice have shown that LRRK2-G2019S
mutations increase a-syn aggregation, leading to an increase
in associated neuroinflammatory and behavioral alterations."”
On the other hand, neuroinflammation is a tissue response of
the cells of the central nervous system (CNS) to an alteration of
tissue homeostasis and neuronal damage. Neuroinflammation
generated in microglia and astrocytes is a feature of PD."® This
is because microglia produce factors that can be potentially
neurotoxic, such as pro-inflammatory cytokines (tumor necro-
sis factor-alpha (TNF-a) and interleukin-1p (IL-1)), nitric oxide
(NO), and reactive oxygen species (ROS). In addition, it has
been shown that individuals with polymorphisms in the TNF-a
and IL-1p genes suffer an increased risk of developing PD."°

Due to the lack of a treatment that cures PD, there are cur-
rently open lines of research with several novel and promising
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approaches, including both the study of new experimental
compounds and the reuse of drugs or the use of bioactive pep-
tides, since, as mentioned above, their anti-inflammatory pro-
perties have been demonstrated in vitro. However, in vivo
studies are lacking to demonstrate the efficacy of these food-
derived protein hydrolysates containing bioactive oligopep-
tides.”® Considering that the blood-brain barrier (BBB) is the
primary barrier with a highly selective semipermeable border
between the endothelial cells of blood vessels and the CNS,
BBB penetrating peptides are a neurotherapeutic alternative
for brain-related disorders, as they can facilitate their delivery
to the brain. In this work, we used an LRRK2 murine model,
where inflammation is responsible for neurodegeneration, to
evaluate the neuroprotective effect of HPH60A + 15F. For this
purpose, protein expression and gene expression with para-
meters related to PD development were evaluated after a treat-
ment of 7 days of administrating the hydrolysate. In addition,
the neuroavailable peptidome collected by cell culture was
identified and characterized by in silico analyses including pre-
diction tools and molecular docking.

Materials and methods
Chemicals and samples

Cannabis sativa L. seeds were provided by Sensi Seeds Bank
(https:/sensiseeds.com/). The proteases employed to produce
HPH60A + 15F, alcalase 2.4 L and flavourzyme 1000 L were pro-
vided by Novozymes (Bagsvaerd, Denmark). The rest of the
reagents and solvents employed were of analytical grade and
purchased from Sigma Chemical Co., Bachem AG (Bubendorf,
CH, EU), and Gibco (Waltham, MA, USA).

Preparation and chemical characterization of the hemp
protein hydrolysate

The HPH was obtained by subjecting an HPI to enzymatic
hydrolysis with alcalase and flavourzyme. According to the
antioxidant and anti-inflammatory activities of a series of
HPHs measured in vitro, the sample was obtained by subject-
ing the protein to hydrolysis by alcalase for 60 min, followed
by 15 min with flavourzyme (i.e., HPH60A + 15F). Details on
the process to obtain the HPH and its characterization can be
found elsewhere Montserrat-de la Paz et al (2023).>'° The
chemical characterization of the HPH included analysis of
protein, total fiber, ash, phenols, and sugars. In addition, the
amino acid content was evaluated and peptidome was ana-
lyzed, including in silico analysis. A detailed description of the
methodology and results can be found in previous works.®
Briefly, HPH60A + 15F contained 82.3% of protein, with a high
content of amino acids such as glutamic acid, aspartic acid,
arginine, phenylalanine, and tyrosine. The complete character-
ization can be found in ESI - Tables 1 and 2.}

Experimental animal model and study design

Male LRRK2-G2019S KI mice were provided by the Institute of
Biomedicine of Seville and kept in the animal facility of the

This journal is © The Royal Society of Chemistry 2024
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Faculty of Medicine of the University of Seville (registration
code: 202399903491663). The protocol for animal handling
and experimentation was in agreement with the European
Union Community guidelines for the ethical treatment of
animals (EU Directive of 2010; 2010/63/EU) and was approved
by the Ethics Committee for Animal Research of the University
of Seville (RD 53/2013). The housing conditions were as
follows: the temperature was constant (21 + 2 °C) and the
light-dark cycle was of 12 hours. The animals were randomly
assigned (n = 10-12) at 18 months of age and the acute treat-
ment consisted of daily administration by an esophageal cath-
eter of a dose of 10 mg of HPH60A + 15F per kilogram of
animal (final volume 100 pL) for 7 days. For the control group
of animals, in which no treatment was provided, mineral water
(final volume 100 pL) was administered. After the seventh day
of treatment, mice were sacrificed, previously anaesthetized by
intraperitoneal injection of ketamine (100 mg per kg of
animal) and xylazine (5 mg per kg of animal). A sample of
fresh brain tissue was removed and dissected, separating the
cortex and striatum according to the reference anatomical
atlas,”’ then immediately frozen and stored at —80 °C until
further analysis for subsequent RT-qPCR studies. Bone
marrow (BM) cells were also extracted for subsequent RT-qPCR
studies. Furthermore, the animals were perfused for studies
using the immunohistochemistry (IHC) technique.

Determination of protein expression by
immunohistochemistry

The animals were perfused through the heart under deep
anesthesia with 4% paraformaldehyde in phosphate buffer,
pH 7.4. The brains were then removed and then immersed in
sucrose in PBS, pH 7.4, first in 10% sucrose for 24 h and then
in 30% sucrose until they sank (2-5 days). The tissues were
then frozen in isopentane, and sections were cut on a cryostat
(Leica CM1950 cryostat; Heidelberg, Germany). The identifi-
cation of the different areas of the brain was carried out
according to the anatomical -atlas of the mouse brain.?" The
brains were sectioned to a thickness of 20 pm and collected in
a 24-well plate filled with 0.1 M PBS. Sections were washed in
PBS for 10 min, treated with 0.3% hydrogen peroxide in
methanol, and pre-incubated in 10% normal goat serum for
1 h. The sections were then incubated overnight at 4 °C with
primary antibody o-syn (1:200; Santa Cruz Biotech,
Heidelberg, Germany), iNOS (1:200; Santa Cruz Biotech,
Heidelberg, Germany), CD68 (1:100 Bio-Rad, Madrid, Spain),
and COX2 (1:200; Santa Cruz Biotech, Heidelberg, Germany).
These plates were stored at 4 °C until use. An ABC kit was used
and a diaminobenzidine (DAB) solution was prepared to reveal
the immunohistochemical sections. The revealed sections
were mounted on gelatinized slides, following the neuroanato-
mical order. The analysis of the results was carried out after
capturing photographs using the Olympus XM10 monochrome
cold light digital camera which was placed in the Olympus
BX41 optical microscope and connected to a computer with
imaging software (Olympus cell*F).

This journal is © The Royal Society of Chemistry 2024
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Extraction and culture of murine bone marrow cells and
differentiation to macrophages

BM cells were isolated and pooled for each group of mice. The
femora and tibiae were septically removed and dissected to
free them from the adherent soft tissue. The bone ends were
cut, and the marrow cavity was flushed into a Petri dish by
slowly injecting ice-cold PBS solution at one end of the bone
using a sterile 21-gauge needle. The BM cell suspension was
carefully agitated with a plastic Pasteur pipette to obtain a
single cell suspension. The cells were washed and depleted of
red blood cells using hypotonic lysis buffer. After washing
twice with PBS, the cells were cultured and differentiated into
BM-derived macrophages (BMDMs) for 6 days at 37 °C under a
humidified atmosphere containing 5% CO, in 12-well plates
containing RPMI 1640 medium plus 10% heat inactivated fetal
bovine serum (FBS), 1% penicillin G/streptomycin (P/S), and
20 ng mL~' murine M-CSF (Peprotech, Madrid, Spain).** In
addition, BMDMs from the animals were exposed to LPS (100
ng mL™") for an additional 24 h to generate 4 groups of cells: C
(control, no treatment), C + LPS, HPH60A + 15F, and HPH60A
+ 15F + LPS. On day 7, the cells were collected.

RT-qPCR analysis of fresh tissue from the striatum and
BMDMs

To extract genetic material from the brain, in this case caudate
and putamen, the tissue was placed on a filter on top of a
50 mL tube and disintegrated with PBS, which aids in disinte-
gration with pressure and agitation with the plunger of a
syringe. Once the entire tissue was disintegrated, the tissue
suspension obtained was centrifuged, and the supernatant
was removed. Total RNA was extracted using TRIsure Reagent
(Bioline, Meridian Life Science, Inc., Memphis, USA). RNA
quality was assessed by the A,c0/Azg0 ratio in a NanoDrop
ND-2000 (ThermoFisher Scientific, Madrid, Spain). Briefly,
RNA (250 ng) was subjected to reverse transcription (iScript,
Bio-Rad, Madrid, Spain). Between 10 and 30 ng of cDNA were
used as a template for RT-qPCR amplifications. mRNA levels
for specific genes were determined using the CFX96 (Bio-Rad)
system. For each PCR reaction, an optimal volume of the cDNA
template was added, containing the primer pairs for either
gene or glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
as the constitutive gene. Quantitative PCR was performed
using Bio-Rad’s iTaq™ Universal SYBR® Green Supermix. The
relative mRNA expression of candidate genes was calculated
using the mean threshold cycle (C;) numbers of the samples.
The magnitude of the change in mRNA expression for candi-
date genes was calculated using the standard method 2~ (42<Y,
All data were normalized with respect to endogenous reference
gene content and expressed as relative control values. The
sequences of the designed oligonucleotides are shown in the
ESI - Table 3.7

Statistical analysis

All RT-gPCR data are expressed as arithmetic means + stan-
dard deviations (SD). The values were estimated using version
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8.01 of GraphPad Prism software (San Diego, CA, USA). To IHC
and gene expression in brain tissue, an unpaired t-test for
equality of variances was used. For gene expression in
BMDMs, the statistical significance of the variances between
the groups was analyzed using a one-way ANOVA, following
Bonferroni’s multiple comparison test as a post hoc test. Any P
value less than 0.05 was considered statistically relevant.

Central nervous system availability assay using a transwell
system

To study the availability of the HPH60A + 15F in the brain, a
double transwell system was used. HPH60A + 15F was applied
to the apical area of the system using Caco-2 cells as the first
model of the intestinal barrier. The bioavailable hydrolysate
(bioHPH60A + 15F) is collected in PBS in the basolateral zone.
This bioHPH60A + 15F is then transferred to a second trans-
well system composed of epithelial brain microvascular endo-
thelial cells (HBEC-5i) and the neuroavailable hydrolysate
(neuroHPH60A + 15F) corresponds to the sample collected in
this case. Both cell lines were cultured in 12-well cell culture
inserts in DMEM medium supplemented with 10% heat-inacti-
vated FBS and 1% P/S. The cells were incubated at 37 °C in a
5% CO, modified atmosphere and fed fresh medium every 2-3
days. The integrity of the cell monolayer was controlled by
transepithelial electrical resistance using a Millicell® ERS-2
(Millipore) voltammeter perimeter. The inserts were used for
1-2 weeks after plating and had a resistance of at least 500 Q
cm 2,

Neuroavailable peptidome identification, in silico analysis,
and molecular docking

Identification of neuroavailable peptides. Samples were acid-
ified with 0.5% trifluoroacetic acid. The desalination and con-
centration steps were performed with ZipTip C18 (Millipore)
and were vacuum dried. Liquid nanochromatography coupled
to high-performance tandem mass spectrometry with ion
mobility (LC-TIMS-MS/MS) was carried out using the Elute
nanoflux UHPLC (Bruker Daltonics, Bremen, Germany),
coupled to a TIMS-TOF Pro 2 mass spectrometer, equipped
with a CaptiveSpray nanoelectrospray ion source (Bruker
Daltonics) according to the procedure described in Montserrat
de la Paz et al. (2023)."°

In silico analyses of neuroavailable peptides. The neuroavail-
able peptidome was subsequently subjected to in silico ana-
lyses: (a) ToxinPred software was used to predict hydrophobi-
city, steric hindrance, solubility, isoelectric point (pI) charge,
and amphipathicity>® for each peptide. (b) The PASTA 2.0
server was obtained to estimate the type of secondary structure
that the peptide (https:/old.protein.bio.unipd.it/pasta2/)
would present. (¢) AnOxPePred-1.0 was used to predict the
antioxidant properties (quantified by free radical scavenging
(FRS) and ion chelation scores (CHEL) of peptides.** (d) The
PreAIP tool was used to estimate the probability that the
peptide has anti-inflammatory properties.>®> (e) The
preTP-Stack tool allows the calculation of the probability of a
peptide being considered anti-inflammatory.>® (f) SCMB3PP
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was used to predict whether the peptide could penetrate the
BBB.?” (g) PeptideRanker was used to estimate the likelihood
of each peptide being bioactive.?®

Molecular docking of neuroavailable peptide selected.
Molecular docking was carried out to determine the binding
affinity energy of the neuroavailable peptide TVTAMNVVYALK
with the receptors o-syn (PDB: 1XQ8), catechol-O-methyl-
transferase (COMT; PDB: 3A7E), and monoamine oxidase-B
(MAO-B; PDB: 2V5Z). The X-ray crystal structures of these
receptors were obtained from the RCSB PDB database (Protein
Data Bank, https:/www.rcsb.org/). Ligands and all the water
molecules were removed from the receptor PDB file, while
polar hydrogen atoms were added using UCSF Chimera soft-
ware. The 3D structure of the peptide TVTAMNVVYALK was
obtained, and its structure was minimized by UCSF Chimera.
Then, the molecular structures of the receptors and the
peptide were converted to PDBQT format with AutoDock Tools.
The AGFR program was used to calculate the positions and
sizes of the specific docking boxes for each receptor in their
active site. Finally, the potential best docking score determined
was selected and visualized via Biovia Discovery Studio
Visualizer, as well as the 2-dimensional (2D) and surface anno-
tation of both ligand interactions with the protein.

Results and discussion

Protein expression of a-syn, CD68, iNOS, and COX2 by
immunohistochemistry

Using the IHC technique, the protein expression of a-syn,
CD68, inducible nitric oxide synthase (iNOS), and cyclooxygen-
ase type 2 (COX2) was determined in the striatum of the brains
of LRRK2 mice treated with HPH60A + 15F (LRRK2-HPH) and
compared to those that received mineral water as a control
(LRRK2-Ct). Fig. 1 for a-syn (Fig. 1A), CD68 (Fig. 1B), iNOS
(Fig. 1C), and COX2 (Fig. 1D) shows the different results
obtained. Progressive aggregation of the a-syn protein in the
substantia nigra of the striatum is a key histopathological hall-
mark of PD. It has been described that a-syn pathology may
spread through neural circuits in the brain, contributing to
disease progression. Therefore, it is therapeutically pertinent to
identify possible modifications of a-syn aggregation as a poten-
tial target to slow down the neurodegeneration of the disease.
It has been reported that the aggregation of a-syn increased in
primary neurons of mice that expressed the LRRK2 mutation
linked to PD by the formation of intracellular protein aggre-
gates in neurons called Lewy bodies, whose main component is
this protein, a-syn.'” Regarding the effects of HPH60A + 15F in
relation to the primary antibody a-syn, Fig. 1A also shows the
location of the striatum in the coronal sections next to other
adjacent structures. As shown by the positive labeling of the
diaminobenzidine precipitates, significant differences (p =
0.0006) were observed between brain tissue samples from
untreated mice (LRRK2-Ct) and those treated for one week with
HPH60A + 15F (LRRK2-HPH). In addition, it is important to
note that age is a crucial factor for microglial phagocytosis, as

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Stained histological section (scale bar: 200 pm) and quantifi-
cation of (A) a-synuclein, (B) CD68, (C) iNOS, and (D) COX2 positive cells
in the putamen-caudate area of the brain tissue from male LRRK2 mice
subjected to daily administration by an esophageal catheter of a dose of
water (LRRK2-Ct, red bars) and HPH60A + 15F (10 mg kg~* day™, brown
bars) for 7 days. Values are presented as means + SD (n = 6). Statistical
significance was analyzed using an unpaired t-test, representing signifi-
cant p-values.

microglia from adult mice were less efficient at phagocytosing
oligomeric a-syn than those from young mice, while also
responding with increased TNF-a release.?® In this line, using a
Caenorhabditis elegans PD model, a dietary supplementation
(12.5 pg mL™") with peptides from sesame cake led to a
reduction in ROS levels and a decrease in a-syn aggregation
with an improvement in PD-related pathologies,® indicating
the promising therapeutic effects of seeds-derived peptides in
neurological diseases prevention.

On the other hand, previous research has found microglia-
derived macrophages in the substantia nigra of PD brains.
Activated microglia have been associated with various com-
ponents of the immune system, including complement recep-
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tors and major histocompatibility complex class II (MHCII),
and are associated with a wide variety of neurological
lesions.”® In PD, microglia maintain an uncontrolled pro-
inflammatory phenotype, favoring the progression of neurode-
generation. In addition, several studies have suggested that
microglia can dynamically change their phenotype in PD
depending on the stage of the disease, which may explain the
coexistence of both pro-inflammatory and anti-inflammatory
molecules in PD.**

Several studies have described the impaired phagocytic
function of microglia in PD, although few have focused on the
immunohistochemical evaluation of CD68, a macrophage
protein and potential marker of phagocytosis. These studies
have observed an increase in CD68 expression in PD develop-
ment (Janda et al, 2018),>° although further research is
needed to fully understand its role in PD. Fig. 1B shows the
results of IHC performed with the primary antibody against
CD68, a glycoprotein expressed in the plasma membrane of
macrophages, among other cell types, whose expression can be
significantly increased in inflammatory processes.> The figure
shows the tissue from both control and treated groups, where
a significant differential protein expression was observed (p =
0.0089). Similar to the results obtained in this study, an enzy-
matically derived sunflower protein hydrolysate and peptides
were reported to promote monocyte differentiation to a dendri-
tic cell phenotype through the induced expression of surface
markers CD14 and CD86, although these results are limited to
in vitro studies.*® Furthermore, numerous previous studies in
PD have also investigated cytokines, such as TNF-a and IL-1p,
and enzymes, such as iNOS, COX-2, and metalloproteinases,
for their roles in the proinflammatory response.** iNOS is
responsible for synthesizing nitric oxide (NO), a pro-inflamma-
tory mediator, and is only expressed when cells receive some
type of stimulus, such as inflammation, mainly in neurons,
macrophages, astrocytes, and microglial cells.>*¢

Because the LRRK2 model is associated with inflammation,
the expression of iNOS in the CNS of these mice was measured
aiming to observe whether the expression of iNOS was signifi-
cantly reduced (p = 0.0004) due to its anti-inflammatory effect
and, with it, inflammation, which would be reflected in a
decrease in protein aggregates in IHC assays (Fig. 1C) in the
area of the striatum. Previous pharmacological studies in
experimental models of PD have been based on the use of phy-
tocannabinoids for their antioxidant power, given that oxi-
dative stress is an important feature in the pathogenesis of PD
(Cinelli et al., 2020; X. Wang & Michaelis, 2010).>>*” Even so,
these trials are the first indicative step to support the hypoth-
esis of the anti-inflammatory effect of HPH60A + 15F into the
brain. On the other hand, inflammatory processes associated
with increased expression of the enzyme COX2 and elevated
levels of prostaglandin E2 (PGE2) also lead to neurodegenera-
tion. The COX2 enzyme is responsible for converting arachido-
nic acid into mediators of inflammation and pain, such as
prostaglandins. Unlike COX1 and COX3, COX2 is expressed
when there is a pro-inflammatory stimulus and, in the brain,
its concentration increases in microglia but not in
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astrocytes.>®*° COX2, therefore, contributes to the neuroin-
flammatory environment in LRRK2 models, and consequently,
the presence or the absence of COX2 in the brain offers an
idea of the anti-inflammatory effect of HPH60A + 15F. The
results obtained for COX-2 expression in the LRRK2-Ct group
compared to the treated LRRK2-HPH group can be seen in
Fig. 1D. Similarly, there was a significant decrease in COX-2
expression between the two groups (p = 0.0124), indicating
that under the conditions assayed, HPH60A + 15F exerted an
effect on the COX2 levels. In this line, the anti-inflammatory
effects of a corn protein hydrolysate in cells and in a mouse
model of colitis were recently reported by Liang et al. (2020).*°
These authors showed that the bioactive peptides in the hydro-
lysate inhibited the expression of COX2 and iNOS and reduced
the secretion of IL-8 in TNF-a-induced inflammation in Caco-2
cells. On top of other changes, in the animal model, a decrease
of the myeloperoxidase activity, and down regulation of the
expression of TNF-a, and IL-6 in the colon was shown, related
to anti-inflammatory activity as reported also in our PD model,
indicating the biological relevance of plant protein hydroly-
sates in managing inflammation. To the authors’ knowledge,
little research has been carried out on food-derived protein
hydrolysates used as neuroprotective agents in animals, evalu-
ating the parameters hereby reported, hindering the discus-
sion on whether these peptides are more effective than those
derived from other sources. However, for instance recently it
was reported that a fish hydrolysate supplementation prevents
stress-induced dysregulation of hippocampal proteins related
to mitochondrial metabolism and the neuronal network in
mice,*" following a supplementation of 300 mg kg for 7
days. This highlights the need for the evaluation of effects fol-
lowing dose-response analyses, to observe how the sup-
plementation with bioactive compounds might modulate the
physiological status of subjects.

Proinflammatory gene expression in LRRK2 mouse brain
tissue

RT-qPCR was used to study the gene expression of pro-inflam-
matory markers in the striatum area of the brain tissue from
LRRK2 mice treated with HPH60A + 15F (LRRKZ-HPH) com-
pared to control mice (LRRK2-Ct). Bioactive food ingredients
in animal and human models have demonstrated numerous
biological properties for brain function and protection, includ-
ing neuroprotective, anti-inflammatory, and immunomodula-
tory benefits, decreasing the production of inflammatory cyto-
kines, preserving cerebral circulation during ischemic events,
and reducing vascular changes and neuroinflammation.*> For
instance, elevated levels of pro-inflammatory cytokines such as
TNF-a, IL-1f, and IL-6 have been found in the cerebrospinal
fluid, striatum, and medulla of experimental animal models
and in the brains of PD patients.”® Fig. 2 shows the gene
expression of IL-1f, IL-6, TNF-a, and iNOS in the striatum of
the brains of LRRK2 mice, both for the control group and
those treated with HPH60A + 15F. In all cases, a trend towards
decreased gene expression was observed in the treated group
compared to the control group, with this decrease in gene
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expression being lower in the case of IL-1p and IL-6 and
greater in the case of TNF-o and iNOS. However, this difference
was only statistically significant in the case of TNF-a (p =
0.0011). In the pathology of neurodegenerative diseases, IL-1f
is an essential pro-inflammatory cytokine that induces a rapid
pro-inflammatory response. It also plays a critical role in neu-
rodegeneration, induces the production of IL-6, and stimulates
iNOS activity in astrocytes. IL-6 plays several roles in neuroin-
flammation, as well as the stimulation of microglial activation
of astrogliosis and the increase of the production of acute-
phase proteins. In turn, the expression of iNOS in microglial
cells and macrophages results in high levels of nitric oxide
and peroxynitrite, which ultimately leads to causing damage to
the CNS. As for TNF-q, it plays a vital role in the process of
acute phase inflammation and, a priori, has a protective effect.
However, uncontrolled and prolonged expression can lead to
chronic inflammation with detrimental effects, as has been
observed in multiple neurodegenerative diseases, such as
PD.*

In line with the hereby reported results, Ji et al (2021)**
described the neuroprotective effects of a tilapia head protein
hydrolysate on scopolamine-induced cognitive impairment in
mice, showing that the administration of the hydrolysate
(400 mg kg™") for 56 days significantly improved the cognitive
behavior of mice, and normalized the cholinergic system and
oxidative stress system of the mouse brain. These authors
reported an increase in the number of mature neurons marked
by NeuN and a delay in the activation of astrocytes in the hip-
pocampus of mice by histopathological observation, showing
beneficial effects potentially in line with our observations. In
the same line, Wang et al. (2020)** evaluated the inhibitory
effects of walnut peptides on neuroinflammation and oxidative
stress in LPS-induced cognitive impairment in mice. These
authors showed that low molecular weight peptides could
improve the oxidative stress and inflammatory response in the
brain, leading to alleviation of the memory impairments.
Similar results were obtained by Wang et al. (2021)*° showing
that a walnut protein hydrolysate could exert remarkable ame-
lioration of behavioral performance after ingestion of 3.3-6.6 g
kg™'. As discussed above, numerous bioactive compounds are
able to offer an anti-inflammatory role through decreasing
TNF-a levels,”” as the tested hydrolysate does, suggesting that
HPHG60A + 15F could have a potential anti-inflammatory effect
at this level. Higher doses or interventions lasting longer
might imply significant changes in the other cytokines evalu-
ated, as studies with other protein sources have demonstrated.

Cytokine gene expression in BMDMs isolated from
LRRK2 mice

To determine the potential immunomodulatory effects of
HPH60A + 15F on BMDM cells from control (LRRK2-Ct) and
treated LRRK2 mice (LRRK2-HPH), the gene expression of pro-
inflammatory cytokines (TNF-a, IL-1B, and IL-6) and the anti-
inflammatory cytokine IL-10 was analyzed using RT-qPCR. The
results obtained are shown in Fig. 3. When BMDMs were
stimulated with LPS, the expression of IL-1p (Fig. 3A), IL-6

This journal is © The Royal Society of Chemistry 2024
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(Fig. 3B), and TNF-« (Fig. 3C), was significantly increased com-
pared to controls, and mRNA levels were reduced when
BMDMs were isolated from mice treated with HPH60A + 15F.
These results are consistent with those obtained in previous
studies on gene expression following LPS stimulation of
BMDMs.*® In the case of IL-1p (Fig. 3A, p = 0.0246) and IL-6
(Fig. 3B, p < 0.0001), there is a significant decrease in their
expression between BMDMs from control mice treated with
LPS and BMDMs from HPH60A + 15F-treated mice with LPS.
Regarding TNF-a expression (Fig. 3C, p < 0.0391), a significant
difference was found between its expression in BMDMs from
control mice treated with LPS and BMDMs from HPH60A +

This journal is © The Royal Society of Chemistry 2024

15F-treated mice with LPS, showing that the treatment led to a
reduction in the expression of this cytokine, and consequently,
the administration of HPH60A + 15F led to immunomodula-
tory effects in the model. Regarding the expression of IL-10, as
in previous studies,*® it was observed that in BMDMSs stimu-
lated with LPS, IL-10 expression increased significantly
(Fig. 3D, p = 0.0163), showing no significant difference when
treated with HPH60A + 15F versus control. As in the previous
case with brain tissues, it has been observed that HPH60A +
15F is capable of decreasing the expression of pro-inflamma-
tory cytokines, in this case in BMDMs. Similar results were
obtained by Soriano-Romani et al. (2022),°° who investigated

Food Funct, 2024, 15, 1M5-11128 | 11121


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo03167a

Open Access Article. Published on 02 October 2024. Downloaded on 1/19/2026 1:23:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

the immunomodulatory properties of bone collagen peptides
on the human monocytic THP-1 cell line, and reported cyto-
kine mRNA expressions in M0 macrophages, especially, a sig-
nificant increase in the anti-inflammatory IL-10 cytokine bio-
marker. On top of describing the in vivo the benefits of the
hydrolysate treatment in the animal model, an approach to
investigate the compounds responsible for the activity is the
identification of the peptides contained in HPH60A + 15F and
those reaching the brain tissue. For this purpose, cell models
were used, considering the limitations that quantitative ana-
lysis of food-derived peptides in body fluids and tissues
shows.”*

Peptidome of neuroHPH60A + 15F and in silico prediction of
biological activity

The peptidomes of the original HPH60A + 15F, the bioavail-
able (bioHPH60A + 15F), and the neuroavailable
(neuroHPH60A + 15F) at the CNS level were characterized by
LC-TIMS-MS/MS. Thus, 1185 peptides were identified in the
original HPH60A + 15F,® 554 peptides in the bioHPH60A +
15F, and 182 peptides in the neuroHPH60A + 15F. In the ESI
- Table 4,7 the full table of the 182 identified peptides in
neuroHPH60A + 15F is shown, together with the outcomes
from the i silico tools employed. In Table 1, the 20 neuroavail-
able peptides which ranked the highest in the Pre-AIP tool
together with the results from the other in silico tools, are
depicted. In relation to the physicochemical properties, the
hydrophobicity has been correlated with bioactivity, together
with low steric hindrance values and high amphipathicity. The
ranges of values obtained are highly variable, and conse-
quently, the in silico discussion will be mostly based on the
specific prediction tools for the whole hydrolysate.

From the neuroHPH60A + 15F, 79 (44%), 75 (41%), 19
(10%), and 9 (5%) sequences out of 182 sequences were con-
sidered as high, medium, low, and negative AIP according to
Pre-AIP, supporting the in vivo activity showed by the peptides,
as most of the peptides were considered anti-inflammatory
according to the in silico tool and only a few of them were cate-
gorized as not anti-inflammatory. Similarly, the outcome
obtained from the PreTP-Stack tool (assuming the standard
threshold of 0.5) showed that 122 sequences could be con-
sidered anti-inflammatory therapeutic agents, representing
67% of the neuroHPH60A + 15F, whereas the rest did not. On
top of that, in the outcomes from PeptideRanker, 39 sequences
had a score higher than 0.5, which is considered the threshold
of this tool to hypothesize that a peptide is bioactive, whereas
the other sequences did not reach this threshold (n = 143).
According to this tool, the most bioactive ones (>0.8) would be
LPHPAPNFK and VDFLPAAGAFLP, which also showed high
values of antioxidant activity related to FRS values and were
considered as high and medium anti-inflammatory according
to Pre-AIP, respectively.

Regarding the prediction of BBB penetrating peptides, the
SCMB3PP tool revealed that 133 peptides would be able to
cross this barrier, representing 73% of the sample which was
able to cross through the brain microvascular endothelial
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cells, which are the main components of this BBB. This result
shows that the in silico prediction tools are not highly accurate;
for example, in this case, 49 sequences were predicted as
unable to cross the BBB, whereas the in vitro results showed
the opposite. However, validation of these results with in vivo
results is needed.’’®® Regarding the antioxidant prediction
tool, showing two different scores, for FRS and CHEL, the
values were ranging from 0.24 to 0.58 and 0.15 to 0.32, respect-
ively. For the FRS, the most active ones (>0.58) were
LNFSHASHEYHAETKL, LNVYYNMPGLE, and AVRLPHWNLN,
which also had high prediction scores from PreAIP (>0.45) and
PreTP (>0.47), indicating that these peptides might be highly
contributing to the activity exerted by neuroHPH60A + 15F.

Finally, the contribution of secondary structure to the
immunomodulatory and/or anti-inflammatory properties of
peptides is yet to be unraveled; however, it must be noted that
in the hydrolysate evaluated, 78 peptides were predicted to
have 100% coils, with 31 of them predicted to be highly anti-
inflammatory according to PreAIP and 57 according to the Pre-
TP Stack tool. This could be an indicative of the properties of
peptides having specific bioactivities, although more research
and validation with synthetic peptides are required.

TVTAMNVVYALK, a neuroavailable peptide with therapeutic
potential identified in neuroHPH60A + 15F. A comparison of
all the peptidomes (original HPH60A + 15F, bioHPH60A + 15F,
and neuroHPH60A + 15F) showed that only one peptide was
presented in the three hydrolysates. The sequence of this
12-amino acid peptide was Threonine-Valine-Threonine-
Alanine-Methionine-Asparagine-Valine-Valine-Tyrosine-
Alanine-Leucine-Lysine (TVTAMNVVYALK), demonstrating its
potential to resist gastrointestinal digestion in vitro, reach the
systemic circulation and cross the BBB to exert its neuroprotec-
tive function. Table 1 shows the physicochemical properties,
including molecular weight, net load, pI, hydrophobicity,
steric impediment and amphipathicity, and the secondary
structure shown using PASTA 2.0.; the antioxidant, anti-inflam-
matory, therapeutic, and the neuroavailable potential are
detailed. In addition, the energy score of the peptide with
different PD-related targets was also computed (Table 2), and
the figures of the interactions are shown in Fig. 4.

The TVTAMNVVYALK neuroavailable peptide has a mole-
cular weight of around 1.30 kDa, an a-helix structure, low
water solubility, and high hydropathicity, suggesting that the
amino acid sequence, low molecular weight, and helical sec-
ondary structure could favor the absorption of the peptide
despite not having a high hydrophobicity. According to
PreTP-Stack, it might possess high therapeutic potential (>0.5),
and the PreAlIP tool also provided an adequate result of anti-
inflammatory potential of the peptide, showing a value which
in other studies have been reported for peptides exhibiting
in vitro activity.>®

The in silico antioxidant properties (quantified by FRS and
CHEL scores) showed that TVTAMNVVYALK could exert anti-
oxidant activity, as the values were high as values in other pep-
tides demonstrating in vitro activity.”® On top of that, the
SCMB3PP tool was used to predict whether the peptide could

This journal is © The Royal Society of Chemistry 2024
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Table 2 Molecular docking results for the receptor-peptide binding including the affinity of TVTAMNVVYALK with the target receptors, the cluster
size, and the interaction (position, type, and distance)

Docking results

Possible best results

Interactions
Receptor Affinity (kcal mol™) Cluster size Interaction of amino acid residues Bond distance (A) Type of interaction bond
a-Synuclein -11.6 37 Thr1 - Gly73 2.20 Carbon hydrogen
Thr3 - Gly73 2.73 Carbon hydrogen
Ala4 - vVal77 3.83 Alkyl
Ala4 - Lys80 4.82 Alkyl
Val8 - val74 5.34 Alkyl
Leull - Val70 4.62 Alkyl
Leull - Val74 3.95 Alkyl
Lys12 - Val71 3.95 Alkyl
COMT —16.6 75 Thr1 - Glu37 3.98 Attractive charge
Ala10 - Trp143 3.43 Pi-sigma
Lys12 - Met40 3.92 Alkyl
MAO-B -15.3 37 Val2 - Gln416 4.13 Unfavorable bump
Val2 - Arg412 3.44 Alkyl
Thr3 - Arg412 2.00 Carbon hydrogen
Thr3 - Arg354 2.10 Conventional hydrogen
Ala4 - Arg412 3.48 Alkyl
Ala4 - vVal413 3.24 Unfavorable bump
Ala4 - Met281 4.57 Alkyl
Ala4 - Met281 2.95 Unfavorable bump
Val7 - Ala353 2.25 Conventional hydrogen
Tyr9 - Glu390 2.73 Conventional hydrogen
Leull - Leu56 4.89 Alkyl
Leull - Lys386 4.58 Alkyl
Lys12 - Leu46 4.99 Alkyl

a-Synuclein B

Fig. 4 Visualization of the receptor—peptide complex using a Biovia Discovery Studio Visualizer. (A) a-Synuclein-TVTAMNVVYALK binding sites and
their interactions; (B) COMT-TVTAMNVVYALK binding sites and their interactions; (C) MAO-B-TVTAMNVVYALK binding sites and their interactions.
(D) TVTAMNVVYALK interactions with the atoms involved in the pocket-binding site of a-synuclein; (E) TVTAMNVVYALK interactions with the atoms
involved in the pocket-binding site of COMT; and (F) TVTAMNVVYALK interactions with the atoms involved in the pocket-binding site of MAO-B.
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MAQ-B visualized using a Biovia Discovery Studio Visualizer.

penetrate the BBB, and a value of 701.8 was obtained, not
reaching the threshold indicated by the authors. However, as
this peptide was identified in the neuroHPH60A + 15F, this
highlights that, even promising, these tools should not be
used to do statements on the bioactivity or bioavailability of
peptides. It must be noted that these in silico tools have both
advantages and limitations,” and the results obtained from
them cannot be used exclusively as evidence to state that a
peptide is exerting specific bioactivities. For this reason,
in vitro and in vivo validation are needed in order to suggest
the potential properties of these peptides.

There is scarce information about identified food-derived
peptides targeting PD-related molecules. In the inhibition of
MAO, for instance, whose relevance is based on the fact that
are essential deamination enzymes for neurotransmitters and
other amines; a recent study identified MAO inhibitory pep-
tides from soybean protein hydrolysate through ultrafiltration
purification and in silico prediction. The most promising
sequences were YSPYPQ, which exerted an inhibitory activity
against MAO-A with an ICs of 0.663 mM, while PLYSN pos-
sessed the strongest MAO-B inhibition effect with an ICs, of
0.204 mM. Similar to our results, molecular docking revealed
the affinity of the peptides for the enzymes, leading to poten-
tially obstructing the admission of the substrates to the active
sites.”” Similarly, the presence of Trp, Gly, and Leu residues in
peptides might contribute to the anti-inflammation according
to Wang et al. (2020).* To the author’s knowledge, little in vivo
studies have been published in the field of food-derived pep-
tides. For instance, an analysis of the efficacy of brain protein
hydrolysate injections in the treatment of elderly patients with
PD was reported by Liu et al. (2017).%°

Finally, the molecular docking analyses of the neuroavail-
able peptide found in all the fractions (TVTAMNVVYALK) with
different receptors showed the high potential of this peptide to

This journal is © The Royal Society of Chemistry 2024

interact with them. The affinities of the sequences with a-syn,
COMT, and MAO-B were —11.6, —16.6, and —15.3 kcal mol™
respectively, which are values indicating that the complex is
stable and consequently the target compounds’ activity might
be compromised. The graphical representation of the inter-
action of the peptide with the different receptors is shown in
Fig. 5, where it is observed the numerous interactions of
diverse nature established between the different residues,
offering stability to the complex. To the author’s knowledge,
the peptide identified hereby stemming from a HPH has not
been identified previously. Hempseed bioactive oligopeptides
have shown their ability to modify the inflammatory response
in multiple ways to regulate physiological processes such as
the development of PD. Further investigations and human
studies are needed to corroborate these results.

Conclusions

HPHSs have shown potential to act as anti-inflammatory agents
in several in vitro assays. The present work provides a novel
study on the effect of HPH60A + 15F administered to LRRK2
transgenic mice to evaluate its implications in inflammation
and neuroprotection in PD. It has been reported that acute
treatment with HPH60A + 15F (10 mg kg™' day ') administered
orally through an esophageal tube for 7 days to 18-month-old
LRRK2 mice decreases a-syn, CD68, iNOS, and COX2 protein
aggregates in the brain. The treatment significantly decreases
TNF-o gene expression levels in the striatum area of the brain.
The results indicate a statistically significant decrease in the
gene expression of some additional pro-inflammatory cyto-
kines in BMDMs. Therefore, these studies suggest that
HPHG60A + 15F may be able to reduce neuroinflammation by
decreasing cytokine gene expression in the brain, which could

Food Funct., 2024, 15, 1M5-11128 | 11125
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show promise for PD. To conclude whether this hydrolysate
could also have anti-inflammatory effects acting at other levels,
further studies are required. On top of that, the peptidome of
the neuroavailable fraction was identified, and 182 unique
sequences were characterized employing in silico tools to
define their physicochemical properties and bioactivity. The
results considering the neuroavailable sample indicate that
most of the peptides in the sample contribute to the bioactivity
reported in the in vivo studies. In addition to that, one peptide
(TVTAMNVVYALK) was identified in the original HPH60A +
15F, the bioHPH60A + 15F, and neuroHPHG60A + 15F, indicat-
ing its potential to be used as a therapeutic agent, reaching
the brain. This study shows the prospective role that hemp-
seed-derived oligopeptides obtained with alcalase and flavour-
zyme might have in neuromodulation, with a high likelihood
of preventing the development of diseases such as PD.
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