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Keywords: There is a great interest in neuroprotective molecules capable of inhibiting the signaling, transduction and ampli-
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Peptides derived from food proteins represent a potential natural source for this action. Although there are sev-
eral food sources and amino acid sequences that have shown promising effects, the mechanism of action on brain
cells is not fully understood. Food peptides must resist digestion and be absorbed by the gastrointestinal and
brain barriers. Its intact form or its metabolites must reach the brain tissue to exert action on a cellular level. It
remains unknown which are the main receptors and intracellular pathways through which peptides act in inflam-
matory and oxidative conditions, and structure-activity relationships. This article reviews the main findings on
food-derived peptides with anti-inflammatory and antioxidant bioactivity on brain cell culture and in vivo models
of neurotoxicity. We highlight the main oxidative and inflammatory pathways by which food peptides interact
at cellular level. The evaluation of the interaction/affinity of these food peptides with different brain cellular
compounds may provide insight of possible therapeutic use or food supplement development.

1. Introduction inflammatory and oxidative pathways (Chakrabarti et al., 2014). Some
studies have focused on peptide effect specifically on the central nervous

Oxidative and inflammatory damage are one of the main factors as- system (CNS) to safely reverse or slow down the course of neurode-
sociated with neurodegenerative diseases. Foods reach in protein are generative disease (Wang et al., 2021). Understanding how these food
source of important peptides with preventive or inhibitory action on hydrolysates peptides behave in a biological system and with which re-
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ceptor or pathway they interact will elucidate the molecular mechanism
and changes at the transcriptional level. This knowledge is essential to
evaluate signaling patterns of peptides in relation to their sequence and
structure for possible medical applications or therapeutic use.

Peptides are formed and released after the hydrolyzation of pro-
teins that expose previously hidden protein sites. These sites may have
a different physiological function from the original protein. Despite un-
clear signalization, the formation of smaller protein structures may have
greater power of penetrability into tissues or greater affinity in interact-
ing with intracellular compounds and transmembrane receptors. This
interaction can activate or inhibit signaling pathways that may affect
body functions. The biomolecules called Bioactive Peptides (BP) have
been studied for their preventive action in several chronic diseases, in-
cluding the CNS ones, such as Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD) and vascular dementia (Min et al., 2017; Perlikowska, 2021;
Wang et al., 2021)

Although there is no clear relationship between structure and func-
tion, bioactive peptides present some common characteristics. Most of
them have from 2 to 20 amino acids and a molecular weight lower
than 6000 Da. Peptide bioactivity is dependent on amino acid composi-
tion and sequence. The presence of hydrophobic and positively charged
amino acids may be important factors for anti-inflammatory and antiox-
idant properties (Guha & Majumder, 2018; Lee & Hur, 2019a).

There is great interest in discovering new bioactive compounds that
exert effects on the CNS. Bioactive peptides from nutritional sources are
unlikely to promote an immune response and are advantageous in terms
of absorption, digestion and excretion since they are natural compounds
(Mason, 2010). Therefore, they represent an alternative with potentially
fewer side effects than synthetic antioxidants and anti-inflammatories.
The diversity of proteins and enzymes existing in nature from plants, an-
imals or fungi, provides a wide possibility for the discovery/production
of new peptides with pharmacological effects. Their high specificity and
low toxicity may offer a safer alternative for therapeutic use. This re-
view gathers studies that have demonstrated the mechanism of anti-
inflammatory and antioxidant action of food-derived bioactive peptides
either in vitro brain cell culture or in vivo animal studies with brain
pathophysiology simulation.

2. Route of peptide ingestion to the brain

A food bioactive peptide with the potential to exert therapeutic ef-
fects on the brain has a long way to reach its target tissue. The peptide
may be formed before ingestion by fermentation or in vitro enzymatic
hydrolysis. After ingestion, the food protein or peptide must go through
the entire gastrointestinal tract, where it is highly prone to degradation
by acidic stomach conditions and proteolysis by digestive enzymes. Pep-
tide transport 1 (PepT1), highly expressed in enterocytes, has been iden-
tified as the main responsible for di/tri peptide transportation across the
intestinal epithelial membrane (Smith et al., 2013). Other routes may
contribute to the transport of peptides, such as paracellular, transcyto-
sis and transcellular diffusion. Peptide properties may influence the ab-
sorption route, including size, hydrophobicity and net charge (Xu et al.,
2019).

In the blood stream, peptides have very short half-lives and may
only remain intact and functional for short periods (minutes to hours)
(Banks, 2016). The peptide passage through the blood-brain barrier
(BBB) is not well defined but may occur through receptor-mediated
transcytosis or by specific transporters, including the proton-coupled
transporters PepT1/SLC15A1 and PepT2/SLC15A2, the peptide histi-
dine transporter (PHT1/2) and the large neutral amino acid transporter
1 (LAT1) (Tanaka et al., 2019). Transport of peptides across the brain
barrier may not be static and vary under physiologic or toxic conditions.
The mechanisms by which peptides cross the BBB may provide insight
for drug delivery to the brain in the treatment of diseases of the central
nervous system (Banks, 2016; Matsui et al., 2020).
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Positive effects of food peptide intake of preventing inflammation
and oxidation in animal models of toxicity suggest peptide entry into the
brain (Guidotti et al., 2017; Tanaka et al., 2019). Radioactively labeled
tripeptide methionine-lysine-proline from casein hydrolysates was ob-
served in mice brain 15 min after oral administration, followed by anti-
inflammatory effects (Min et al., 2017). Through perfusion study, small
peptides no larger than two amino acids, such as Tyr-Pro, Gly-Pro and
Gly-Ser were able to go through the BBB in intact form (Tanaka et al.,
2019). This indicates that at least short peptides may be transported
across the BBB in intact form.

Stalmans et al. (2015) classified peptides according to their BBB in-
flux and showed that food peptides have a low influx rate when com-
pared to other classes of peptides (Stalmans et al., 2015). However, a
low influx rate does not necessarily mean less biological effect. Mod-
est amounts of the peripherally administration of radioactively His-Pro
accumulated in the brain were enough to induce biological effect, in-
cluding reverse alcohol induced narcosis (Banks et al., 1993).

3. Molecular mechanism of neuroinflammation and peptide
potential action

Neuroinflammation is a natural defense process of the CNS, which
aims to protect the brain against possible damage and infections. The
inflammatory process is regulated by a complex multicellular response
(among microglia, astrocytes and neurons) and promotes beneficial ef-
fects by eliminating cellular debris, pathogen phagocytosis and repairing
damaged tissue. Ongoing environmental and even endogenous factors
(e.g. aggregation of proteins, age evolution) may trigger an uncontrolled
inflammation. A persistent inflammatory stimulus promotes the produc-
tion of neurotoxic factors, eventually aggravating the damage and con-
tributing to the pathology of several neurodegenerative diseases, such
as AD, PD, narcolepsy and autism (Glass et al., 2010).

Food-derived peptides may avoid neuroinflammation by interacting
with immune receptors at the brain membrane cells and/or downstream
inflammatory pathways. At pathological condition, immune receptors
such as pattern recognition receptors (PRR) recognize pathogen signals
or “danger” molecules and activate an inflammatory immune response.
PRR are among the first responders to CNS injury, and are highly ex-
pressed in neuronal, astrocytes and mainly microglial plasma membrane
cells (Kigerl et al., 2014). Five main families of PRR have been iden-
tified including Toll-like receptors (TLRs), Nod-like receptors (NLRs),
RIG-like receptors (RLRs), AIM2-like receptors (ALRs), and C-type lectin
receptors (Kigerl et al., 2014; Takeuchi & Akira, 2010). Few research
groups have studied the interaction of food peptides with inflamma-
tory receptors in the brain. Rice derived peptides prevented endothelial
cell damage through TLR-4 interaction, as demonstrated by genetic and
biochemical analysis (Liang et al., 2018). In LPS stimulated microglial
cell line, the expression of TLR4 was reduced after treatment with a
fungus derived peptide, alternaramide, preventing the activation of in-
flammatory pathways (Ko et al., 2016). More data is needed to under-
stand the potential effect of food peptides on microglial inflammatory
receptors.

Peptide anti-inflammatory effect may also act in cell components of
the downstream receptor pathway, interacting with transcription factors
and inhibiting the expression of genes that amplify the immune response
in a pathological way. The inflammatory pathway activated by LPS is
one that has been extensively evaluated to study the reversal effect by
food hydrolyzed peptides (Fig. 1) (Kigerl et al., 2014). The bacterial en-
dotoxin binds to TLR4 with the help of CD14 (both PRR) and trigger two
signaling cascades involving MyD88 and TRIF adaptor proteins; these
molecules activates a complex sequence of kinases proteins, including
IxB complex and mitogen-activated protein kinase (MAPK). The MAPK
cascade is involved in cell proliferation, differentiation, stress response
and cell survival through the activation of extracellular signal-regulated
kinases 1 and 2 (ERK1/ERK2), c-Jun N-terminal kinases (JNKs), and p38
MAPK (Kaminska, 2005). The activation of MAPK cascade induces the
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Fig. 1. Mechanism of action of food peptides to prevent inflammation. Representative image of some inflammatory pathways and the preventive action of peptides
derived from food in brain cells. Stress conditions, including pathogen and danger molecules, bind to pattern recognition receptors (PRR), such as toll-like receptor
(TLR) and activate intracellular downstream inflammatory immune response. Some food peptides may be able to prevent inflammation by reducing TLR4 expression
(B box); inhibiting NF-xB and MAPK pathways (C box) or reducing inflammatory cytokines and enzyme expression (A box). Physiological pathways associated
with learning and memory are also activated by food peptides, stimulating CREB and BDNF expression (D box). Red arrows inhibit pathways, blue arrows activate
pathways. For complete information about characteristics of the evaluated peptide, see Tables 1 and 2.

translocation of transcription factors to the nucleus, such as NFkB, CREB
and AP-1 (Ciesielska et al., 2021).

NF-xB is a transcription factor that controls several cell processes.
While it mainly induces survival and plasticity in neurons, it also induces
inflammatory response in glial cells (Shabab et al., 2017). In quiescent
cells NF-«xB remains inhibited by the ligation with IxB protein. After an
inflammatory stimulus, IxB is phosphorylated and degraded, allowing
the translocation of NF-xB subunits (p50 and p65) to the nucleus thus
regulating the expression of several inflammatory, growth control and
cell death genes (Dresselhaus & Meffert, 2019). NF-xB activation me-
diates the production of numerous inflammatory amplifiers such as cy-
tokines (IL-1b, IL-6, IL-8, and TNF-a), the stimulation of inducible nitric
oxide synthase (iNOS), and the regulation of cyclooxygenase-2 (COX-
2) expression (Guha & Majumder, 2018). Several food peptides have
demonstrated to inhibit the NFxB translocation in in vivo and in vitro
brain systems, consequently reducing cytokine levels (see Section 7 and
Fig. 1). Interestingly, molecular docking studies revealed interaction of
metal chelating whey peptides with NFxB (Caetano-Silva et al., 2021).

4. Oxidative stress in the central nervous system and food
peptide potential action

The brain is considered a susceptible organ to oxidative stress (OS)
due to its high consumption of oxygen and lipid molecule content. These

molecules are prone to lipid peroxidation by the formation of reactive
oxygen species (ROS) and reactive nitrogen species (RNS). The brain
OS formation has been extensively associated with aging, DA, PD and
Huntington disease (HD) (Kim et al., 2015). Although it is not clear
if OS plays a causative role or is induced as part of the pathogenesis,
many studies has been dedicated to searching natural agents capable
of protecting brain cells against oxidative damage and preventing or
treating neurodegenerative diseases (van Raamsdonk et al., 2017).

External sources of antioxidants, such as food peptides, are particu-
larly important to avoid an imbalance of ROS production and endoge-
nous antioxidant levels. The accumulation of ROS induces a chain of
radical reactions (oxidative stress), damaging cell’s lipids, proteins, car-
bohydrates and nucleic acids (Niedzielska et al., 2016). Using antioxi-
dant peptides is more advantageous than using synthetic antioxidants,
as they are of natural origin, less likely to cause an immunoreaction and
more stable than enzymatic antioxidants.

Food bioactive peptides may prevent oxidation by donating protons
to free radicals, chelating metal ions and lipid peroxyradical trapping
(Sarmadi & Ismail, 2010). The peptide metal chelating capacity may be
particularly important in the CNS due to highly concentrated metal ions
in the brain, such as Fe, Cu and Zn. These favor a redox metal reac-
tion that has been associated with pathogenesis of neurological diseases
(Sastre et al., 2015). Whey-hydrolyzed peptides have shown promising
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Fig. 2. Mechanism of action of food peptides to prevent oxidation. Representative image of some oxidative pathways and the antioxidant action of peptides derived
from food in brain cells. Peptides from animal and plant sources protect cells against oxidation, through the activation of antioxidant Nrf2 signaling pathway (box
B) and production of antioxidant enzymes (box A). Mitochondria dysfunction and downstream death pathway was also inhibited by several food peptides (box D).

A reduction of lipid peroxidation was observed after food peptide treatment (box C).
information about characteristics of the evaluated peptide, see Tables 1 and 2.

results regarding metal chelating capacity, which may be useful for neu-
roprotective purposes (Caetano-Silva et al., 2021).

The structure of peptides from food proteins has an important rela-
tionship with their antioxidant activity. Various amino acids have been
associated with antioxidant properties (His, Trp, Phe, Pro, Gly, lys, Ile
and Val) (Zou et al., 2016). Amino acids with aromatic residues can do-
nate protons to electron deficient radicals. The proportion of hydropho-
bic amino acids may also be important for antioxidant activity, probably
because of a better penetrability on cell membranes. Not only the amino
acids composition, but also the location of amino acids in the peptide
sequence may influence antioxidant activity. For example, the his-his
segment was preferred for the antioxidative activity of designed pep-
tides from soybean and the deletion of the C-terminal His decreased the
antioxidant activity (Chen et al., 1996).

Some research findings found that food hydrolysates presented better
antioxidant activity than purified peptides, showing a synergistic effect
between free amino acids and peptides (Chen et al., 1995; Karas et al.,
2014). Furthermore, short chain peptides seem to present better antiox-
idant potential than their higher molecular weight counterparts (Ngoh
& Gan, 2016).

Antioxidant peptide actions are also associated with the modula-
tion of physiological response at the molecular level (Fig. 2, B box).
For example, peptides from walnut, fish and maize alleviated oxidative

Red arrows are inhibit pathways, blue arrows activate pathways. For complete

stress by up-regulating the expression of F-E2-related factor 2 (Nrf2)
(Gao et al., 2021; Yu et al., 2020; Zhang et al., 2021; Zhang et al., 2020;
Zhao et al., 2021). This transcription factor plays an important part in
cell redox control. In physiological conditions, Nrf-2 is maintained inac-
tive through Kelch-like ECH associated protein 1 (Keapl) binding. How-
ever, increased ROS production disrupts Nrf2/keapl ligation, allowing
the translocation of Nrf-2 to the nucleus to mediate neuroprotection re-
sponse. In the nucleus, Nrf-2 binds to the ARE sequences and induce
the expression of endogenous antioxidant enzymes such as SOD, PRX,
GPX, and heme oxygenase-1 (HO-1) which help to control cell oxidation
(Lim et al., 2014).

Although oxidative damage is often discussed separately from the in-
flammatory process, these two pathways are closely related. Increased
levels of ROS can promote IxkB phosphorylation and subsequent NF-
kB translocation to the nucleus to activate the proinflammatory sig-
naling pathways (Michalska & Ledn, 2020). Therefore, a peptide that
acts to prevent oxidation may also regulate inflammatory pathways.
For instance, the round-scade-derived peptide, WCPFSRSF reduced ROS
levels by stimulating not only the Nrf-2/ARE pathway but also as an
anti-inflammatory effect (cytokine reduction) on glutamate-stimulated
neuronal lineages (Zhang et al., 2021, 2022). The synthetized walnut
peptides EVSGPGLSPN and WEKPPVSH were effective against neuronal
and microglial toxicity, respectively, increasing antioxidant enzymes
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and reducing cytokines inflammatory secretion through NFxB pathway
(Liu et al., 2019; Zhao et al., 2021).

5. Food peptide mechanism of action on mitochondrial
dysfunction and apoptosis

Food hydrolyzed peptides have shown protection on mitochondrial
dysfunction under neurotoxic conditions. Mitochondria is responsible
for generating about 90 % of the ROS present in cells through mitochon-
drial DNA oxidation and mutation, compromising its own functioning
(Wang et al., 2019). In addition to the energetic function, mitochondria
act as a buffering organelle controlling intracellular Ca®* homeostasis
and cell death. Under oxidative and inflammatory stimuli, mitochon-
dria Ca?* overload may increase permeability of the inner mitochon-
drial membrane leading to the release of certain mitochondrial apopto-
genic factors (Bauer & Murphy, 2020; Kriete & Mayo, 2009). Peptides
from different food origins were demonstrated to increase mitochondrial
membrane potential (MMP) inhibiting cell death (Table 1 ).

The main inhibitory mechanism described for the action of food pep-
tides in mitochondria mediated apoptosis is the regulation of the Bcl-2
family proteins. The Bcl-2 family is involved in promoting apoptotic sig-
nal (Bax, Bad, Bim, Bik, or Bcl-xs) while another group mediates anti-
apoptotic effect (Bcl-2, Bel-xL, Mcl-1, or Al) (Kim et al., 2010). The
ratio between pro-apoptotic and anti-apoptotic protein regulates the
cell fate towards survival or death and not the concentration of each
factor. For example, an increased expression of anti-apoptotic signals,
such as Bcl-2, followed by a reduction of pro-apoptotic signals, such
as Bax, blocks the ER-Ca%* release into mitochondria, preventing Ca®*
induced cell death. The opposite effect, an increased ratio of Bax/Bcl-
2, promotes ER-Ca?* release into the mitochondria, impairing MMP and
releasing cytochrome c, a key mediator of apoptosis (Morris et al., 2021)
(Fig. 1). Numerous food peptides have promoted a reduction of Bax/Bcl2
ratio, inhibiting cytochrome ¢ mitochondria release, Apafl activation
(apoptosis-protease activating factor 1) and the consequent apoptosome
formation (Table 1). The downstream pathway may be also inhibited,
decreasing caspase-9 and caspase 3 activation as well as other caspases
that promote cell death. Therefore, natural compounds that decrease
mitochondrial damage may be an important target for preventing neu-
rodegenerative diseases (Fig. 2).

6. Peptide reaching the brain: role of neurons, astrocytes and
microglia on inflammation and oxidative stress

Once food peptides reach the nervous system, they must be able to
interact with cell receptors or be internalized in different brain cell types
to mediate anti-inflammatory and/or antioxidant responses. The central
nervous system is comprised of neuronal and glial cells (astrocytes, mi-
croglia, oligodendrocytes and endothelial cells) that interact with each
other to keep brain functions in balance. Different from what was ini-
tially proposed, glial cells do not only play a role in neuronal support
but also play an active role in maintaining synapses (Linnerbauer et al.,
2020). Therefore, any brain cell dysfunction may be the key to the devel-
opment of neurodegenerative diseases. In this section, we briefly discuss
the role of brain cells (microglia, astrocytes and neurons) under inflam-
matory response related to some food peptide actions.

6.1. Microglia

Microglia are the main defense cells of the CNS and of pri-
mary importance to regulating inflammation. Under physiological con-
ditions, microglia phenotype remains quiescent and releases anti-
inflammatory neurotrophic factors to promote neuron growth and mi-
gration (Jeong et al., 2013). Up to a certain threshold, microglia activa-
tion helps to control inflammation through phagocytosis of damaged cell
debris and secretion of protective cytokines such as IL-10 (M2 pheno-
type). After a chronic inflammatory stimulus (cellular debris, antigens,

Food Chemistry Advances 1 (2022) 100087

aging, etc.) however, these cells assume an activated state (M1 pheno-
type), which leads to morphologic and biochemical changes: increased
soma size, retracted cytoplasmic processes and overexpressed inflam-
matory marker proteins like Iba-1 and CD11b (Jeong et al., 2013).

It is assumed that compounds that have the ability to inhibit mi-
croglial activation could, in theory, limit neuronal damage extension
and improve brain functions (Muzio et al., 2021). In fact, a switch from
inflammatory (M1) to anti-inflammatory (M2) genes phenotype was ob-
served in microglial cells and in mice brain after the treatment with
a peptide isolated from protein hydrolysates of Lupinus angustifolius L.
(GPETAFLR) (Lemus-Conejo et al., 2022). The downregulation of mi-
croglia cytokine expression/secretion, such as IL-6, TNF-« and NO, has
been shown after treatment with several bioactive peptides, confirming
the capacity of peptide to modulate microglia plasticity and activity.
(Table 1-microgia session) (Gao et al., 2021; Muzio et al., 2021).

6.2. Astrocytes

Astrocytes are the most abundant glial cells in the CNS. Astrocytes
have a strategic position since they emit processes which are either in
contact with endothelial vessel cells (contributing to the BBB perme-
ability) or with synaptic terminals (taking important part on its modula-
tion) (Vasile et al., 2017). Along with microglia, they are an important
part of the innate immune response and inflammation. Inflammatory
cytokines secreted by microglia play a key role in the activation of Al
astrocyte, a subtype highly present in several neurodegenerative dis-
eases. Astrocyte reactive states can promote inflammation themselves,
secreting cytokines, possibly causing the death of neurons and oligoden-
drocytes (Liddelow et al., 2017).

Astrocytes and neurons take an important role on BDNF and TrkB
modulation (Ferndndez-Garcia et al., 2020). The neurotrophin BDNF
and its main receptor TrkB are associated with learning and memory
processes, synaptic plasticity and neuronal survival. Dysregulation of
BDNF/TrkB signaling has been implicated in multiple neurological and
neurodevelopmental disorders (Zuccato & Cattaneo, 2009). Many in vivo
studies have shown beneficial effects of food peptides on this pathway
(Table 2). For example, oyster protein hydrolysates alleviate inflamma-
tion and cognitive deficits in mice and zebrafish models of intoxication,
through the up-regulation of GFAP (astrocyte marker) and BDNF-TrkB
signaling (Wang et al., 2018; Zhu et al., 2021). Therefore, some food-
derived peptides may improve astrocytic function, promoting neuroge-
nesis and differentiation.

Despite the importance of astrocytes in the regulation of inflamma-
tion, little is known regarding the action of food peptides on specific
effects on these cells. To our knowledge, a study on soybean protein hy-
drolysate (SPH) has been the only one to evaluate the direct effect of
food bioactive peptides on astrocytes culture cells over inflammation or
oxidation. A SPH fraction of aromatic and positively charged peptides
was able to increase the expression of BDNF, mediating neurotrophic
effect in astrocytic cell culture (Shimizu et al., 2018).

6.3. Neurons

Neurons were the main CNS cells studied to evaluate bioactive pep-
tides effect (Table 1). Neurons are excitatory cells that conduct and
transmit electrical signals inducing motor, sensory and secretory func-
tions (Brady et al., 2012). Neurodegenerative diseases are character-
ized by a progressive loss of particular subsets of neurons in the brain
(Michalska, 2020). Food peptides have shown neuroprotective effects
being able to prevent activation of oxidative, inflammatory and apop-
totic pathways in neuronal cells (see Section 7).

Many animal models of neurodegeneration have been investigated
regarding the capacity of food peptides to improve the neuronal cholin-
ergic system. Acetylcholine (ACh) is the most important neurotransmit-
ter related with memory formation, and its content regulation is made
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Table 1

In vitro anti-inflammatory and antioxidants pathways modulated by food peptide in CNS.
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Protein Source Preparation method Dose(mg/ml) Injury Model/cell line Peptide Activated Pathways Manuscript
NEURONS
Hydrolysates H,0,/PC12 tantioxidants (SOD, CAT) | oxid. (M. M. Jin et al., 2013)
Whey protein (pepsin and trypsin) 0.2 stress (ROS, MDA)
| apoptosis (MMP, | intracelular
Ca?*, Bax/Bcl-2, caspase 3)
Hydrolysates 0.1-0.2 H,0,/PC12 tantioxidants (T-AOC, CAT, (Q. X. Zhang et al., 2015)
(pepsin and trypsin) SOD), cell integrity
| lipid peroxidation (MDA)
Bovine meat Hydrolysates 1.25 H,0,/SH-SY5Y 1 antioxidants (SOD, CAT) (Lee & Hur, 2019a)
(alcaline-AK and papain) IROS, DNA fragmentation
TQKKVIFC 0.25-0.5 H,0,/SH-SY5Y 1Cell viability, (Lee & Hur, 2019b)
(alkaline-AK) INO, DNA fragmentation,
Apoptosis (tMMP)
Venison meat Hydrolysate H,0,/PC12 1 antioxidants (CAT, GST, (Kim et al., 2010)
(enzyme not informed) 0.001 - 0.01 GSH-Px), Cell viability
| ROS, MDA, NO, iNOS
| Apoptosis (Bax/Bcl-2 ratio,
citocromo c, caspase 3)
Cervus valvet antler VLSAT DKTNV LAAWG KVGGN 0.01-2 MPP*/SH-SY5Y |ROS (Xin et al., 2017)
APAFG AEALE RM |Apoptosis (MMP, |Caspase-12
(chemical extraction) and p-JNK)
Pig brain Hydrolysate 0.01- 0.05 Corticosterone /PC12 1 antioxidants (SOD, GSH-Px, (W. Jin et al., 2019)
(trypsin) GSH), cell integrity
IROS, Apoptosis (Bax/Bcl-2,
caspase 3)
| inflammation (TNF-a, IL-18,
NO, iNOS, PGE-2, COX-2 via
NF«B)
Fish FYY and DW of Benthosema 0.10 -5.0 H,0,/SH-SY5Y 1 antioxidants (SOD, GSH-Px, (Chai et al., 2013, 2016)
pterotum (lanternfish) CAT) | ROS
(Protease A and N, Protemex and 1 Cell viability
Prozyme 6)
Hydrolysate of Decapterus 0-2.5 Glutamate/PC12 tantioxidants (GSH-Px, SOD via (Q. Zhang et al., 2020)
maruadsi (round scad) Nrf2/ARE),
(protamex and pancreatin) 1 Cell integrity
| MDA, Apoptosis via Bax/Bcl-2
ratio
WCPFSRSF of Decapterus 0.05-0.5 mM Glutamate/ SH-SY5Y tcell viability and cell integrity (Q. Zhang et al., 2021)
maruadsi (round scad) tantioxidants (SOD, GSH/GSSG,
(Chemically synthesized) GSH-Px)
|ROS, MDA
INF-kB tNrf2/HO-1 pathways
WCPFSRSF of Decapterus 0.05 - 0.2 mM Glutamate/ ¢ tcell viability and cell integrity (Q. Zhang et al., 2022)
maruadsi (round scad) | inflammation (TNF-a, IL-18,
(Chemically synthesized) 1L-6)
tAkt/mTOR/EIF4E and
CREB/TrkB/BDNF pathway
PAYCS and 0.5 Glutamate /PC12 1 antioxidants (SOD, GSH-Px) (T. Zhao et al., 2017)
CVGSY of Coilia mystus (Anchovy) |ROS, MDA
(alcalase, papain and pancreatin) 1 Cell viability and integrity
|Apoptosis (Bax/Bcl-2 ratio)
YPIEHGIVTINWDDM*EK, 0.002-0.05 Control/SH-SY5Y | amyloidogenic pathway (Rathnayake et al., 2021)
Sea cucumber IEELEEEIEAER, (p-secretase, Ap peptide, SAPPS)
EYVEETTGDEYVSLK, | pJNK, p38 MAPK pathway
YPIEHGIVITNWDDMEK

Shrimp

(alcalase, a-chymotrypisin,
neutrase, papain and trypsin)
FETLMPLWGNK
HEPFYGNEGALR, KMYPVPLN
(Synthesized)

NDEELNK
(Synthesized)

MTTNI and
MTTNL
(alcalase)

0.0005 - 0.5 mM

0.05- 0.8

0.0005 - 1.0

H,0, or ABAP
/SH-SY5Y

Scopolamine/PC12

Scopolamine/PC12

1 antioxidant (GSH) |ROS,
mitophagy

1 Cell viability

Colocalization of rhodamine
B-labelled peptides and lysossome
1 antioxidant (SOD), cholinergic
system (ACh)

1 neurotrophin (BDNF and NGF
via p-PKA)

| ROS, AChE activity

Peptide and AChE interaction
(molecular docking)

1 antioxidant (SOD)|ROS

1Cell viability, pro-survival gene
(BCL-XL)

1Cell apoptosis (P13K, AKT, Bax,
Caspase-3, p53)

(M. Lu et al., 2021)

(Y. Zhao et al., 2021)

(D. Wu et al., 2020)

(continued on next page)
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Protein Source Preparation method Dose(mg/ml) Injury Model/cell line Peptide Activated Pathways Manuscript
Sea horse GTEDELDK 0.01-0.1 Ab,_4,/PC12 1Cell viability, pro-survival gene (Pangestuti et al., 2013)
(trypsin, a-chymotrypsin, (Bcl-2)
papain and pronase E)
Royal Jelly Hydrolysate 01-1 H,0, or Glutamate 1 Cell viability (Sirinupong et al., 2021)
(alcalase, flavourzyme and /SH-SY5Y
protamex)
Silk fibroin Hydrolysate 0.1 Abys 35/SH-SY5Y 1Cell viability, (Zheng Xu et al., 2018)
(alcaline, protease and IROS, p-PP2A, MAPKs, Apoptosis
glucoamylase) (tMMP)
ltau hyperphosphorylation
Soybean Hydrolysates (WPK and AYLH) 0.05 -0.8 mM H,0,/PC12 1 Cell viability (Amakye et al., 2021)
(alcalase and flavorzyme) IROS
Maize LDYE - anchored gold 0.125-0.75 nM Glutamate /PC12 | ROS (J. Zhang et al., 2021)
nanoparticles
(synthesized)
Wheat germ Hydrolysate 0.25 - 1.00 H,0,/PC12 tantioxidants (SOD, CAT), |MDA (Zhu et al., 2013)
(alcalase) 1 Cell integrity
lApoptosis (Jintracellular Ca®*,
tMMP)
Rice Hydrolysates enriched with 0,00025 - 0,004 Pb%t/HT22 1 antioxidants (SOD, GSH-Px) (J. Wu, Li, et al., 2020)
selenium tNrf-2/HO-1
(alcalase, neutrase, trypsin and 1 Cell viability and integrity
pepsin) |Apoptosis, NO
Hydrolysates enriched with 0.1 Pb%*/PC12 and |Apoptosis (Caspase-3, 8, 9, (Fang et al., 2017)
selenium RAW264 Bax/Bcl-2 ratio)
(a-amylase
glucoamylase and trypsin)
Hydrolysates enriched with 0.02-0.16 Pb2+/ PC12 and tantioxidants (SOD, GSH-Px) (Zi Xu et al., 2016)
selenium RAW264.7 |ROS, MDA, NO
(a-amylase and 1 Cell viability and integrity
glucoamylase)
Walnut WSREEQEREE and ADIYTEEAGR 0.10 - 0.50 H,0,/PC12 | ROS, Apoptosis (Chen et al., 2015)
(pancreatin)
Hydrolysates 0.10 - 1.00 H,0,/PC12 1 Cell viability (Gu et al., 2015)
(pancreatin)
EVSGPGLSPN 0.0125 - 0.1mM H,0,/PC12 1 antioxidants (SOD, CAT, (Liu et al., 2019)
(synthesized) GSH-Px) |ROS
1 Cell viability
|Apoptosis (Caspase-3, 9,
cytochrome c, PARP)
linflammation (IL-1p, TNF-a via
NF-kB)
Hydrolysates 0.10 mM Glutamate/PC12 1 antioxidants (SOD, GSH-Px) | (Wang et al., 2018)
(hydrolase and pancreatin) ROS, MDA
1 Cell viability and integrity
| Apoptosis (tMPP, |
intracellular Ca®* and
Bax/Bcl-2)
TWLPLPR, YVLLPSPK, and 0.05 - 0.2 mM Abys 35/PC12 1 antioxidants (SOD, GSH-Px, (F. Zhao et al., 2020)
KVPPLLY ATP) | ROS
(synthesized) 1 Autophagy (Akt/mTOR,
LC3-II/LC3-I and Beclin-1)
YVLLPSPK 0.1 mM H,0,/HT22 1t NRF2/KEAP1/HO-1, (F. Zhao et al., 2021)
(synthesized) mitophagy-associated proteins
(These effects were inhibited by
NRF2 inhibitor (ML385)
WSREEQ, WSREEQE, 0.10 mM Glutamate/PC12 1Cell viability and integrity (Wang et al., 2022)
WSREEQEREE, 1 antioxidants (SOD, GSH-Px)
ADIYTE, ADIYTEEAG and |ROS, MDA
ADIYTEEAGR lApoptosis (Jintracellular Ca®*
(Chemically synthesized) and Bax/Bcl-2, tMMP,)
TWLPLPR 0.025 - 0.2 mM H,0,/HT22 tCell viability (Yang et al., 2022)
(synthesized) 1 antioxidants (SOD, GSH-Px,
CAT)
JROS, MDA
1 mitochondrial integrity (mPTP,
MMP)
1 Mitophagy (1PINK,]JNK, Cyt
-C, Caspase 9 and 3)
Hempseed Hydrolysates 0.001 - 0.1 H,0,/PC12 1Cell viability (R.R. Lu et al., 2010)
(alcalase) |Apoptosis
Peanut Hydrolysate 0.01-1 H,0,/PC12 tCell viability (Zheng et al., 2012)
(protease)
Mushroom Hydrolysates of Pleurotus 0.005 - 0.045 H,0,/PC12 tantioxidants (SOD, GSH-Px) (Liao et al., 2020)
geesteranus IROS

(alcalase, papain, flavourzyme,
pepsin and pancreatin)

(continued on next page)
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Protein Source Preparation method Dose(mg/ml) Injury Model/cell line Peptide Activated Pathways Manuscript
MICROGLIA
Protein Source Peptide Injury Model Activated Pathways DOI
Whey Whey metal-binding peptides 0.1 and 1 LPS/BV-2 linflammation (TNF-a, NO) (Caetano-Silva et al.,
(alcalase and isolation of | NF-xB downregulation 2021)
metal-binding peptides)
Milk (casein) WY, WM 0,025-0,25 mM LPS/BV-2 | inflammation (TNF-a) (Ano et al., 2019)
(synthesized) 1 Phagocytosis of AR
Hydrolysates 0,01-0,1 LPS/BV-2 IPGE2, COX-2 via (Hou et al., 2006)
(bromelain) NF-xB and ERK/ JNK/ p38 MAPK
pathways
Fish DPALATEPDPMPF 0.005,0.01,0.02, H,0,/BV-2 IROS (Vo et al., 2011)
(alcalase, Pronase E, 0.2,0.5,1 and 2
pepsin, and trypsin)
Hydrolysates containing n-3 0.27 LPS/BV-2/ HT22 t BDNF, NGF (Chataigner et al., 2021)
LC-PFA
Frog WYFITPYIPDK 0.0125- 0.4 Hypoxia/CHME3 |ROS (Barbosa et al., 2018)
(synthesized)
Walnut LPF, GVYY, and APTLW 0.10 mM LPS/BV-2 | inflammation (TNF-a) (Wang et al., 2020)
(Viscozyme L and pancreatin) | PGE2 via COX-2
1 NO via iNOS
WEKPPVSH 12.5 - 200 mM LPS/BV-2 1 antioxidants (SOD, CAT via (Gao et al., 2021)
(neutrase and alcalase) Nrf2/HO-1) | ROS
| inflammation (NO, iNOS,
TNF-a, IL-18, IL-6, COX-2
| NF-xB/p38 MAPK pathway
Lupinus angustifolius L. GPETAFLR 0.01-0.5 LPS/BV-2 IMicroglia M1/M2 (Lemus-Conejo et al.,
(synthesized) | inflammation (TNF-a, IL-6 and 2022)
IL-B)
1 anti-inflammation (IL-10)
Fungus Alternaria sp Alternaramide 0.005 - 0.04 mM LPS/BV-2 INO via iNOS, PGE2 via COX-2 (Ko et al., 2016)
(synthesized) |Expression of TLR-4 and MyD88
| inflammation (TNF-a, IL-1(3,
IL-6 and IL-12 via NF-xB/MAPK
ASTROCYTES
Soybean SPH mixture of dipeptides and 0.5and 1 Control/Primary 1 neurotrophin (proBDNF and (Shimizu et al., 2018)
tripeptides derived of soybean Astrocyte culture mBDNF)
(synthesized) 1CREB phosphorylation

by acetylcholinesterase (AChE), an enzyme responsible for the break-
down of ACh. According to the cholinergic hypothesis, an increase in
AChE activity and the consequent reduction of the ACh content is as-
sociated with many neurodegenerative diseases (Tata et al., 2014). In
fact, peptides with AChE inhibition capacity in neuronal cells were ef-
fective on improving memory and learning functions in in vivo animal
model (Table 2). The specific sequence derived from sea cucumber pep-
tide NDEELNK was able to positively modulate ACh levels in PC12. The
authors confirmed by molecular docking studies that NDEELNK back-
bone and AChE interacted through hydrophobic and hydrogen bonds
in contact with the amino acid residues of the cavity wall (Zhao et al.,
2021).

7. Antioxidative and anti-inflammatory action of food peptides in
brain

In this section, we will present the latest studies on food peptides
bioactivity in the central nervous system. The section is separated in
vitro studies conducted in brain cells from in vivo studies conducted in
animal models of neurodegeneration. We focused on studies that eval-
uated potential signaling pathways inhibited or activated by animal or
plant derived peptides in inflammatory or oxidative stimulus. A sum-
mary of the results is presented in Tables 1 and 2.

7.1. In vitro brain peptide bioactivity

Cell culture is a valuable biological system to evaluate the protective
effect of food peptide hydrolysates against inflammatory and antioxi-
dant stressors. The use of brain cells in culture represents an important
technique to study the underlying mechanisms of natural compounds

considering specific characteristics of the cells, including receptors and
intracellular pathways activation. In addition, it is faster and more eco-
nomical than in vivo studies. With cell culture, it is possible to study in-
trinsic characteristics of each cell under various stressors and simulate
model systems for a specific disease, as well as it is a good screening to
evaluate peptide concentration toxicity (Niki, 2010).

Table 1 presents a summary of the main studies carried out with
neurons, microglia and astrocytes cell culture focusing the underlying
anti-inflammatory and antioxidant mechanism of action mediated by
food hydrolysates peptides of several sources. The results are organized
by cell type and food protein source. Several injury models have been
used for the evaluation of inflammatory and oxidative pathways, such as
H,0,, glutamate, LPS and scopolamine. Table 1 highlights the main ac-
tivated pathways modulated by food peptide as a protector route against
stimulus. It is possible to observe that despite the inflammatory response
being mainly led by microglial cells and astrocytes, most studies on cul-
tured cells have been carried out with neuronal lineages. Peptides gen-
erated by hydrolysis have been studied mainly as antioxidant actions on
neurons and anti-inflammatory effects on microglia. Only one study has
been conducted on astroglia cells.

7.1.1. Invitro effect of bioactive peptide derived from animal sources

The bioactivity of peptides derived from milk or whey has received
great attention in recent years (Power et al., 2013). Regarding its effect
in the CNS, some studies show antioxidant activity on neurons and anti-
inflammatory effect on microglia. Whey protein hydrolysate (WPH) ex-
erted oxidative protection on neuronal PC12 cells by suppressing ROS
elevation and lipid peroxidation, and increasing antioxidant enzymes,
including SOD and CAT (Zhang et al., 2015). One of the mechanisms by
which WPH exerts its protective effect against oxidative stress is by reg-



F. Galland, J.S. de Espindola, D.S. Lopes et al.

Food Chemistry Advances 1 (2022) 100087

Table 2
In vivo anti-inflammatory and antioxidants pathways modulated by food peptide in CNS.
Protein Source Preparation method Injury Model Peptide administration Peptide activated Pathways Reference
Milk (casein) Hydrolysates Ab, 4y Oral, 23 days (0.5 mg/kg t Memory and learning (Min et al., 2017)

Porcine

Fish

Shrimp

Sea cucumber

Opyster (Crassostrea
hongkongensis)

(Bioprase, pepsin and
trypsin)

Synthesized
Wy)

Hydrolysates
(Protease and pepsin)

Hydrolysates
(Alcalase)

Synthesized
(Hydrolysates containing
n-3 LC-PFA)

Synthesized
(Hydrolysates containing
n-3 LC-PFA)

Hydrolysates
(Protease N)

Hydrolysates
(Protamex and
pancreatin)

Hydrolysates
(pancreatin)

Hydrolysates
(trypsin, papain and
alkaline proteinase)

Synthesized
(QMDDQ, KMDDQ)

Hydrolysate
(protamex)

Synthesized
(FYDWPK)

Hydrolysate
(Neutral protease)

Hydrolysates
(Compound proteinase,
trypsin, papain, neutrase
and favourzyme))

LPS/aged mice

Scopolamine

Pb2+

LPS

Aged mice (18 month)

D-galactose

Sleep deprivation

scopolamine

Aged C57BL/6 mice

scopolamine

D-galactose

scopolamine

Aged zebrafish (18

month)

Huperzine

mice)

Oral, 14 days, in mice
(10 mg/kg mice)

Oral, 35 days, (105
mg/kg mice)

Oral, 21 days, (10 and
200 mg/kg mice)

Oral, 18 days, (150 mg/
mice)

Oral, 77 days, (280
ng/day mice)

Oral, 84 days,
(500,2500,5000 mg/kg
mice)

Oral, 20 days,

(333 and 666 mg/kg
rats)

Oral, 20 days, (0.2
mmol/Kg mice)

Oral, (0.22,
0.44 or 1.32% wt/wt
mice)

Oral, 47 days (30 mg/kg
mice)

Oral, 56 days, (200,500
and 1000 mg/kg mice)

Oral, 35 days,
(0,3;0,6 and 1.2
mg/day/mouse)

Oral, 30 days, (1.5 g/kg

zebrafish)

Oral, 45 days, (150,500
and 1500 mg/kg mice)

linflammation (TNF-a, IL-6,
MCP-1, iNOS, eNOS, p47Ph°* and
gp91Ph°x, ACE)

1 Memory and learning

1 dendritic spines

| inflammation (MIP-1a, IL-18,
and TNF-a)

1 Memory and learning

Improve cholinergic system
(JAChE activity)

lexcitotoxicity (Glu/GABA ratio)
tantioxidants (SOD,
Nat-K*-ATPase) |MDA

1 Memory and learning

1 antioxidants (GSH, GSH-Px,
CAT, SOD) | ROS, MDA
linflammation (IL-6, IL-1 and
TNF-a, CCL2, COX-2)

1 IxB (NF-xB inhibitor)

1 microglial activation: CD68,
CD11b, CD86

1 short-term memory, spatial
learning and long-term memory
| anxiety-like behaviour
Imicroglia activation (Iba-1,
CD11b)

1 Memory and learning

| ROS, TBARS, eNOS

1 G6PDH, BDNF

1 Memory and learning

1 antioxidants (SOD, CAT, GPx,
GSH/GSSG via
p-AKT/Nrf-2/HO-1 pathway)

1 CREB/BDNF/TrkB

Cholinergic system (1Ach, AchR |
AchE)

1 Memory and learning

1 antioxidants (SOD)
TCholinergic system (Ach, AchR)
1 Nrf-2/ARE and CREB/BDNF

1 Memory and learning

1 antioxidants (SOD, GSH-px), |
TBARS

1 neurotrophic pathways (BDNF,
PSD95)

1 Memory and learning

1 neurotrophic pathways
(PKA/CREB/BNDF)

Cholinergic system (tAch | AchE)
1 Memory and learning of aging
mice

1 antioxidants (SOD, GPx) |lipid
and protein oxidation Cholinergic
system (JAChE)

Prolonged the lifespan of fruit
flies

1 Memory and learning
1Cholinergic system (tAch,
|AchE)

tantioxidants (SOD |MDA)

| neuronal loss, blurred
caryotheca, and pyknotic nuclei
1 Memory and learning in
zebrafish

1 antioxidants (SOD, CAT) Jlipid
peroxidation

| inflammation (IL-18, TNF-«¢ and
CD11b)

1 neurotrophic pathways
(BDNF-TrkB, GFAP and psd-95)
1Spacial memory and learning

1 antioxidants (SOD, CAT)
Cholinergic system (1ChAT |
AchE)

| inflammation (IL-1 g, IL-6,
TNF-a)

1 neurotrophic pathways (BDNF
and NCAM)

(Ano et al., 2019)

(An et al., 2016)

(Zou et al., 2015)
(Mathilde Chataigner

et al., 2021a)

(Chataigner et al.,
2021b)

(Chai et al., 2016)

(Zhang et al., 2019)

(Zhao et al., 2019)

(Pei et al., 2010)

(Wu et al., 2020)

(Lin et al., 2018)

(Zhao et al., 2022)

(Zhu et al., 2021)

(Wang et al., 2018)

(continued on next page)
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Protein Source Preparation method Injury Model Peptide administration Peptide activated Pathways Reference
Neptunea arthritica Synthesized MPTP Zebrafish, (2 ug/mL, 10 | locomotor impairment (Ren et al., 2022)
cumingii (YIAEDAER) pg/mL, and 50 1DA neurons, vasculature and

(marine snail)

Soy

Maize

Rice

Walnut

Mixture Peptide
(di- and tripeptides)

Peptides synthesized
(KGRKG, KGRK, GRKG,
KRG, KGR, GRK, RKG,
KG, GR,

and RK)

Maize tetrapeptide
anchored gold
nanoparticle

Fermented

te
(Protease and alkaline
protease)

Acid Hydrolysis

Peptides
(not informed)

Hydrolysate
(Neutrase and Alcalase)

Hydrolysate
(complex plant
hydrolyze and
pancreatin)

Hydrolysate
(Viscozyme L and
pancreatin)

Hydrolysate

(neutrase, papain,
bromelain, alcalase,
pepsin, and pancreatin)
Synthesized
(YVLLPSPK)

SAMPS8 and SAMR1 mice

Basal

D-galactose/ AlCl;

scopolamine

Scopolamine

D-galactose/ AlCl;

APys.3s

Scopolamine

sleep deprivation

LPS

mycophenolate mofetil
(zebrafish),
scopolamine (mice)

scopolamine

jg/mL)

Oral, 182 days, (70 g/Kg
mice)

Intraperitoneal
administration, 14 days,
(15 mg/kg

100 mg/kg mice)

Oral, 16 days, 0,5;0,7; 1
mg/kg mice

Intraperitoneal
administration, 7 days,
(25 and 100 mg/

Kg mice)

Oral, 30 days, (400
mg/kg mice)

Oral, 90 days, (1 g/kg
mice)

Oral, 35 days, (200, 400
and 800 mg/kg mice)

Oral, 30 days,
(200,400,800 mg/Kg
mice)

Oral, 20 days, (666
mg/kg rats)

Oral, 21 days, (666
mg/kg mice)

Oral, 24 h, (222, 667,
2000 pg/mL zebrafish)
Oral, 7 days (30,100,300
mg/kg mice)

Oral, 28 days (60 mg/kg
mice)

10

loss

of cerebral vessels

1 autophagy (a-syn, pink1, parkin,
atg5, atg7, beclinl, ulk1b, ulk2,
and ambrala)

oxidative stress (sod1, sod2,

gss, gpx4a, gsto2, and cat)
tcognitive abilities

1 neurotrophic pathways (NGF,
BDNF, NT-3, SIRT1
CREB/ERK1/2)

1 neurotrophic pathways
(proBDNF and mBDNF cerebral
cortex and number of neurons in
hippocampus and cerebral
cortex)

1 Memory and learning
Cholinergic system (1Ach, ChaT |
AchE)

1 antioxidants (SOD and GSH-Px
in sera and hypothalamic, via
Nrf-2/Keap/HO-1 pathway)

1 Memory and learning
Cholinergic system (1Ach, AchR |
AchE)

1 neurotrophic pathways
(ERK/CREB/BDNF)

1 antioxidants (SOD) serum levels
| MDA and NO serum levels

1 Memory and learning
Pharmacokinetic Parameters of
P1 and P2

Combined treatments

(walnut + polyphenols) were
more

effective than either subject alone
1 Memory and learning

1 antioxidants (SOD, GSH-Px) |
MDA

Cholinergic system (tAch, ChAT,
| AchE)

| inflammation (IL-1 8, TNF- a)
1 Memory and learning

1 antioxidants (SOD, GSH) |
MDA, AchE

| inflammation (IL-1 g, IL-6,TNF-
a, 8-OHdG, NO via iNOS

INF-xB

1 Memory and learning

1 antioxidants (SOD, GSH-Px)
|MDA

Cholinergic system (1Ach, ChAT,
| AchE)

1 Monoamines neurotransmitters
(5-HT, DA, and NE via CaMK II)
1 Memory and learning

1 antioxidants (SOD, CAT, GSH,
GSH-px, GSH/GSSG) |MDA

1 Memory and learning

1 antioxidants (SOD, GSH-Px,
CAT) | MDA

| inflammation (IL-1 g, IL-6,
TNF- a, PGE2)

1 GSH 1BDNF |GDNF

| apoptosis (bcl2

, caspase 3/7/8 in zebrafish)

1 Memory and learning in mice
1 Memory and learning

| DNA and protein oxidation,
lipid peroxidation, DNA
fragmentation, mitochondria
damaged

1 ATP levels, mitophagy, PINK1,
Nrf-2/Keap-1/HO-1

(Katayama et al., 2014)

(Shimizu et al., 2018)

(Zhang et al., 2021)

(Corpuz et al., 2019)

(Sheng et al., 2020)

(Feng et al., 2018)

(Zou et al., 2016)

(Ren et al., 2018)

(Wang et al., 2018)

(Wang et al., 2020)

(Liu et al., 2019)

(Zhao et al., 2021)

(continued on next page)
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Protein Source

Preparation method

Injury Model

Peptide administration

Peptide activated Pathways

Reference

Oral, 14 days, 2, 10, and
50 mg/kg rats

1 improvement of spatial memory
| brain infarction in cortex,

(Wattanathorn et al.,
2017)

Cashew-nut Hydrolysate cerebral ischemic rats
(alcalase)
Ginseng Protein Extraction D-galactose/ AlCl,

Cardamine violifolia Hydrolysate

(Protease Alkaline)

D-galactose

Cordyceps militaris Hydrolysate LPS

(Pepsin and pancreatin)

Oral, 30 days, (twice
daily 0.1g/kg rats)

Oral, 56 days, (3.55; 14.2
and 56.8 mg/kg.bw rats)

Oral, 28 days (30 and 10
mg/kg/mice)

hippocampus, and striatum

1 antioxidants (SOD, CAT,
GSH-px) | MDA

| serum C-reactive protein

| serum cholesterol, TG, and LDL
1 HDL

1 Memory and learning

1AB;_4; and p-tau

1 Bcl-2/Bax, PI3K/Akt pathway
in hippocampus

1 Memory and learning

| dysglycemia, dyslipidemia, and
hepatic dysfunction

| neuronal loss, AchE activity

1 antioxidants (SOD, GSH-Px,
CAT, TAOC)

| ROS, MDA 1 Nrf-2/HO-1
linflammation (IL-6, TNF«a via
NF-xB)

1 antioxidants (SOD, CAT,|MDA)
linflammation (IL-g, IL-10,
TNFa)

1gut microbiota

(Li et al., 2016)

(Yu et al., 2020)

(Wu et al., 2022)

ulating mitochondrial signaling, reducing Ca®* levels, stabilizing MMP
and increasing the expression of anti-apoptotic Bcl-2 (Fig. 2)(Jin et al.,
2013).

On microglial cells, the observed effect was regarding anti-
inflammatory action of whey metal-binding peptides in BV-2 and pri-
mary microglial cells. Copper binding peptide (Cu-bp) reduced NO
production and TNF-a expression in LPS stimulated cells (Caetano-
Silva et al., 2021). A reduction of COX-2 activity and its main product
prostaglandin E2 (PGE,) was also reduced by casein hydrolysates via
downregulation of NFxB and ERK/ JNK/ p38 MAPK pathways (Fig. 1)
(Hou et al., 2006). Microglia activation was specifically prevented by
dipeptide tryptophan-tyrosine (WY) and tryptophan-methionine from
digested milk protein increasing amyloid-# phagocytosis by these cells
(Ano et al., 2019). Hydrophobicity of whey peptides was associated with
the antioxidant and anti-inflammatory ability observed in neuronal and
microglia cells (Caetano-Silva et al., 2021; Zhang et al., 2015). Inter-
estingly, specific sequences identified in whey Cu-bp (KIPAVF, KVLVL,
FNPT) showed high affinity to bind NFxkB p65 by molecular docking
studies, suggesting that the bioactive peptide may exert a direct effect by
interacting with important inflammatory pathways (Caetano-Silva et al.,
2021).

Peptides derived from animal meat have shown bioactive effects on
neuronal cells mainly by preventing oxidation. Low fraction of beef pro-
tein hydrolysate reduced DNA fragmentation and ROS production, in-
creasing SOD and CAT levels in H,O, treated SH-SY5Y neuronal cells
(Lee & Hur, 2019a, 2019b). Polypeptide from venison hydrolysis and
velvet antler polypeptides (VAPs) prevented oxidative stress and cell
death by downregulation of Bax/Bcl-2 ratio and suppressed the release
of apoptosis inducing factors, such as cytochrome ¢ and caspase 12
(Kim et al., 2010; Xin et al., 2017). An anti-inflammatory effect was
observed with pig brain hydrolysate (PBH) which induced a reduction
in cytokines expression by a downregulation of NF-xB signaling in PC12
stimulated neuronal cells. PBH also prevented NO and PGE2 production
through a reduction of its respective enzymes iNOS and COX2 (Jin et al.,
2019). The studies with beef and pig hydrolysates showed that smaller
fraction (< 3 kDa and 5-10 KDa, respectively) and greater amount of
hydrophobic amino acids presented better protective activity, probably
due increased lipo-solubility and permeability in cell membrane and in-
teraction with target molecules (Jin et al., 2019; Lee & Hur, 2019a).
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Fish hydrolysates presented important effects on oxidative neuro-
protection (Chai et al., 2013, 2016; Vo et al., 2011). Hydrolysate of
lantern fish containing FYY and DW peptide, activated the intracellular
antioxidant defense system in H,O,, treated neuroblastoma SH-SY5Y cell
line (Chai et al., 2013, 2016). The activation of Nrf2-mediated oxidative
stress response was observed in PC12 cells against glutamate excitotoxi-
city after treatment with round scad (WCPFSRSF) and anchovy (PAYCS
and CVGSY) peptides (Fig. 2) (Zhang et al., 2020, 2021; Zhao et al.,
2017). Interestingly, Tyr- and Trp-containing peptides were associated
with an antioxidant potential, and molecular docking studies indicate
that these peptides might directly bind to Keapl to modulate Nrf2
pathway (Zhang et al., 2020). Recently, it has been shown that round
scad peptide (WCPFSRSF) ameliorates excitotoxicity, activating neu-
rotrophic pathways such as Akt/mTOR/EIF4E and CREB/TrkB/BDNF
(Zhang et al., 2022).

Bioactive peptides from sea cucumber hydrolysates showed promis-
ing therapeutic effects on preventing neurodegeneration. Sea cucumbers
are echinoderms traditionally used in China as a food supplement. Under
oxidative stress, three synthetic peptides from cucumber hydrolysates
(FETLMPLWGNK, HEPFYGNEGALR, KMYPVPLN) were able to compen-
sate for glutathione depletion, decrease mitochondrial superoxide levels
and alleviate mitophagy in human neuroblastoma cells (Lu et al., 2021).
The colocalization of these peptides with lysosome markers suggest that
they might be internalized into the endocytosis route. Another cucumber
peptide, EELEEEIEAER, inhibited the amyloidogenic pathway via inhi-
bition of MAPk signaling in SH-SY5Y neuronal cells (Rathnayake et al.,
2021). The amyloidogenic route is considered the main hypothesis for
the development of AD.

Shrimp-derived peptides (QMDDQ and KMDDQ) have demon-
strated neuroprotective ability by activating the anti-apoptosis and
PKA/CREB/BNDF signaling pathway (Wu, Wu, et al., 2020). Special
conformation and charge of peptides played an important role on bioac-
tivity, since QMDDQ sequence presents a superior effect than KMDDQ
(change of lysine to glutamine). The authors suggested that this was
probably due to a wider spatial conformation, which allows better in-
teractions with membranes and receptors and more stability due to its
neutral charged N-terminal glutamine (Wu, Wu, et al., 2020).
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7.1.2. Invitro effect of bioactive peptide derived from plant sources

Several sources of plant-based peptides were shown to have bioac-
tivity in brain cells. Hydrolysates from cereal grains such as the maize
tetrapeptide anchored gold nanoparticles (LDYE) and wheat germ pre-
sented antioxidant effect on PC12 cells by reducing intracellular ROS
accumulation and lipid peroxidation, and increasing antioxidant en-
zymes and neuronal differentiation (Zhang et al., 2021; Zhu et al.,
2013). Mitochondria mediated apoptosis in PC12 cells was prevented
by rice protein hydrolysates enriched with selenium (SePHR). Two se-
quences (TSeMMM and SeMDPGQQ) mediated neuroprotection through
Nrf2/HO-1 signaling (Wu, Wu, et al., 2020). Selenium is an essential mi-
cronutrient, a component of glutathione peroxidase and important for
balancing the redox system (Fang et al., 2017; Xu et al., 2016). These
studies show that in addition to the natural physiological properties of
peptides as electron/hydrogen donor, they are excellent chelators and
can be combined with compounds to increase their bioavailability and
biological effects.

Walnut hydrolysates have been extensively studied in the mediation
of protective effect against oxidative and inflammatory stress in neu-
ronal and microglial cells (Chen et al., 2015; Gu et al., 2015; Liu et al.,
2019; Wang et al., 2018). Numerous sequences have been identified
(EVSGPGLSPN, YVLLPSPK, WEKPPVSH, LPF, GVYY and APTLW) as
able to induce cytokine downregulation (TNFa, IL-14, IL-6) in neurons
and microglial cells, via inhibition of inflammatory route (NF-«B/p38
MAPK) and activation of protective pathway (Nrf2/HO-1) (Gao et al.,
2021; Liu et al., 2019; Wang et al., 2020; Zhao et al., 2021). In agree-
ment, molecular docking studies revealed that two walnut peptides
(WSREEQEREE and ADIYTEEAGR) have strong interaction with Keapl,
the main Nrf-2 inhibitor. In comparison with other peptides, arginine
seemed to be decisive for this neuroprotective effect (Wang et al., 2022).
However, long peptides must not resist digestive enzymes, indicating
that encapsulation may be required to maintain bioactivity in the target
tissue.

Shorter walnut peptides (LPF, GVYY, and APTLW) more prone to
resist digestion have attenuated leakage of inflammatory mediators,
including NO and PGE2, followed by a decrease on its respective en-
zyme expression, iNOS and COX-2 in LPS stimulated microglia cell line
(Wang, 2020; Gao, 2021). The anti-inflammatory activity has been at-
tributed to hydrophobic amino acids content, such as Leu (L), Pro (P),
Val (V), Ala (A) and aromatic amino acids Phe (F), Tyr (Y), and Trp (W)
(Wang et al., 2020).

7.2. In vivo peptide brain bioactivity

In vivo studies of food peptides allow us to evaluate the systemic
effects of the compound, and especially whether they are able to re-
sist gastrointestinal digestion through oral administration and induce
effects on the CNS. It is important to mention that in vivo tests with
bioactive peptides administered orally do not always assess the direct
impact of the peptide on the CNS. Part of their effects may be medi-
ated by post-digestion metabolites or even by the effects of secondary
products. Therefore, the response observed after food peptide adminis-
tration in vivo may be a consequence of either its direct effect and/or its
bioproducts effect in the target tissue.

Most in vivo studies have evaluated the antioxidant and anti-
inflammatory activity of peptides in human neurodegenerative disease
models. These models mostly generate inflammation, oxidation, neuro-
transmitter imbalance and memory impairment. The most used models
to study peptide bioactivity in the brain are those that simulate age
progression and dementia, such as AD with scopolamine hydrobromide,
Ap1.40, LPS and glutamate toxicity (Table 2). In this section, we will
highlight the changes observed after food peptide administration in re-
lation to the progression of inflammation and oxidation as well as the
involved signaling pathways.
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7.2.1. Invivo brain bioactive peptide from animal proteins

Similar to in vitro studies, milk-derived peptides have shown anti-
inflammatory effects in different models of dementia when administered
orally in rats, including LPS, aging brain and Ap; 4, toxicity (Table 2).
The milk peptide containing methionine-lysine-proline (MKP) and the
dipeptide tryptophan-tyrosine (WY) reduced cytokine content in the
brain, changes that were followed by memory improvement in rats
(Ano et al., 2019; Min et al., 2017). Additionally, WY peptide admin-
istration prevented dendritic atrophy of pyramidal neurons in the hip-
pocampus of LPS treated rats (Ano et al., 2019). In fact, a reduction
of neuron branches is related with less synapses and memory impair-
ment. The same peptide prevented Ap, 4, accumulation in aging rats,
and microglia played an essential role in the absorption of this agent
(Ano et al., 2019). Remarkably, the radioactivity label of WY and MKP
peptides were detected in several brain areas after oral administration,
which indicates that the peptide or its metabolites penetrated the brain
and directly affected cognitive functions (Ano et al., 2019; Min et al.,
2017). These data corroborate clinical studies that evaluated fermented
milk drink containing NIPPLTQTPVVVPPFLQPE peptide sequence, sup-
plemented for 8 weeks. The healthy middle-aged adults treated with the
test drink presented higher attention scores and less delayed memory
than the placebo group (Ohsawa et al., 2018).

Porcine cerebral hydrolysate peptides (PCHPs) have been shown to
improve learning and memory functions after Pb%* and scopolamine
neurotoxicity (An et al., 2016; Zou et al., 2015). This effect was ac-
companied by biochemical changes regarding antioxidant recovery fac-
tors, including SOD, CAT and GSH levels and neurotransmitter balance.
PCHPs decreased AChE activity and glutamate/GABA ratio levels in the
hippocampus of treated mice. These results reinforce that food peptides
may be important players on memory modulation by improving func-
tion of cholinergic neurons and balancing excitation and inhibition neu-
rotransmitters in the CNS (Holzgrabe et al., 2007).

The oral administration of fish hydrolysates were able to prevent
memory deficits and anxiety-like behaviors in various neurodegener-
ative models in mice and rats (Chai et al., 2016; Zhang et al., 2019;
Zhao et al., 2019). Similar to in vitro results, the main mechanisms as-
sociated with memory improvement were the reestablishment of Nrf-
2/antioxidant enzymes and activation of the cholinergic system. The
presence of positively charged amino acids were associated with the
inhibitory effect of AchE activity via the formation of a stable com-
plex with the peripheral anionic site of AChE (Zhang et al., 2019). The
reestablishment of neurotrophic pathways in the hippocampus of ro-
dents through CREB/BDNF activation were also associated with fish
peptide action. Therefore, in addition to neurotransmission reestablish-
ments, fish peptides may promote pro-survival neurotrophins, which are
important mediators of neuronal vitality and major player underlying
learning and memory (Chai et al., 2016; Pei et al., 2010; Zhang et al.,
2019; Zhao et al., 2019).

Similar to the effects observed in vitro, shrimp and sea-cucumber de-
rived peptides prevented oxidation and cholinergic dysfunction when
administered orally in mice. In addition to these effects, the shrimp-
derived peptides QMDDQ and the sea cucumber peptide FYDWPK im-
proved the performance of mice in the Morris water maze memory ex-
periment (Lin et al., 2018; Wu, Wu, et al., 2020; Zhao et al., 2022).
(Lin et al., 2018).

7.2.2. Invivo brain bioactive peptide from plant proteins

Soybean protein hydrolysate (SPH) diet and fermented rice peptides
prevented memory impairment in mice models of dementia. This ef-
fect was dependent on the induction of neurotrophic factors such as
BDNF, NGF and NT-3 via activation of the transcription factor CREB
(Katayama et al., 2014; Shimizu et al., 2018). (Corpuz et al., 2019).
The reestablishment of the cholinergic system and decline of oxida-
tive stress were also considered fundamental for cognitive improve-
ments in mice models of neurodegeneration after rice peptide and maize
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tetrapeptide anchored microparticles administration. (Corpuz et al.,
2019; Zhang et al., 2021).

The protein content and its derivative peptides from Juglans regia
walnuts have been extensively studied and proven to have diverse in
vitro and in vivo effects in an animal model of neurodegeneration, re-
modulating inflammatory and oxidative pathways (Feng et al., 2018;
Ren et al., 2018; Sheng et al., 2020; Wang et al., 2020; Zou et al., 2016).
The administration of walnut sequence YVLLPSPK proved to activate au-
tophagy through the AKT/mTOR signaling and mitophagy dependent on
the Nrf-2/Keapl/HO-1 pathway (Zhao et al., 2020, 2021). Autophagy
and mitophagy has a pivotal protective function in the pathogenesis
of neurological disorders. The bioactivity of walnut peptides with tea
polyphenols was more effective than the subject alone, suggesting a
better permeation on the BBB (Sheng et al., 2020). Interestingly, the
biosynthesis and exocytosis of neurotransmitters is largely regulated by
CaM-dependent protein kinase II (CaMK II), which was found activated
in mice brain tissue after the supplementation with walnut hydrolysates
(Ren et al., 2018). This result suggests a possible action route of walnut
peptides affecting important regulatory enzymes responsible for synapse
and memory formation. The strong anti-inflammatory effects were re-
lated with hydrophobic and aromatic amino acid residues (Wang et al.,
2020; Zou et al., 2016).

Two plant species from China region commonly used to treat nervous
system disorders, Ginseng (Panaxginseng C.A.Meyer) and Cardamine vi-
olifolia, have significantly improved memory abilities of AD rats model
and D-galactose toxicity, respectively (Li et al., 2016; Yu et al., 2020).
Ginseng peptides reduced the content of Af; 4, and p-tau (related to AD
dysfunction) via activation of PI3K/Akt signaling and down regulation
of apoptotic factor Bcl-2 and Bax. PI3K triggering and the downstream
phosphorylation of Akt is associated with cell survival and play a sig-
nificant role on oxidative stress modulation in AD (Li et al., 2016). The
oxidative stress was prevented by Selenium-enriched peptides from Car-
damine violifolia (CSP) via Nrf2 pathway, which probably represents an
anti-aging mechanism (Yu et al., 2020). Furthermore, CSP reduced the
neuro-inflammation by inhibiting the NF-xB pathway in D-gal induced
aging rats and suppressed RAGE and P-JNK signaling pathway.

8. Conclusion and perspectives

In this review, we presented the main inflammatory and oxidative
pathway modulated by food bioactive peptides reported in neurobiolog-
ical in vitro and in vivo studies. Cell culture studies have been carried out
preferentially in a cell lineage model while very few were carried out
in primary culture, which would imply a more physiological response.
Although food peptides are shown to exert bioactivity on neuronal cells
and microglia, very few studies evaluated this effect in astrocyte cul-
ture. Cell brain culture studies showed that bioactive peptides are able
to prevent neuroinflammation by the inhibition of important transcrip-
tion factors, such as NF-«B and MAPK pathway in neuron and microglia,
reducing production of cytokines and inhibiting inflammatory propaga-
tion. Few studies determine the interaction of peptides with cell recep-
tors and forms of cell internalization. Several sources of food peptides
were able to promote defense against oxidative stress by the activa-
tion of protective pathways, such as Nrf-2 signaling (which promotes
an increased expression of antioxidants) and inhibition of mitochondria
apoptosis pathway. Oral administration of food bioactive peptides in
animal studies demonstrate that they may resist gastric metabolism and
pass through gastrointestinal and brain barriers, promoting protective
effects and preventing behavioral and memory losses. More studies on
bioavailability would further explain whether the effect is mediated by
integral peptide or by its metabolites. Studies that evaluated the amino
acid sequence of peptides showed that the presence of hydrophobic and
aromatic peptides can be extremely important for the observed neurobi-
ological effects. However, further studies regarding the molecular inter-
action of peptides with the main cell regulatory factors of oxidative and
inflammatory pathways may clarify the specific peptide sequences capa-
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ble of interaction. Understanding the molecular mechanisms by which
peptides act on the central nervous system contribute to the develop-
ment of new pharmaceutical drugs and dietary supplements that could
help prevent neurodegeneration.
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