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The evolving field of food technology is increasingly dedicated to developing functional foods. This study
explored bioactive peptides from sunflower protein isolate (SPI), obtained from defatted flour, a by-product of
the oil processing industry. SPI underwent simulated gastrointestinal digestion and the obtained peptide-
enriched fraction (PEF) showed antioxidant properties in vivo, in zebrafish. Among the peptides present in
PEF identified by mass spectrometry analysis, we selected those with antioxidant properties by in silico evalu-
ation, considering their capability to interact with Keapl, key protein in the regulation of antioxidant response.
The selected peptides were synthesized and evaluated in a cellular model. As a result, DVAMPVPK, VETGVIKPG,
TTHTNPPPEAE, LTHPQHQQQGPSTG and PADVTPEEKPEV activated Keapl/Nrf2 pathway leading to Antioxi-
dant Response Element-regulated enzymes upregulation. Since the crosstalk between Nrf2 and NF-kB is well
known, the potential anti-inflammatory activity of the peptides was assessed and principally PADVTPEEKPEV
showed good features both as antioxidant and anti-inflammatory molecule.

1. Introduction

Food demand is increasing worldwide, driven by population growth
and longer lifespans. In this context, plant-derived proteins have gained
significant attention as a growing class of food ingredients with a wide
range of potential applications. This global trend is associated with a
lower environmental impact compared to animal-based proteins and the
increasing concerns of consumers about health issues related to the high
consumption of animal products, such as obesity and cardiovascular
disease (Leeming, 2021; Schiermeier, 2019).

Sunflower (Helianthus annuus L.) seeds are achieving interest as a
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protein source because of their high protein content, well-balanced
amino acid profile, and low environmental impact (Hadidi et al.,
2024). Sunflower seeds, mainly owing to their polyphenol activity, were
found to possess significant antioxidant capacity (Guo et al., 2017;
Karamac et al., 2012). Additionally, this property is regulated by the
activity of antioxidant enzymes such as superoxide dismutase (SOD),
guaiacol peroxidase, and catalase (De’Nobili et al., 2021; Guo et al.,
2017). Defatted sunflower flour is a by-product of oil extraction from
seeds usually used as animal feed. However, they represent an abundant
and cost-effective source of proteins for human consumption. The two
most abundant storage proteins in sunflower seed are 11S globulins
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(60-80 %) and 2S albumins (20-30 %).

To create value-added molecules from food by-products, researchers
have shifted their focus toward repurposing bioactive molecules, such as
peptides, exploiting them in the production of new foods (Hadidi et al.,
2024). Bioactive peptides have attracted significant attention in the last
decade due to their beneficial effects on the well-being of organisms
(Zaky et al., 2022). Typically composed of 2-20 amino acid residues,
bioactive peptides can originate from animal sources (milk, eggs and
meat) or plant sources such as soybeans or cereals (Manzoor et al., 2022;
Zaky et al., 2022). Enzymatic hydrolysis, fermentation, food processing,
and gastrointestinal digestion are the main mechanisms by which
bioactive peptides can be generated (Manzoor et al., 2022; Zaky et al.,
2022). Bioactive peptides are able to enter the cell where they carry out
their biological functions as extensively reported in the literature
(Akbarian et al., 2022; D’Opazo et al., 2023). These peptides, inactive
until they are integral parts of native proteins, can exert various func-
tions, including antihypertensive, anti-inflammatory, anticancer, anti-
microbial, immunomodulatory, and antioxidant properties (Duffuler
et al., 2022; Manzoor et al., 2022; Zaky et al., 2022). Antioxidant pep-
tides can act directly as free radical scavengers or can activate specific
signaling pathways. Notably, Nuclear factor erythroid 2 related factor 2
(Nrf2) and Kelch-like ECH-associated protein 1 (Keapl) represent the
main system that modulates the cellular antioxidant response. In basal
conditions, Nrf2 is usually sequestered by Keapl in the cytosol and
degraded by the proteasome. Once Keapl is modified by electrophiles,
oxidants, or other stimuli, Nrf2 migrates to the nucleus interacting with
a specific promoter called antioxidant response element (ARE). Nrf2-
ARE complex modulates the expression of antioxidant and phase II en-
zymes, such as heme-oxygenase 1 (HO-1), thioredoxin reductase (TrxR),
or NADPH quinone oxydoreductase 1 (NQO1) (Baird & Dinkova-
Kostova, 2011).

Sunflower seeds are widely used for oil extraction, yet their potential
as a protein source for human consumption remains largely untapped. In
this study, we introduce an innovative method developed by Cereal
Docks S.p.A for obtaining a sunflower seed protein isolate (SPI) that
demonstrates promising health benefits for humans. This effect is
attributed to the biological activity of specific peptides, known as po-
tential ingredients in functional foods (Manzoor et al., 2022; Rivero-
Pino, 2023).

2. Materials and methods
2.1. Extraction of proteins from sunflower seeds

The sunflower protein isolate (SPI) was provided by Cereal Docks S.
p-A. (Camisano Vicentino VI, Italy). Different varieties of sunflower
(Helianthus annuus L.) seeds, with varying oil content (total fat content
between 40 and 50 %), were used as starting material. The seeds showed
a black, thin hull adhering to the kernel and displayed the following
average chemical composition, characterized according to official EU
guidelines: moisture 5.7 %, total fats 44.6 %, protein 16.2 %, and crude
fiber 22.6 %. To obtain SPI, a proprietary process developed by Cereal
Docks S.p.A. (Italian patent application number IT102022000016812)
was used. Briefly, the seeds were cooled, then milled and defatted using
propane. Subsequently, dehulled seeds were kept at 3 °C and microsliced
in particles in between 600 and 800 um (Urschel Lab, Chesterton, IN,
USA), and then propane was used for oil extraction at a pressure higher
than 4.5 atm, in a temperature range between 20 °C and 35 °C (Exalt
R&D, LLC, USA). After defatting, the sunflower flour appeared white and
displayed the following chemical composition: moisture 9.1 %, total fats
9.8 %, protein 45.6 %, crude fiber 12.4 %. Next, the defatted flour was
processed with wet extraction that relies on the solubility properties and
isoelectric point of the proteins and involves various steps. First, the
defatted sunflower seed flour was solubilized in water, at pH 9 in the
presence of sodium sulfite (<5% w/w), centrifuged and the supernatant
was discarded. The solid residue was resuspended in water, centrifuged
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again and at the end, the supernatant was collected. After, the proteins
of the supernatants were precipitated at pH 4.25 and neutralized. The
solution was pasteurized and subjected to spray drying, obtaining a
protein isolate (moisture 1.9 %, proteins 84.4 %, fats 10.7 % and 0.4 %
crude fiber). The protein recovery, expressed as isolate proteins/flour
proteins, was 63.9 %, with a process yield, expressed as isolate weight/
flour weight, of 36.8 %.

2.2. Simulation of the gastrointestinal digestion of SPI and production of a
peptide enriched fraction (PEF)

SPI underwent simulated gastrointestinal digestion following the
protocol described by Brodkorb et al. (2019), with modifications by
Tonolo, Moretto, et al. (2020). Briefly, freshly prepared simulated
gastrointestinal fluids were used to mimic the physiological conditions
of human digestion. The digestion was carried out by three sequential
phases. In the oral phase, 0.5 g of SPI were mixed with 4 mL of the
simulated salivary fluid, SSF (15.1 mM KCl, 3.7 mM KH3PO4, 13.6 mM
NaHCO3, 0.15 mM MgCly(H20)6 and 0.06 mM (NH4)2CO3) and 1.5 mM
CaCly(H20),. After reaching pH 7.0, water was added to a final volume
of 20 mL and the mixture was incubated at 37 °C for 2 min in an orbital
shaker. Subsequently, the obtained oral bolus was added with 16 mL of
simulated gastric fluid, SGF (6.9 mM KCl, 0.9 mM KH3PO4, 25 mM
NaHCOs, 47.2 mM NacCl, 0.1 mM MgCly(H20) and 0.5 mM (NH4)2CO3
and 0.15 mM of CaCly(H20)5) and 1 mL of pepsin solution (1:20 enzyme
to substrate ratio). The pH was lowered to 2.5 with 6 M HCI and the
volume was brought to 40 mL with water. After 90 min at 37 °C at 150
rpm, gastric chyme was mixed with 17 mL of simulated intestinal fluid
SIF (6.8 mM KCl, 0.8 mM KH,P0O4, 85 mM NaHCOs, 38.4 mM NaCl,
0.33 mM MgCly(H20)6), 0.6 mM of CaCly(H20)5) and pancreatin stock
solution (1:20). After the neutralization, the mixture was incubated for
2 h at 37 °C at 150 rpm. At the end, digestive enzymes were inactivated
by heating the digested SPI at 85 °C for 15 min. Samples were main-
tained at —20 °C until extraction of peptides. Using the solid-phase
extraction technique outlined by Tonolo, Fiorese, et al. (2020), two
fractions enriched with peptides from the digested SPI were obtained.
The fraction eluted with 5-30 % acetonitrile (ACN), referred to as PEF
throughout the text, was selected for further analysis due to its high
peptide content.

2.3. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis and peptide identification

PEF was dissolved with 3 % ACN/0.1 % formic acid (FA) and sub-
jected to LC-MS/MS analysis using a LTQ-Orbitrap XL mass spectrom-
eter (Thermo Fisher Scientific, Waltham, MA, USA), connected with a
nano-HPLC Ultimate 3000 (Dionex-Thermo Fisher Scientific, Wal-
tham, MA, USA) (Aebersold & Mann, 2003; Han et al., 2008; Heck &
Krijgsveld, 2004). Briefly, the solution was loaded onto a 10 cm home-
made pico-frit chromatographic column (75 pm internal diameter, 15
um tip, New Objective, Littleton, MA, USA) packed with C18 material
(Aeris Peptide 3.6 um XB-C18, Phenomenex, Torrance, CA, USA). Pep-
tides were separated with a gradient of ACN/0.1 % FA increasing line-
arly from 3 % to 40 % in 20 min. A data-dependent acquisition (DDA)
method was applied. Raw data files were analyzed with the Proteome
Discoverer software (version 1.4, Thermo Fisher Scientific, Waltham,
MA, USA) connected to a Mascot Search engine (version 2.2.4, Matrix
Science, London, UK) against the UniProt database (Sunflower section,
version October 202184477 sequences) concatenated with a database of
common contaminants found in proteomics experiments. For the unre-
stricted search (no enzyme), peptide and fragment tolerance were set at
10 ppm and 0.6 Da, respectively. All identified peptides were reported in
Supplementary Data section.
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2.4. Molecular docking analysis

The identified peptides were screened using an in silico molecular
docking approach to identify those that may have antioxidant effects.
The Kelch domain of Keapl, which binds to a conserved DXETGE motif
located in the Neh2 domain of Nrf2 (PDB 2FLU), was chosen as target for
the docking analysis (Lo et al., 2006). The Nrf2 peptide present in the
crystal structure was deleted, and the resulting model was equilibrated
and protonated in preparation for molecular docking. The peptide-
protein interaction was assessed using two different docking methods,
CABS-Dock and GalaxyPepDock, simultaneously (Kurcinski et al., 2015;
Lee et al., 2015). According to the docking protocols used, the procedure
is unbiased regarding the pre-selection of the possible binding site.
However, in agreement with the internal binding score of each software,
the peptides that bound with the Neh2 binding site of Nrf2 were
preferred. The docking results were then analyzed using PISA (Proteins,
Interfaces, Structures and Assemblies), and the peptides were scored
based on their binding affinity and the quality of the docking prediction
(Dominguez et al., 2003; Tonolo, Moretto, et al., 2020).

2.5. Peptide synthesis

Starting from the list of peptide sequences identified by nLC-MS/MS,
the selection of the peptides was based on the highest scores obtained
from the molecular docking analysis and on their length. Eight peptides,
chosen from the list reported in Table S1, were synthesized employing a
solid-phase technique performed on a fully automated peptide synthe-
sizer (Syro II, MultiSynTechGmbh), as previously reported in Tonolo,
Folda, et al. (2020).

They were D-8-K (DVAMPVPK) from translation elongation factor 1,
V-9-G (VETGVIKPG) from elongation factor 1 alpha (Fragment), I-10-A
(IIVDDVNNPA) from Putative 11-Seed storage protein, plant, RmlC-like
jelly roll fold protein, A-10-D (ANINDASRPD) from Cruciferina-like
protein, Q-11-T (QGIMLPGCPET) from Putative glutelin type-B 1, T-
11-E (TTHTNPPPEAE) from Putative temperature-induced lipocalin, P-
12-V (PADVTPEEKPEV) from Putative histone H5 and L-14-G
(LTHPQHQQQGPSTG) from Oleosin. All the synthesized peptides
belonged to reference proteins of Helianthus annuus L. proteome.

2.6. In vivo model: Evaluation of the effects of PEF on the capacity of
zebrafish larvae to cope with a stress condition

Zebrafish larvae were raised in fish-water at 28 °C until 5-6 d post
fertilization (dpf) on a 12 h light /12 h dark cycle using standard pro-
cedures. On the day of the experiment, the larvae were divided into two
groups: a control group maintained at 28 °C and a group placed in 10 °C
water for 5 min. The latter group was further divided into 3 experi-
mental groups: an acute group tested immediately after the cold stress,
and two recovery groups tested after a 1-h recovery period. One of the
two recovery groups received PEF treatment at a final concentration of
0.05 mg/mL in the cold water. For each test, a standard 24-well plate
was utilized with one larva placed in each well. Each plate contained
different experimental groups. The test was conducted using a Dan-
ioVision system (Noldus, Wageningen, the Netherlands). The protocol
included an initial phase of light lasting 10 min, followed by alternating
periods of light and darkness, each lasting 10 min. Python was used to
preprocess the DanioVision datasets. Kernel Density estimation for the
fish position probability was estimated using Scipy software (version
1.9.3, Virtanen et al., 2020).

2.7. Evaluation of bioactive peptides effects on Caco-2 cells

For cellular tests, Caco-2 cells (human colon-rectal adenocarcinoma)
were cultured in DMEM (Dulbecco’s Modified Eagle’s Medium) sup-
plemented with 10 % FBS, at 37 °C with 5 % CO, atmosphere.
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2.7.1. MTT assay

Caco-2 cells (1 x 104) were seeded in a 96-well plate and treated
with either PEF or synthetic peptides (0.05 mg/mL) to assess cell
viability (Tonolo et al., 2018; van Meerloo et al., 2011). After the
treatment, the medium was removed, and 0.1 mL of MTT solution (0.5
mg/mL) in PBS (1x) was added. The plate was then incubated in the
dark at 37 °C and 5 % CO, for 3 h. The MTT solution was then discarded,
and 0.1 mL of a solution containing isopropanol and DMSO in a ratio of
9:1 was added to stop the reaction. The plate was further incubated for
15 min at 37 °C in the dark. The absorbance was followed (Abssgs_g90)
using a plate reader (Tecan Infinite® M200 PRO, Mannedorf,
Switzerland). Where specified, oxidative stress was induced by treating
the cells with 250 uM tert-butyl hydroperoxide (TbOOH) for 18 h after
the pre-treatment with peptides or PEF.

2.7.2. Estimation of ROS levels in Caco-2 cells

ROS levels in Caco-2 cells were measured using 5-(and 6)-chlor-
omethyl-2',7"-dichlorohydrofluorescein diacetate (CM-H2DCFDA, Mo-
lecular Probes, Thermo Fisher Scientific, Waltham, MA, USA) (Tonolo,
Folda, et al., 2020). Caco-2 cells (1 x 10*) were seeded in a 96-well plate
and treated with synthetic peptides (0.05 mg/mL) for 24 h. The cells
were then rinsed with 0.1 mL of PBS (1 x) containing 10 mM glucose and
incubated with 10 uM of the CM-H2DCFDA probe. After 20 min in the
dark, the probe was removed, and the cells were washed as mentioned
above. To induce oxidative stress conditions, 250 uM of TbOOH was
used. The increase in fluorescence was measured using a TECAN plate
reader at 485 nm (excitation wavelength) and 527 nm (emission
wavelength) over a period of 90 min. The reported results are expressed
as the percentage of the fluorescence at 90 min respect to the values
observed in untreated group (Cnt).

2.7.3. Lipid peroxidation assay

Lipid peroxidation was assessed following the method described by
Tonolo, Folda, et al. (2020). Caco-2 cells (5 x 10°) were seeded in a 6-
well plate in the presence of peptides (0.05 mg/mL). After 24 h, 250 pM
TbOOH was added to induce oxidative stress for a duration of 1 h and 30
min. Cells were then washed with 1 mL of PBS (1x) and treated with a
mixture of 1 mL of 0.1 N H2SO4 and 150 pL of 10 % phosphotungstic
acid. Samples were centrifuged at 15,600 g for 10 min and this process
was repeated twice. The resulting dry pellets were dissolved in a solution
containing 0.35 % IGEPAL, 0.014 % BHT, and 0.23 % thiobarbituric acid
in a HyO/acetic acid mixture (1:1) in a final volume of 0.25 mL. Samples
were then incubated at 95 °C for 60 min. Subsequently, the cooled
samples were centrifuged at 15,600 g for 10 min. Supernatants were
treated with 400 pL of n-butanol, vigorously mixed, and centrifuged
again for 15 min. The upper phase containing the thiobarbituric acid
reactive substances (TBARS), which were by-products of lipid peroxi-
dation, was measured fluorimetrically at 530 nm (excitation wave-
length) and 590 nm (emission wavelength) using a TECAN plate reader.

2.7.4. Preparation of nuclear fraction

Caco-2 cells were seeded in T25 flasks and treated with peptides at a
concentration of 0.05 mg/mL for 24 h (Tonolo et al., 2022; Tonolo,
Fiorese, et al., 2020). To obtain nuclear and cytosolic fractions, the
following procedure was performed: cells were lysed on ice for 15 min
using 100 pL of a solution containing 10 mM Hepes/Tris pH 7.9, 0.1 mM
EGTA, 0.1 mM EDTA, 0.1 mM PMSF, 10 mM KCl, 1 mM NaF, and a
protease inhibitor cocktail (Merck, Darmstadt, Germany). Subsequently,
IGEPAL was added to the final concentration of 5 %, and the samples
were mixed for 15 sec before being centrifuged at 1,000 g for 10 min at
4 °C. The resulting pellet, representing the nuclear fraction, was then
dissolved in a solution containing 20 mM Hepes/Tris pH 7.9, 1 mM
EGTA, 1 mM EDTA, 0.4 M NaCl, 0.1 mM PMSF, 1 mM NaF, and protease
inhibitors. The mixture was mixed every 2 min for 10-15 sec. Samples
were centrifuged at 20,000 g for 10 min at 4 °C. Nuclear proteins (30 pg)
were loaded onto a 10 % SDS-PAGE and subjected to Western blot
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analysis to determine the levels of Nrf2, NF-kB and IkB with PCNA and
GAPDH being used as the loading control (Tonolo et al., 2022; Tonolo,
Fiorese, et al., 2020). Densitometry evaluation was performed using the
Nine Alliance software (Mini 9 17.01 version, Uvitec Alliance, Cam-
bridge, UK).

2.7.5. RNA extraction and qRT-PCR

To evaluate the anti-inflammatory effect of bioactive peptides, Caco-
2 cells were plated (4.5 x 10° per well in a 6-well plate) and exposed to a
concentration of 0.05 mg/mL for each peptide. After 22 h, the cells were
stimulated with 2 ng/mL of TNF-«a for additional 2 h. Total RNA was
extracted using TRIzol reagent (ThermoFisher, Waltham, MA, USA)
following the manufacturer’s protocol. Total RNA (1 ug) was reverse
transcribed using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Waltham, MA, USA), according to the manufac-
turer’s instructions. The obtained ¢cDNA (5 pg) was used in a qRT-PCR
reaction with PowerUp SYBR Green (Applied Biosystems). Data for
each sample were normalized to the endogenous reference gene p-actin.
Primers used were as follows: p-actin forward 5-TGA-
GATGCGTTGTTACAGGA-3/, reverse 5-ACGAAAGCAATGCTATCA-3
IL-6 forward 5-AACCTGAACCTTCCAAAGATGG-3, reverse 5-
TCTGGCTTGTTCCTCACTACT-3’; IL-8 forward 5-TTGGCAGCCTTCCT-
GATT-3, reverse 5-~AACTTCTCCACAACCCTCTG-3’; TNF-a forward 5'-
ATGAGCACTGAAAGCATGATCC-3, reverse 5-GAGGGCTGATTAGA-
GAGAGGTC-3'. Data analysis was performed using the AACt method.

2.7.6. Oxygen consumption rate (OCR) measurements

For OCR measurements, cells were plated in XF24-well cell culture
microplates (Agilent, Santa Clara, CA, USA). After 24 h, cell medium was
replaced with 2 % FBS DMEM in the presence of PEF-derived bioactive
peptides (0.05 mg/mL). After 90 min, medium was replaced with DMEM
(Sigma Aldrich), supplemented with 5 mM glucose, 33 mM NaCl, 25 mM
HEPES, in the presence of SPI-derived bioactive peptides (0.05 mg/mL).
Then, 30 min later OCR measurements were performed. Thus, total
peptide incubation lasted 2 h. OCR was assessed in realtime with the
XF24 Extracellular Flux Analyzer (Agilent). A titration was performed to
utilize the concentration of carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (CCCP, 1 pM) that maximally in-
creases OCR. OCR was measured in basal condition and following the
addition of 2 pM oligomycin, to assess ATP-linked respiration, 1 pM
CCCP, to assess maximal respiration, and 1 pM rotenone/1 pM anti-
mycin A to assess non-mitochondrial respiration. The OCR was
normalized for the protein content.

2.8. Statistical analysis

Values were indicated as mean + SD of at least 3 independent ex-
periments. The analysis of variance was performed with multiple com-
parison test through the Tukey-Kramer method. OriginPro software
(OriginLab Corporation, Northampton, MA, USA) was utilized for the
analysis. Only differences with p < 0.05 were considered significant.

3. Results and discussions

3.1. Sunflower PEF ameliorates the capacity of zebrafish larvae to cope
with a stress condition

With the intention of assessing the bioactive potential of the sun-
flower peptide enriched fraction (PEF), we initially examined its bene-
ficial effect on a model animal’s well-being, with the final goal of
identifying the peptides responsible for this outcome and characterizing
their molecular mechanism. To explore the potential of PEF in allevi-
ating the consequences induced by cold exposure, we chose to study the
thermal responses in zebrafish (Danio rerio), a suitable model for this
purpose (Chou et al., 2008; Reid et al., 2022; Tseng et al., 2011; Wu
et al., 2015). Indeed, thermal stress can have adverse effects on animal
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well-being and health and various evidence indicate that cold stress
induces mitochondrial metabolic disorders and increases production of
ROS, which, in turn, may result in oxidative stress, and inflammation in
the brain and in several other tissues (Donaldson et al., 2008; Lu et al.,
2019; Reid et al., 2022; Tseng et al., 2011). Zebrafish larvae (5-6 dpf)
were immersed in cold water (10 °C) and the motor behavior was
assessed by an automatic device (DanioVision) which tracks the motility
of the larvae (Fig. 1A). In agreement with previous studies (Bai et al.,
2016; Reid et al., 2022), we found that larvae exposed to cold water
exhibited statistically significant decrase in motility, measured as
average distance travelled and reduced average speed in respect to
controls (which were immersed in water in physiological conditions,
about 28 °C), as shown in Fig. 1. These results agree with the metabolic
alterations induced by cold temperature, which causes reduced avail-
ability of oxygen and energy required for proper motor activity. To
assess the effect of PEF on larvae motility upon cold exposure, a second
group of larvae was immersed in cold water in presence of PEF, while the
control group was immersed in cold water without PEF. Both groups
were then placed at 28 °C for about 1 h. As reported in Fig. 1 (C and D),
which shows the motility of the larvae and the statistics related to the
different experimental conditions, the group of zebrafish larvae exposed
to cold water + PEF recovered completely the motility, travelling for an
average distance and at a speed which were similar to controls (larvae
maintained at 28 °C). On the contrary, the larvae immersed in cold
water without PEF exhibited only a small increase in the average dis-
tance and speed with respect to controls (see the video in SM showing
representative larva’s motility in each experimental condition). Exces-
sive oxidative stress and altered energy metabolism are assessed as the
primary reasons for fish mortality at low temperatures, while reduced
oxidative stress has been found to enhance tolerance to acute cold stress.
Considering the effect of cold temperature on oxidative stress and
metabolism, as reported by Kyprianou et al. (2010), along with our
findings, we deduced that the positive impact of PEF on cold-exposed
animals stemmed from its antioxidant and anti-inflammatory proper-
ties. In accordance, Caco-2 cells treated with PEF exhibited enhanced
resistance to the oxidative stress induced by TbOOH (Fig. S1).

3.2. Identification and molecular docking analysis of bioactive peptides
present in sunflower PEF

Based on the evidence obtained in vivo, our investigation aimed to
explore the presence of antioxidant peptides in PEF. The primary focus
was on the Keapl/Nrf2 pathway, which plays a crucial role in the
cellular antioxidant capacity (Tonolo et al., 2023; Tonolo, Fiorese, et al.,
2020; Tonolo, Folda, et al., 2020). The sequences of peptides present in
PEF were identified using nano liquid chromatography/tandem mass
spectrometry. Several peptides from sunflower proteins were confi-
dently identified (Supplementary Data) and their sequences are reported
in Table S1. First, peptides were selected based on their length (less than
20 amino acids). Subsequently, to optimize the selection of peptides
with antioxidant properties, a molecular docking approach was utilized
to assess the activation of the Keap1/Nrf2 system. In our previous works,
we demonstrated that this signaling cascade stimulates the expression of
various antioxidant enzymes, and peptides derived from fermented milk
have been found to exhibit antioxidant capacity through this pathway
(Tonolo, Fiorese, et al., 2020; Tonolo, Folda, et al., 2020). The in silico
screening for interaction of peptides with the Kelch domain of Keapl
was recently suggested as a new methodological approach to identify
potential antioxidant peptides (Tonolo et al., 2023).

As shown in Table S2, a score was assigned to each selected peptide,
indicating the probability of interaction with Keapl. The docking score
is based on the specific amino acidic interaction, the calculated disso-
ciation energy of the system, and the overall quality of the predicted
complex. To facilitate readability, this probability is represented using a
chromatic scale from green to red, where green indicates a higher
probability and red indicates a lower probability (Table S2). Peptides D-
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Fig. 1. Effects of PEF on zebrafish larvae under cold stress conditions. (A) Example of the movement traces of a zebrafish larva freely swimming in well filled with
water at 28 °C (control); (B) Gaussian probability density estimation to find the larva in a certain point of the space (i.e. the well). Darker colors indicate higher
probability. (C) Zebrafish larvae placed in cold water (10 °C) exhibited dramatically reduced motility, measured as average distance (red box) compared to control
larvae immersed in normal temperature water (28 °C) (blue box). After acute cold stress, the addition of PEF to cold water favored complete recovery of larvae
motility after 60 min at 28 °C (orange box) compared to larvae immersed in cold water without PEF (negative controls) (yellow box). (D) Cold water also significantly
reduced the average swimming speed of zebrafish larvae (red box) compared to controls (blue box). Similarly to what is observed for motility, PEF rescued the
average speed of zebrafish larvae compared to controls, at the end of the recovery period of 60 min at 28 °C (orange box). (n = 44, distributed as 16 controls, 12 acute
cold, 8 cold stress and 8 cold stress + PEF), *** p < 0.001, ** p < 0.01, * p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

8-K, V-9-G, I-10-A, Q-11-T, T-11-E, P-12-V and L-14-G were identified
as the most likely interactors of Keapl (Fig. 2). Consequently, these
peptides were selected and synthesized for the subsequent evaluation of
their antioxidant activity in a cell model. Moreover, we included an
additional peptide (A-10-D) in our assays as a negative control owing to
its negative score.

3.3. Antioxidant capacity of PEF peptides in Caco-2 cells

Peptides selected as described above, were tested for their capability
to inhibit the interaction between Keapl and Nrf2 in Caco-2 cells. The
choice of a cell line that mimics intestinal cells was made because these
cells are the first ones which encounter the ingested peptides and play a
vital role in coordinating the immune response. First, these peptides,
tested for cell viability, exhibited no cytotoxic effects (Fig. S2).
Furthermore, to evaluate their antioxidant activity, cells were pre-

treated with the peptides for 24 h and, after induction of oxidative
stress with 250 uM TbOOH, ROS production was determined. In pres-
ence of peptides alone, ROS values were similar to the basal production
(Fig. S3). However, as reported in Fig. 3A, when cells were pre-treated
with D-8-K, T-11-E, P-12-V and L-14-G and then exposed to oxidative
stress the amount of ROS production was significantly reduced, while
pre-treatment with the other peptides did not show the ability to reduce
induced oxidative stress. Subsequently, the antioxidant action of the
peptides was confirmed by the lipid peroxidation assay. Caco-2 cells
were pre-treated with the peptides for 24 h and, then 250 uM TbOOH
was added to cause lipid peroxidation. As reported in Fig. 3B, especially
D-8-K, V-9-G, T-11-E, L-14-G, and P-12-V were able to prevent the
generated lipid peroxidation, bringing back to baseline values as in the
absence of the peroxidative stimulus (the untreated control).
Therefore, we can conclude that the peptides selected with the in
silico docking approach for their ability to interact with the Keapl
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Fig. 2. Molecular docking analysis of the interaction between Keapl and the peptides. Molecular docking analysis of the interaction between Keapl and the
following peptides: (A) D-8-K, (B) V-9-G, (C) Q-11-T, (D) T-11-E, (E) P-12-V, and (F) L-14-G. The analysis focuses on the interaction between the peptides and the
Kelch domain of Keapl (shown in light blue), which illustrates the binding geometry. Magnification highlights the H-bond interactions represented in red, and
protein-peptide interaction diagrams are also provided. Charged negative: red; charged positive: blue; hydrophobic: light green; polar: light blue. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

domain, were capable of reducing induced oxidative stress in the 3.4. PEF peptides activate the Keap1/Nrf2 pathway

cellular context. Notably, A-10-D, chosen for its inability to interact with

the Kelch domain in silico, did not show a reduction in ROS production, To unravel the molecular mechanism by which sunflower PEF-

nor was it able to prevent lipid peroxidation in Caco-2 cells. derived bioactive peptides induced an antioxidant response in human
cells, we extracted cell nuclear fractions from Caco-2 cells following
treatment with the specific peptides and we quantified the content of
Nrf2 as a readout of activation of the Keapl/Nrf2 pathway. Among the
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Fig. 3. Caco-2 cells treated with PEF peptides showed protection against oxidative stress. (A) ROS production was evaluated in Caco-2 cells pre-treated with the
indicated peptides. In brief, cells were treated with peptides (0.05 mg/mL) for 24 h, then loaded with 20 uM CMH,;DCFDA. To induce oxidative stress, cells were
subjected to TbOOH (250 uM) during the ROS detection (90 min). Data were expressed as a percentage of the values observed in nontreated group. (B) Lipid
peroxidation evaluated by the production of thiobarbituric acid-reactive substances (TBARS). Caco-2 cells were pre-treated with peptides (0.05 mg/mL) for 24 h and
oxidative stress was induced with 250 uM TbOOH. TBARS production was estimated fluorometrically and the data were expressed as a percentage of the values
observed in nontreated group. ### p < 0.001 vs. nontreated group (Cnt). Means of at least 3 experiments were compared. ** p < 0.01, * p < 0.05 vs. treated

group (TbOOH).

peptides examined, D-8-K, T-11-E and P-12-V facilitated the trans-
location of Nrf2 into the nucleus (Fig. 4, panel A). As expected, the
peptide A-10-D, which was predicted to lack interaction with Keapl,
induced no accumulation of Nrf2 in the nuclear fraction. After Nrf2
translocation into the nucleus, it interacts with the Antioxidant
Response Elements (ARE) sequences, which promote the expression of
phase II and antioxidant enzymes (Baird & Dinkova-Kostova, 2011). To
verify if PEF peptides act through this pathway, we evaluate by RT-PCR
the expression of ARE-regulated enzymes in Caco-2 cells treated with the
5 antioxidant peptides plus the negative control, for 24 h. As depicted in
Fig. 4 (panels B-E), the peptides V-9-G, P-12-V, and L-14-G demon-
strated the ability to enhance HMOX1 expression through the activation
of the Nrf2 pathway (panel B). Among them, only P-12-V induced NQO1
expression (panel C). Both V-9-G and P-12-V were found to induce
TXNRD1 (panel D). However, it should be noted that the impact on
SOD1 expression by Nrf2 activation through the peptides was lower
(panel E), as SOD1 is not the primary target gene of Nrf2 activation
(Tonelli et al., 2018; Tonolo, Moretto, et al., 2020).

3.5. PEF bioactive peptides inhibit the expression of pro-inflammatory
cytokines and the activation of NF-xB pathway

The anti-inflammatory role of Nrf2 is well-established (Wardyn et al.,
2015). Recently, we have confirmed the crosstalk between Nrf2 and NF-
kB, using milk and soy-derived bioactive peptides that showed, among
antioxidant properties, anti-inflammatory effects (Tonolo et al., 2022).
Therefore, we treated Caco-2 cells with peptides for 24 h, either alone or
in the presence of TNF-a for the last 2 h. TNF-« is a potent inducer of pro-
inflammatory cytokines and chemokines, such as IL-6, TNF-a, and IL-8.
After treatment, cells were harvested, and mRNA was extracted and
retrotranscribed into cDNA. The ¢cDNA was then amplified using qRT-
PCR with primers specific to the mentioned cytokines. As shown in
Fig. 5 (panels A-C), some peptides affected the cytokine-induced upre-
gulation of these genes in the presence of TNF-a. Among the six peptides
tested, P-12-V demonstrated the most significant anti-inflammatory
activity. In this regard, considering that Nrf2 inhibits the activation of
the transcription factor NF-kB by preventing its translocation into the
nucleus, and NF-kB induces the expression of various pro-inflammatory
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Fig. 4. Activation of Keapl/Nrf2 pathway in Caco-2 cells treated with the indicated peptides. (A) Nrf2 levels were estimated by Western blot detection in isolated
nuclear fractions as indicated in Materials and methods. The densitometric analysis of three different experiments using PCNA as a loading control was reported.
(B-E) The expression of antioxidant enzymes in Caco-2 cells treated with the indicated peptides was carried out by qRT-PCR. ARE-regulated enzymes: (B) HMOX1,
(C) NQO1, (D) TXNRD1, and (E) SOD1 were reported and the data were normalized to an endogenous reference gene (f-actin). Means of at least 3 experiments were
compared. *** p < 0.001, ** p < 0.01, * p < 0.05.
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Fig. 5. Anti-inflammatory effects of bioactive peptides. (A-C) mRNA expression of IL-6, IL-8 and TNF-« in Caco-2 cells stimulated with bioactive peptides with or
without 2 ng/mL TNF-« challenge. mRNA expression was determined by qRT-PCR and data were normalized to an endogenous reference gene (f-actin). Expression
levels of treated cells are relative to values of untreated cells set as 1. Data are shown as mean + SEM of 5 independent experiments. Significance was determined by
the one-way analysis of variance (ANOVA) test *p < 0.05; **p < 0.01. (D) NF-xB and IkB levels: Caco-2 cells were pre-incubated with 0.05 mg/mL of each peptide for
24 h, before the exposure to 2 ng/mL TNF-« for 2 h. Western blot detection of the abundance of NF-kB in nuclear fractions and IkB in the cytosolic compartment was
performed. Densitometric analysis was carried out using PCNA or GAPDH as the loading control for the nuclear and cytosolic fractions, respectively. Means of at least
3 experiments were compared. ### p < 0.001 and # p < 0.05 vs. nontreated group (Cnt); ** p < 0.01 and *p < 0.05 vs. only TNF-a-treated group.

genes, including those encoding cytokines and chemokines, we evalu-
ated the translocation of the mentioned transcription factor into the
nucleus in Caco-2 cells treated with P-12-V, before the exposure to TNF-
a. As depicted in Fig. 5D, P-12-V reduced the levels of NF-kB in the
nucleus (panel D), while increasing the cytosolic amount of the NF-xkB
inhibitor (IxB), indicating a reduction in the activation of the pro-
inflammatory pathway.

3.6. PEF bioactive peptides modulates oxidative metabolism

The activity of the mitochondrial electron transport chain couples O,
consumption to ATP production (Nolfi-Donegan et al., 2020; Vercellino
& Sazanov, 2022). As side products of O reduction, physiological levels
of ROS are produced (Nolfi-Donegan et al., 2020). In healthy functional
mitochondria, a decrease in O, consumption also leads to a reduction in
ROS generation (Hulbert et al., 2007). Therefore, we aimed to determine
whether the sunflower PEF-derived bioactive peptides had any effect on
mitochondrial activity, which, in turn, could impact mitochondrial ROS
(mROS) generation. To do this, we measured the oxygen consumption
rate (OCR) in Caco-2 cells after 2 h of treatment with PEF-derived
bioactive peptides. Among the peptides, P-12-V, D-8-K, and V-G-9
reduced the basal and the ATP-linked OCR (Fig. 6 panel A and C). P-12-
V significantly reduced also maximal OCR. Additional peptides,
including I-10-A, Q-11-T and T-11-E had a significant effect on the
maximal OCR (Fig. 6 panel B). Remarkably, A-10-D also impacted on the
latter, although it proved ineffective in altering both basal and ATP-
linked OCR. In all cases, the OCR trend was maintained, even if

slightly reduced, as indicated in Fig. S4, suggesting that mitochondria
remained functional after treatment with PEF-derived peptides. These
data suggest that, in addition to the activation of the Keapl/Nrf2
pathway, which leads to the expression of antioxidant enzymes, a
reduction in mitochondrial activity may contribute to the antioxidant
effect of selected peptides.

4. Conclusions

In this study, we have introduced an innovative method for pro-
ducing a sunflower seed protein isolate (SPI) designed for food appli-
cations. Moving from the protein isolate, we obtained a sunflower
peptide-enriched fraction (PEF). We commenced by assessing the
impact of this matrix on the well-being of a model animal, with the goal
of identifying the responsible peptides and elucidating their molecular
mechanisms. After obtaining evidence of the fraction’s positive impact
on stressed animals, attributable to its antioxidant and anti-
inflammatory properties, our focus shifted to the exploration of anti-
oxidant peptides within PEF. We concentrated primarily on the Keapl/
Nrf2 pathway, which plays a pivotal role in cellular antioxidant capac-
ity. Our results revealed that several peptides, having the highest in silico
interaction scores with Keapl, indeed exhibited significant antioxidant
capabilities. Remarkably, out of the seven tested peptides, five were able
to significantly reduce oxidative stress in a cellular model. Furthermore,
for three of these peptides, we observed an impact on mitochondrial
metabolism. In the case of one peptide, PADVTPEEKPEV, we success-
fully demonstrated both its antioxidant and anti-inflammatory
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Fig. 6. Mitochondrial metabolism modulations by PEF-derived bioactive peptides. OCR measurement in Caco-2 cells after 2 h of treatment with 0.05 mg/mL of the
PEF-derived bioactive peptides. (A) basal respiration; (B) maximal respiration; (C) ATP-linked respiration. To calculate basal and maximal respiration, non-
mitochondrial O, consumption was subtracted from absolute values. ATP-linked respiration was calculated as the difference between basal and oligomycin-
insensitive O, consumption. Data are normalized by protein content and are presented as mean + SD. Means of at least 3 experiments were compared. *** p <

0.001, ** p < 0.01, * p < 0.05.

activities. Considering the link between inflammation, oxidative stress,
and the pathogenesis of numerous chronic diseases, understanding how
bioactive peptides, obtained from residues, can influence metabolic
pathways is crucial for the development of functional foods with bene-
ficial effects on human health and on environment sustainability.
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