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Fava bean and pea protein hydrolysates modulate
stress responses in C. elegans through different
mechanisms
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The growing global demand for protein, combined with the urgent need for effective strategies to

manage conditions such as obesity and diabetes, highlights legume proteins as valuable sources of

derived bioactive peptides with health-promoting properties. In this study, we employed the

Caenorhabditis elegans model to investigate the effects of supplementation with hydrolysates derived

from fava bean and pea protein on healthspan. Supplementation with fava bean and pea protein hydroly-

sates reduced fat accumulation and age-related lipofuscin pigment in the worms, without impairing their

development. The fava bean protein hydrolysate significantly decreased total reactive oxygen species

levels and enhanced stress tolerance to juglone exposure, suggesting the modulatory activity of the mito-

chondrial oxidative stress response. In contrast, pea protein hydrolysate improved the heat stress resis-

tance of C. elegans, and gene expression and mutant analyses revealed the involvement of the endoplas-

mic reticulum unfolded protein response (ER-UPR) pathway in mediating its health-promoting effects.

Together, our data demonstrate that fava bean and pea protein hydrolysates support healthspan in

C. elegans by modulating distinct cellular stress response pathways and pave the way for further investi-

gation in more complex animal models.

1. Introduction

The growing global demand for protein makes it necessary to
look for environmentally friendly alternatives to animal-based
sources.1 In parallel, the alarming rise in obesity and type 2
diabetes highlights the importance of exploring protein
sources as potential beneficial strategies for weight loss and
obesity management by positively influencing metabolism,
appetite, and body composition.2

Bioactive peptides are short chains of amino acids (2–15
residues) that have emerged as promising agents in combating
oxidative stress and cellular aging—two key processes involved

in the maintenance of metabolic health, the disruption of
which significantly influences the development of diseases
such as obesity and insulin resistance.3–5 These peptides,
released during protein digestion or food processing, exhibit
strong antioxidant properties by scavenging free radicals and
enhancing the activity of endogenous antioxidant enzymes. By
reducing oxidative damage to cells and tissues, they help to
preserve mitochondrial function and reduce chronic low-grade
inflammation, both of which are closely linked to metabolic
dysfunction.5 Additionally, some peptides can modulate sig-
nalling pathways related to aging and metabolic regulation,
potentially improving insulin sensitivity and preventing
adipose tissue dysfunction.6 Specifically, bioactive peptides
have been shown to interact with cellular stress-response net-
works by activating antioxidant defence systems, mainly
through the modulation of major oxidative protein pathways
while also alleviating endoplasmic reticulum stress.7,8

Accordingly, supplementation with sources of bioactive pep-
tides, such as protein hydrolysates from different origins, has
emerged as a valuable nutritional strategy for mitigating oxi-
dative stress, promoting healthy aging and reducing the risk of
metabolic disorders.5 In this regard, legumes have been widely
studied due to their high protein content compared to other
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plant-based foods. However, their importance lies not only in
their nutritional value but also in their ability to generate,
after hydrolysis, bioactive peptides with beneficial effects on
metabolism.9 In this context, pea (Pisum sativum) and fava
bean (Vicia faba) proteins have gained particular attention as
sources of bioactive peptides. Previous studies have shown that
enzymatic hydrolysis of their proteins releases peptides with
antioxidant and metabolic regulatory activities.10–12

In vivo models are essential for investigating the effect of bio-
active peptides on the modulation of different signalling path-
ways and their interconnections.13 In this context, C. elegans is a
simple and well-established organism widely used to investigate
the effect of different bioactive compounds on diverse signalling
pathways, including those involved in lipid and carbohydrate
metabolism, as well as cellular stress responses. Although this
model has been employed to evaluate the effect of supplemen-
tation with specific peptides derived from protein
hydrolysates,14,15–17 little is known about the functional impact
of legume-derived protein hydrolysates in this in vivo model.18

The objective of this work was to evaluate the potential
bioactivity of fava bean and pea protein hydrolysates on lipid
accumulation, oxidative stress, stress resistance and senescence
using C. elegans as an experimental model. Gene expression
and mutant analyses were performed to elucidate the possible
mechanisms of action of each specific protein hydrolysate.

2. Experimental
2.1. Fava and pea protein hydrolysates

Pea and fava bean hydrolysates were obtained from the corres-
ponding pea protein (47.8% protein) and fava bean (60.4%
protein) concentrates, which were supplied by Grupo AN,
S. Coop. (Navarra, Spain) and Sanygran (Navarra, Spain) and
previously described by Uriz-Martínez et al. (2025).19 Both con-
centrates were subjected to controlled enzymatic hydrolysis.
The specific conditions of the method are proprietary and pro-
tected by industrial property rights.

The obtained hydrolysates were analysed for proximate com-
position. Protein, moisture, ash and fat were determined
according to AOAC official methods20 and carbohydrates were
calculated by difference. To ensure correct hydrolysis SDS-PAGE
electrophoresis (12.5% polyacrylamide) was performed.

2.2. Amino acid composition

Pea and fava bean protein hydrolysates were subjected to acid
hydrolysis with 37% HCl, incubated in an oven at 105 °C for
one day, and subsequently neutralized with 33% NaOH to pH
6–7. The amino acid composition was determined using a
Waters™ Kairos™ Amino Acid Kit – Low Throughput. An
initial protein precipitation step was carried out with 0.1%
formic acid in methanol, followed by the protocol specified in
the kit. The samples were then analysed by ultra-high-perform-
ance liquid chromatography (ACQUITY UPLC H-class, Waters)
coupled with a quadrupole ion trap mass spectrometer
(QTRAP 5500, SCIEX) (LC-MS), operating in positive electro-

spray ionization (ESI+) mode using MRM. Chromatographic
separation was performed at 55 °C on a CORTECS C18 2.1 ×
150 mm, 1.6 μm column (Waters). A gradient of water (mobile
phase A) and acetonitrile (mobile phase B), both containing
0.1% formic acid, was used at a flow rate of 0.5 mL min−1.
Amino acid composition was expressed as a percentage of the
total amino acids.

2.3. ABTS scavenging assay

ABTS scavenging activity was calculated as described by
Memarpoor-Yazdi et al. (2012).21 Briefly, 18 µL of protein
hydrolysate samples at different concentrations (1–5 mg mL−1)
were mixed with 182 µL of ABTS (with absorbance previously
adjusted to 0.7). After 6 minutes, the absorbance was recorded
at 734 nm. A standard calibration curve was constructed using
Trolox, and the results were expressed as Trolox Equivalent
Antioxidant Capacity (TEAC, µmol L−1 Trolox equivalents).

2.4. C. elegans strains

The strains used were as follows: N2 Bristol as a wild-type
strain, and SJ17 zcls4 [hsp-4::GFP] V. xbp-1 (zc12) and SJ30 ire-1
(zc14) zcIs4 [hsp-4::GFP] V as mutant strains. All the strains
were obtained from the Caenorhabditis Genetics Center (CGC,
University of Minnesota, Minneapolis, MN, USA). Escherichia
coli OP50 growth in LB Broth Lennox medium at 37° C was
used as the standard food source.

2.5. Nematode culture and experimental design

Synchronized L1 larvae were seeded onto 6-well plates contain-
ing 4 mL of nematode growth medium (NGM) per well, with
four replicates per condition. The experimental groups con-
sisted of either control plates (NGM control, with water as a
vehicle) or plates supplemented with pea or fava bean protein
hydrolysates (doses: 0.5, 1.0 and 2.0 mg mL−1). Doses were
selected based on previous work from our group.22 Prior to
seeding the worms, 150 µL of overnight cultured E. coli OP50
was spread on the plates and kept at room temperature until
dry. In all assays, nematodes were age-synchronized by stan-
dard hypochlorite treatment. Eggs were then hatched over-
night in M9 medium at 20 °C. Approximately, 300 L1 larvae
were transferred to each NGM well and grown for two days
until the L4 early adult stage was reached, at which the sub-
sequent experiments were performed.

2.6. Nile red staining

Nile red staining is a technique to quantify neutral lipids.23 In
brief, L4 worms exposed to the described treatments were col-
lected in 1.5 mL tubes and washed with PBST (0.01% of Triton
X-100 in phosphate buffered saline) twice. Subsequently, the
worms were placed on ice for 15 minutes and fixed with 40%
isopropanol for 3 minutes. Afterwards, the worms were stained
by adding 150 µL of Nile red solution (3 µg mL−1, #N3013,
Sigma-Aldrich, St Louis, MO, USA), followed by incubation for
30 minutes at 20 °C in the dark. Finally, the worms were
washed and mounted in 2% agarose pads for further image
analysis.
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2.7. Lipofuscin pigment

Lipofuscin pigment levels in worms were quantified as a bio-
marker of aging.24 Briefly, L4 worms exposed to the different
treatments were collected, washed and mounted in 2%
agarose pads with 1% of sodium azide for further image
analysis.

2.8. DHE staining

ROS levels of worms were quantified by dihydroethidium
(DHE, BioReagent, ≥95% (HPCE), Sigma-Aldrich, St Louis,
MO, USA) staining.24 L4 worms were collected, washed and
stained by the addition of a µmol L−1 DHE solution in PBST
for 2 hours. Finally, the worms were washed and mounted in
agarose pads (2%) with 1% sodium azide for further image
analysis.

2.9. SJ30 ire-1(zc14) II; zcIs4 V. assay and SJ17 zcls4 [hsp-4::
GFP] V. xbp-1 (zc12) assays

Age-synchronized L1 ire-1 and xbp-1 mutant worms were trans-
ferred to 6-well NGM plates previously treated with or without
pea protein hydrolysates and incubated until they reached the
L4 larval stage at 20 °C. Then, the worms were collected,
washed, and mounted on 2% agarose pads with 1% sodium
azide for further image analysis.

2.10. Egg laying

The correct development of the nematodes under the influ-
ence of different doses of fava and pea protein hydrolysates
after three days of growth from the L1 larvae stage was
ensured. The influence of the protein hydrolysates, both fava
and pea, over the size of young adults and nematode egg
laying was checked on NGM plates. The images were taken at
40× magnification using a Nikon SMZ18 stereomicroscope
equipped with a Nikon DS-Fi1C high-definition colour camera.

2.11. Motility assay

Age-synchronized N2 wild type worms were transferred to
35 mm NGM plates supplemented with fava or pea protein
hydrolysates and when they reached the L4 stage, their motility
was studied using a WMicrotracker Smart ×8 device. The
average speed and travelled distance were quantified.

2.12. Image acquisition and quantification

Images of Nile red and SJ17 mutant assays were captured at
10× magnification using a Nikon SMZ18 research stereomicro-
scope equipped with an epi-fluorescence system and a DS-FI1C
refrigerated colour digital camera (Nikon Instruments Inc.,
Tokyo, Japan). Images were taken under the same conditions
and at the integration time under a GFP filter (Ex 480–500; DM
505; and BA 535–550). Dihydroethidium (DHE)-labelled ROS
formation and lipofuscin autofluorescence were detected by
measuring the fluorescence intensity using a Nikon Eclipse 80i
epi-fluorescent microscope, equipped with a TRITC filter (Ex
540–625; DM 565; and BA 605–655) and a DAPI filter (with exci-
tation at 340–380 nm and emission at 435–485 nm), respect-

ively (Nikon Instruments Inc., Tokyo, Japan). Image analysis
was performed using ImageJ v1.53e software. The mean value,
calculated as the fluorescence mean value per pixel, together
with the integrated density and the volume of the worms, was
determined. Approximately 30 worms were examined in four
independent experiments for each condition.

2.13. Stress resistance assays

Stress resistance assays were conducted using a WMicrotracker
SMART ×8 system. For the thermal stress assay, L4 stage
worms were incubated at 33 °C in 35 mm plates and the
average speed and travelled distance parameters were deter-
mined every 30 minutes for 6 hours. For chemical stress, L4
stage worms were incubated in 35 mm NGM agar with juglone
(240 µmol L−1) for 6 hours and their average speed and tra-
velled distance were scored every 30 minutes.

2.14. ER stress assay

Worms were allowed to grow until the L4 stage and sub-
sequently transferred to fresh 6-well agar plates with 50 µg
mL−1 tunicamycin for six hours. Afterwards, the worms were
collected and frozen in the TRIzol RNA isolation reagent
(Thermo Fisher Scientific, Paisley, UK) prior to RNA extraction.

2.15. RNA extraction and quantitative PCR analysis

For gene expression analyses, approximately 800 worms were
used per replicate, with 4 replicates per condition. The extrac-
tion of total RNA from the C. elegans N2 strain was done using
the Trizol RNA isolation reagent (Thermo Fisher Scientific,
Paisley, UK). The concentration and purity of RNA was deter-
mined using a spectrophotometer (NanoDrop ND-1000,
Thermo Fisher Scientific, Wilmington, DE, USA). Afterwards,
1500 ng of RNA was treated with DNAse (Ambion DNase I;
Thermo Fisher Scientific Inc., Waltham, MA, USA) and DNA-
free RNA was reverse-transcribed into cDNA. Gene expression
analyses were performed by quantitative real-time PCR (qPCR)
using the TaqMan Universal PCR master mix and specific
probes from Applied Biosystems Technologies (Thermo Fisher
Scientific Inc., Waltham, MA, USA) and Integrated DNA
Technologies Inc. (Coralville, IA, USA). The expression level of
each gene was normalized compared to the expression of the
housekeeping gene pmp-3. Gene expression differences
between the control and supplemented worms were quantified
using the relative quantification 2−ΔΔCt method.

2.16. Statistical analysis

The antioxidant capacity (ABTS) was evaluated between pea
and fava bean protein hydrolysates using Student’s t-test. Body
fat reduction (Nile red), together with oxidative stress and lipo-
fuscin determination, and real-time PCR data between treat-
ment and control groups (NGM) were evaluated using a one-
way ANOVA test, followed by the Student–Newman–Keuls test
or Fisher’s LSD post-hoc test. In the motility assay, stress resis-
tance assays and assays with mutants (SJ17 and SJ30) sup-
plemented worms were compared to the NGM group using
Student’s t-test. All the statistical analyses were performed
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using Stata/SE version 17.0 (StataCorp LLC, College Station,
TX, USA), under an academic license. Experiments were per-
formed in quadruplicate.

3. Results and discussion
3.1. Fava bean and pea protein hydrolysates exhibit
differential amino acid compositions and in vitro antioxidant
capacity

Protein hydrolysates derived from fava bean and pea protein
concentrates contained 71.7% and 71.6% protein, respectively,
with moisture contents of 11.1 and 9.0%, ash contents of 9.4
and 8.2%, fat contents of 1.6 and 3.7%, and carbohydrate con-
tents of 6.2 and 7.5%.

SDS-PAGE analysis revealed comparable peptide profiles for
fava bean and pea protein hydrolysates (Fig. S1). The electro-
phoresis showed the presence of a major band at approxi-
mately 5 kDa and the absence of bands corresponding to high
molecular weight proteins. These results confirm that enzy-
matic hydrolysis resulted in consistent production of low mole-
cular weight peptides in both samples. Regarding amino acid
composition, a total of 18 amino acids were analysed (Table 1).
The highest value of both protein hydrolysates was observed
for glutamic acid (22.04% and 26.42 for fava bean and pea
protein hydrolysates, respectively). The next more abundant

were alanine (13.16%), lysine (8.82%), arginine (8.24%) and
leucine (7.07%) in fava bean protein hydrolysate and arginine
(15.17%), leucine (8.81%), lysine (6.76%) and phenylalanine
(5.04%) in pea protein hydrolysate. The least abundant were
tryptophan, methionine and threonine in both cases. The
content of aromatic amino acids in the fava bean hydrolysate
(6.32%) was practically the same as that in the pea hydrolysate
(7.34%). Regarding essential amino acids, the content was
similar in pea hydrolysate (29.43%) compared to fava bean
hydrolysate (30.72%). Both protein sources were deficient in
tryptophan, consistent with the typical amino acid profile of
legumes.25 The amino acid profiles of the fava bean hydroly-
sate are in line with previously reported data, particularly in
terms of the high abundance of glutamic acid and arginine,
although higher levels of alanine were observed, while lower
levels of certain amino acids such as aspartic acid and glycine
were detected compared to values described in the literature.
In the case of pea protein hydrolysate, the profile also agrees
with literature values, showing a similar predominance of glu-
tamic acid together with relevant amounts of arginine and
leucine, but again displaying lower levels of aspartic acid.26,27

Several amino acids have been recognized for their anti-
oxidant potential, not only due to their intrinsic redox activity
but also because of their ability to modulate the antioxidant
signalling pathways in vivo. In this context, glutamic acid,
which is abundant in both hydrolysates is known to modulate
the NRF2 pathway and enhance the expression of antioxidant
genes including superoxide dismutase (SOD). In addition,
other abundant amino acids, including arginine and lysine,
contribute to antioxidant activity through their intrinsic redox
properties and have also been reported to influence again the
NRF2 signalling pathway, suggesting that the amino acid com-
position of these hydrolysates could play a key role in their
overall antioxidant potential.28,29 However, the antioxidant
activity of plant protein-based hydrolysates is not only deter-
mined by their amino acid composition, but also by the mole-
cular weight distribution of the resulting peptides.30

Accordingly, we aimed to evaluate and compare the ABTS
radical scavenging activity of our fava bean and pea protein
hydrolysates across a range of concentrations (Table 2).
Although no ABTS scavenging activity was observed at concen-
trations lower than 4 mg mL−1, both hydrolysates exhibited a

Table 1 Amino acid composition of fava bean and pea protein
hydrolysates

AA (%)
Fava bean protein
hydrolysate AA (%)

Pea protein
hydrolysate

Glutamic acid 22.04 Glutamic acid 26.42
Alanine 13.16 Arginine 15.16
Lysine 8.82 Leucine 8.81
Arginine 8.24 Alanine 8.42
Leucine 7.07 Lysine 6.76
Aspartic acid 6.58 Phenylalanine 5.04
Serine 6.30 Proline 4.74
Valine 6.10 Glycine 4.68
Glycine 4.65 Aspartic acid 3.89
Phenylalanine 4.02 Valine 3.57
Cystine 3.51 Serine 3.13
Proline 2.49 Tyrosine 2.30
Tyrosine 2.30 Isoleucine 2.01
Isoleucine 1.78 Cystine 1.83
Histidine 1.75 Histidine 1.65
Threonine 0.88 Threonine 1.19
Methionine 0.29 Methionine 0.41
Tryptophan <LOQ Tryptophan 0.01
EAA 30.72 EAA 29.43
HAA 37.22 HAA 35.30
PCAA 10.57 PCAA 8.40
NCAA 28.62 NCAA 30.31
AAA 6.32 AAA 7.34
BCAA 14.95 BCAA 14.39
SCAA 3.80 SCAA 2.24

Values are expressed as % of total amino acids. EAA: Essential Amino
Acids; HAA: Hydrophobic Amino Acids; PCAA: Positively Charged
Amino Acids; NCAA: Negatively Charged Amino Acids; AAA: Aromatic
Amino Acids; BCAA: Branched Chain Amino Acids; and SCAA: Sulfur
Containing Amino Acids.

Table 2 ABTS scavenging activity of fava bean and pea protein hydroly-
sates at different doses (1–5 mg mL−1)

Concentration
Fava bean protein
hydrolysate

Pea protein
hydrolysate

p
value

1 mg mL−1 n.d n.d ns
2 mg mL−1 n.d n.d ns
3 mg mL−1 n.d n.d ns
4 mg mL−1 75.43 (12.60) 59.45 (8.46) ns
5 mg mL−1 137.02 (15.04) 73.77 (10.21) 0.007

ns: not significant. Results are expressed as Trolox Equivalent
Antioxidant Capacity (TEAC, µmol L−1 Trolox equivalents). Mean ±
SEM. Statistical analyses were performed using Student’s t-test.
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positive effect at the doses of 4 and 5 mg mL−1, demonstrating
their ability to neutralize reactive oxygen species (ROS).
Interestingly, fava bean protein displayed a significantly higher
scavenging activity mg mL−1 at the highest dose (5 mg mL−1)
as compared to the pea protein, suggesting a certain anti-
oxidant in vitro effect. This is consistent with the ABTS scaven-
ging activity of pea protein hydrolysates described by Olagunju
et al. (2018).31 In the case of fava bean hydrolysates, although,
to the best of our knowledge, this has not been previously
reported, there are several studies that report the ABTS scaven-
ging activity of different peptides derived from fava bean
protein.32,33

One of the reasons for the different in vitro antioxidant
capacity could be explained by the different amino acid
profile. However, the difference between the hydrolysates is
not particularly pronounced, suggesting that the enhanced
antioxidant capacity of fava bean protein hydrolysates might
be explained by other mechanisms. Further investigation is
therefore needed to explain these differences.

3.2. Fava bean and pea protein hydrolysates reduce fat
accumulation and improve longevity in C. elegans

Peptides derived from legumes (including fava bean and pea)
have been shown to influence metabolism, specifically fat
accumulation and oxidative stress.34 However, only a limited
number of studies have examined their activity in vivo, which
opens the door to explore the effects of fava bean- and pea-
derived protein hydrolysates in C. elegans. This model allows
the study of different parameters related to metabolism, such
as fat accumulation, senescence, and oxidative stress.

Fat accumulation in C. elegans can be assessed using lipo-
philic dyes such as Nile red, which stain lipid droplets and
therefore, they can be quantified by microscopy and image
analysis. A significant reduction (p < 0.05) in fat accumulation
was noticed in the worms supplemented with both pea and
fava bean protein hydrolysates at all tested concentrations, as
compared to control worms (NGM) (Fig. 1A and B).
Specifically, fava bean protein hydrolysate supplementation at
2.0 mg mL−1 led to a 9% reduction in fat accumulation.
Similarly, pea protein hydrolysate supplementation at 2.0 mg
mL−1 led to nearly 15% reduction in fat accumulation.

One of the reasons for the reduction in lipid content
induced by the hydrolysates could be lower diet intake,
mimicking calorie restriction, which is known to significantly
affect worm size.35 However, worm size, assessed through
body volume measurements, was not reduced or even
increased (Fig. 1C and D) in the supplemented groups,
suggesting that there was no lower intake in the supplemented
group. Moreover, to determine if this effect was dependent on
alterations in worm development, we analysed egg laying and
hatching by a qualitative observation under microscopy,
without observing any differences between control and sup-
plemented groups (Fig. 1E). Only a few studies have described
the lipid-lowering effects of protein hydrolysates in
C. elegans.18,36 There is only one previous study describing the
hypolipidemic effect of legume protein hydrolysates.18 Here,

supplementation with mung bean protein hydrolysate at a
dose of 100 µg mL−1 induced lipid lowering activity in
C. elegans. However, when considering studies using proteins
from other plant sources, lipid-lowering effects have also been
reported. Specifically, Lin et al. (2025) showed that supplemen-
tation of spirulina protein hydrolysates in C. elegans at a dose
comparable to that used in the present study (1 mg mL−1)
resulted in a lipid-lowering effect.37 The hypolipidemic pro-
perties of protein hydrolysates could be attributed to the pres-
ence of bioactive peptides within these matrices with an anti-
obesity effect, as suggested by some authors.37,38 Specifically, a
peptide (EF) present in both fava beans and peas with proven
lipid-lowering activity has been previously identified.34

The reduced fat content induced by the hydrolysates could
also be explained by an enhanced worm movement.39

Nonetheless, we could not observe significant differences in
the worm’s motility between groups (Fig. S2). Thus, we
decided to analyse other healthspan markers to investigate the
mechanism underlying the fat-reducing activity of both
hydrolysates.

Aging is a multifactorial process that is influenced by
genetic, biochemical, and environmental factors. This process
is characterized by the progressive loss of homeostatic
balance, leading to impaired function and increased suscepti-
bility to the development of various diseases.40 To analyse
whether supplementation with protein hydrolysates had any
effect on aging, we quantified the accumulation of the age-
related lipofuscin pigment, after treatment with protein hydro-
lysates. Supplementation with both pea and fava bean protein
hydrolysates at a dose of 2.0 mg mL−1 led to significant
reduction in the accumulation of this pigment (Fig. 2A and B).
Interestingly, pea protein hydrolysate reduced the accumu-
lation of this pigment in a dose-dependent manner. Given the
observed improvement in the healthspan of worms, we ana-
lysed the gene expression of different key-signalling pathways
to investigate the potential mechanisms of action. Worms sup-
plemented with fava bean protein hydrolysate did not show
any significant differences in the gene expression of lipid and
glucose metabolism pathways (Fig. 2C). However, we could
observe a trend toward significance in the expression of sbp-1,
an ortholog of the human SREBP, at a dose of 2.0 mg mL−1.
The expression of this key transcription factor modulates lipid
accumulation.41 Interestingly, the reduction in the sbp-1 gene
was even more pronounced when worms were supplemented
with pea protein hydrolysate, demonstrating the involvement
of this transcription factor in the lipid-reducing effect of both
supplements. Moreover, downregulation of both daf-2 and age-
1 genes, involved in the modulation of glucose metabolism, is
also observed after pea-protein supplementation (Fig. 2D).
Downregulation of daf-2 expression is associated with
increased longevity in worms. Furthermore, not only daf-2 but
also its downstream target age-1 is known to have antiaging
activity. The activation of DAF-2 leads to the recruitment and
activation of AGE-1/PI3K, which triggers a signalling cascade
that results in the inhibition of the transcription factor
DAF-16. This inhibition results in lower expression of genes
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Fig. 1 Supplementation with fava bean and pea protein hydrolysates reduces fat accumulation in C. elegans. (A) Nile red staining of fava bean
protein hydrolysate supplemented worms at doses of 0.5, 1.0 and 2.0 mg mL−1. (B) Nile red staining of pea protein hydrolysate supplemented worms
at doses of 0.5, 1.0 and 2.0 mg mL−1. Orlistat (ORL) was used as a positive control. (C and D) Worm size of worms supplemented with (C) fava bean
and (D) pea protein hydrolysates expressed as the volume. The results are expressed as mean ± SEM relative to control (NGM) worms. Statistical sig-
nificance was calculated with reference to the NGM control group using one-way ANOVA and the Student–Newman–Keuls post-hoc test (**p <
0.01 and ***p < 0.001). (E) Supplementation with protein hydrolysates did not affect worm development and egg laying. The blue arrows indicate the
eggs and the white arrows indicate the L1 larvae.
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Fig. 2 Supplementation with fava bean and pea protein hydrolysate improves senescence in C. elegans. (A) Lipofuscin pigment quantification in
worms supplemented with (A) fava bean protein hydrolysates at doses of 0.5 mg mL−1 and 2.0 mg mL−1. (B) Lipofuscin pigment quantification in
worms supplemented with pea protein hydrolysates at 0.5 mg mL−1 and 2.0 mg mL−1. The results are expressed as mean ± SEM relative to control
(NGM) worms. Statistical significance was calculated with reference to the NGM control group using one-way ANOVA and the Student–Newman–
Keuls post-hoc test (**p < 0.01 and ***p < 0.001). (C and D) Gene expression analysis quantified by real-time PCR (qPCR) in C. elegans worms sup-
plemented with (C) fava bean and (D) pea protein hydrolysates. Gene expression levels were normalized to the housekeeping gene (pmp-3). Data
are expressed using the 2−ΔΔCt method. Statistical significance was calculated with reference to the NGM control group using one-way ANOVA and
Fisher’s LSD post hoc test (#p < 0.1 and *p < 0.05).
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related to stress resistance and longevity.42–44 Therefore, we
hypothesize that the decrease in the insulin signalling pathway
could partially explain the remarkable antiaging effect of pea
protein hydrolysates.

3.3. Fava bean protein hydrolysate improves the
mitochondrial antioxidant response in C. elegans

Oxidative stress is the result of an imbalance between the pro-
duction of free radicals and the body’s ability to neutralize
them, due to the low capacity of antioxidant mechanisms.
Bioactive peptides are considered promising agents for main-

taining cellular homeostasis and protecting against age-related
or stress-induced damage.45 Some bioactive peptides present
in pea and fava bean protein hydrolysates are known to have
in vitro antioxidant activity.46,47 Thus, we aimed to investigate
whether the anti-aging activity induced by the hydrolysates
could be related to their potential antioxidant activity in vivo.
Although there were no significant differences in the ROS
levels when worms were supplemented with pea protein hydro-
lysate, a significant effect was observed when supplementing
worms with fava bean protein hydrolysate at a dose of 0.5 mg
mL−1 (p < 0.01) (Fig. 3A). The analysis of the expression of

Fig. 3 Supplementation with fava bean protein hydrolysate improves oxidative stress in C. elegans. (A) DHE staining of fava bean protein hydrolysate
supplemented worms at doses of 0.5 mg mL−1 and 2.0 mg mL−1. (B) DHE staining of pea protein hydrolysate supplemented worms at doses of
0.5 mg mL−1 and 2.0 mg mL−1. The results are expressed as mean ± SEM relative to control (NGM) worms. Statistical significance was calculated
with reference to the NGM control group using one-way ANOVA and the Student–Newman–Keuls post-hoc test (**p < 0.01). (C) Gene expression
analysis quantified by real-time PCR (qPCR) of genes related to the stress oxidative pathway in C. elegans worms supplemented with fava bean
protein hydrolysates. Gene expression levels were normalized to the housekeeping gene (pmp-3). Data are expressed using the 2−ΔΔCt method.
Statistical significance was calculated with reference to the NGM control group using one-way ANOVA and Fisher’s LSD post hoc test (#p < 0.1).
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different oxidative stress-related genes revealed that the
reduced ROS levels were accompanied by significant downre-
gulation of sod-3, which showed a trend toward statistical sig-
nificance after being treated with fava bean hydrolysate, in
comparison with NGM control worms (Fig. 3C). SOD-3 is an
extracellular enzyme that catalyses the conversion of super-
oxide radicals into hydrogen peroxide and oxygen molecules,
playing a key role in the maintenance of the oxidative stress
pathway.48 Thus, the downregulation of this oxidative stress-
related gene may reflect a lower demand for antioxidant
defence induced by the fava bean protein hydrolysate.

To further investigate the antioxidant capacity of the
protein hydrolysates, we investigated their sensitivity to oxi-
dative stress by exposing worms to juglone. Juglone is a pheno-
lic compound that induces oxidative stress and mortality in
C. elegans.49 Thus, worms were incubated in agar plates with
juglone, and their stress resistance was studied by recording
their locomotion every 30 minutes. No differences were
observed in worms supplemented with pea hydrolysate (data
not shown), which would be supported by the lower capacity of
this hydrolysate to reduce reactive oxygen species (mitochon-
drial ROS) previously observed in the DHE assay. Nevertheless,
worms supplemented with fava bean protein hydrolysate
exhibited a trend toward significance in travelled distance

parameter after exposure to this chemical stressor, suggesting
better stress resistance (Fig. 4B).

This effect, together with the reduced ROS levels and the
modulation of sod-3 expression would demonstrate the mito-
chondrial antioxidant capacity of the fava bean protein hydro-
lysate, previously suggested by the in vitro ABTS assay. This is
consistent with the results of Martineau-Côté et al. (2024),33

who demonstrated that in an in vitro model (Nrf2-ARE reporter
cell line), the principal mode of action of peptides derived
from fava bean was through free radical scavenging. Several
peptides identified in fava bean proteins exhibit antioxidant
activity in silico and in vitro34 but there is limited knowledge
about in vivo activity. Therefore, this work opens a new field of
research on the effect of these hydrolysates in in vivo models.

3.4. Pea protein hydrolysate improves thermal stress in
C. elegans by enhancing the ER-UPR

Recent studies indicate that specific bioactive peptides—both
from dietary sources or protein hydrolysates—may contribute
to the maintenance of cellular homeostasis and improve stress
resilience by reducing both reactive oxygen species (ROS), but
also by enhancing the endoplasmic reticulum unfolded
protein response (ER-UPR).7,50 In simple organisms such as

Fig. 4 Motility of C. elegans under chemical stress conditions. (A) Average speed and AUC of average speed for worms supplemented with fava
bean protein hydrolysate (FB1), in comparison with NGM control worms. (B) Travelled distance and corresponding AUC form worms supplemented
with fava bean protein hydrolysate (FB1) in comparison with NGM. Statistical significance was calculated with reference to the NGM control group
using Student’s-t test (#p < 0.1).

Paper Food & Function

2392 | Food Funct., 2026, 17, 2384–2398 This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 1
:3

8:
42

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo04100g


C. elegans, this is manifested by an improvement in the stress
resistance and reduced senescence.

The maintenance of protein homeostasis, or proteostasis, is
essential for cellular function and organismal survival. This
balance is achieved through a network of mechanisms that
regulate protein synthesis, folding, degradation, and recycling.
During aging, the efficiency of these systems—including mole-
cular chaperones, the ubiquitin-proteasome system, auto-
phagy, and stress responses in the endoplasmic reticulum and
mitochondria—gradually declines. As a result, misfolded and
aggregated proteins accumulate, contributing to cellular dys-
function, chronic inflammation, and the development of age-
related and neurodegenerative diseases.51 Therefore, efficient
proteostasis is critical for delaying functional decline and pro-
moting healthy longevity. The unfolded protein response

(UPR) is a mechanism that is activated when there is an excess
of misfolded proteins in the endoplasmic reticulum. This
response is mediated by three transmembrane receptors:
IRE-1α, PERK and ATF6, where IRE-1α is the main sensor.
Under stress conditions, IRE-1α activation occurs and results
in the unconventional splicing of xbp-1 mRNA, leading to the
production of its active form, XBP-1s. This transcription factor
translocates to the nucleus and activates the transcription of
genes related to protein transport, folding, and degradation,
leading to improved proteostasis.52

Thus, to understand the possible mechanism that could
explain the improvement in healthspan induced by the pea
protein hydrolysate, both the lipid reducing and strong anti-
aging activities, the role of this supplement on the ER-UPR
was explored.

Fig. 5 (A) Gene expression analysis of key genes involved in the unfolded protein stress quantified by real-time PCR (qPCR) in C. elegans sup-
plemented with pea protein hydrolysates. Gene expression levels were normalized to the housekeeping gene (pmp-3). Data are expressed using the
2−ΔΔCt method. Statistical significance was calculated with reference to the NGM control group using two-way ANOVA (main effects: protein type,
tunicamycin and their interaction). Two-way ANOVA results when the tunicamycin factor is significant: *p < 0.05 and ***p < 0.001. Two-way ANOVA
results when the protein type factor is significant: †p < 0.05. (B) GFP quantification of ire-1;hsp-4p::gfp mutant supplemented with pea protein
hydrolysate (1 mg mL−1). The results are expressed as mean ± SEM relative to control (NGM) worms. Statistical significance was calculated with refer-
ence to the NGM control group using Student’s t test (nsp > 0.05). (C) GFP quantification of the xbp-1(zc12);hsp-4p::gfp mutant supplemented with
pea protein hydrolysate (1 mg mL−1). The results are expressed as mean ± SEM relative to control (NGM) worms. Statistical significance was calcu-
lated with reference to the NGM control group using Student’s t-test (nsp > 0.05).
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Gene expression analyses revealed that pea protein-sup-
plemented worms showed lower expression of the key UPR-
mediators hsp-4, ire-1 and xbp-1 under basal conditions,
suggesting a reduction in the endoplasmic reticulum stress
environment induced by this hydrolysate (Fig. 5A). This redu-
cing effect was also maintained when worms were subjected to
the treatment of tunicamycin for 6 hours, a well-known ER
stress-inductor. Thus, the pea protein hydrolysate was able to
counteract the overexpression of hsp-4, ire-1 and xbp-1 induced
by tunicamycin. This effect on xbp-1 was confirmed by SJ30
and SJ17 mutants, as the levels of HSP-4 protein remained
unaffected when ire-1 and xbp-1 were mutated, respectively
(Fig. 5B and C).

This result would suggest that pea protein hydrolysate
would modulate the UPR, contributing to the maintenance of
lower ER stress and improved aging.

To confirm this hypothesis, we forced the activation of the
ER-UPR through thermal stress. Under hyperthermic con-
ditions, activation of the UPR occurs,53 which leads to a
reduction in worm motility.54 Thus, worms were incubated at
33 °C for 6 hours and their locomotion was recorded every
30 minutes using a Wmicrotracker SMART automated system.
Worms supplemented with pea protein hydrolysate exhibited a
significant enhancement of both average speed and travelled

distance (p < 0.05) (Fig. 6A and B), demonstrating greater resis-
tance to thermal stress, in comparison with untreated NGM
control worms.

The better thermal resistance induced by supplementation
with pea protein hydrolysate may underlie the alleviation in
ER stress, which is activated under acute heat-stress con-
ditions, as suggested by Taylor et al. (2013).53 Therefore, we
suggest that supplementation with pea protein hydrolysate
improves ER homeostasis, reducing proteotoxic accumulation
and thereby enhancing resistance to heat stress. That said, it is
important to mention the existence of a crosstalk between the
ER stress response pathway and other signalling pathways. In
particular, interactions between the ER stress pathway and
glucose and lipid metabolic pathways55,56 could be associated
with the hypolipidemic effect and the improved stress resis-
tance previously observed in supplemented worms.

Taken together, these results indicate the involvement of
multiple stress-response pathways. Despite originating from
similar plant protein sources and being obtained under com-
parable hydrolysis conditions, fava bean and pea protein
hydrolysates exerted beneficial effects in C. elegans through
apparently different mechanisms, opening new avenues for
future research aimed at identifying the specific bioactive pep-
tides involved.

Fig. 6 Motility of C. elegans under thermal stress conditions. (A) Average speed and AUC of average speed for worms supplemented with pea
protein hydrolysate. (B) Travelled distance and corresponding AUC form worms supplemented with pea protein hydrolysate. Statistical significance
was calculated with reference to the NGM control group using Student’s-t test (*p < 0.05 and **p < 0.01).
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4. Conclusions

This study demonstrated that supplementation with fava bean
and pea protein hydrolysates significantly improves health-
span in C. elegans by modulating different stress responses.
Fava bean protein hydrolysate modulates the oxidative stress
pathway, resulting in reduced DHE accumulation and
enhanced resistance to chemical stress. Pea protein hydroly-
sate downregulates key genes of the ER-UPR stress pathway
under both basal and stress conditions, thereby improving re-
sistance to thermal stress.

The enhancement of antioxidant responses may underlie
the hypolipidemic and anti-aging effects observed with sup-
plementation of both hydrolysates. Our results serve as a start-
ing point for further studies in more complex animal models
to investigate the potential application of these hydrolysates in
the prevention of metabolic syndrome related diseases.

Author contributions

Maialen Uriz-Martínez: writing – review & editing, writing –

original draft, methodology, investigation (C. elegans experi-
ments), formal analysis, and data curation; Diana Ansorena:
writing – review & editing, writing – original draft, supervision,
resources, project administration, and funding acquisition;
Iciar Astiasaran: writing – review & editing, writing – original
draft, and supervision; David Muñoz-Prieto: methodology,
investigation (amino acid composition), and writing; Ana
Isabel Yetano: methodology, investigation (protein hydrolysis
and characterization), and project administration; Carolina
González-Ferrero: methodology, investigation (protein hydro-
lysis and characterization), project administration, and
funding acquisition; Paula Aranaz: writing – original draft,
review & editing, resources, project administration, method-
ology and investigation (C. elegans), data curation, and funding
acquisition.

Conflicts of interest

There are no conflicts to declare.

Data availability

The authors confirm that the data supporting the findings of
this study are available within the article.

Supplementary information (SI) is available. See DOI:
https://doi.org/10.1039/d5fo04100g.

Acknowledgements

The research leading to these results has received funding
from Gobierno de Navarra as part of the HIDROPEP project
(Proyectos estratégicos de I + D 2023–2026 - Ref:

0011–1411–2023–000103). M. Uriz-Martínez is grateful for the
FPU grant (Ministerio de Ciencia, Innovación y Universidades,
Gobierno de España, Spain; Ref: FPU23/00066). This work has
been developed thanks to the collaboration of Grupo AN,
S. Coop. and Alimentos Sanygran S.L., who supplied the
protein concentrates used for the protein hydrolysis. Finally,
the authors thank Joaquín Fernández-Irigoyen (Clinical
Neuroproteomics Unit, Navarrabiomed, Hospital Universitario
de Navarra) for its technical support with SDS-PAGE analysis.

References

1 J. Aschemann-Witzel, R. F. Gantriis, P. Fraga and
F. J. A. Perez-Cueto, Plant-based food and protein trend
from a business perspective: markets, consumers, and the
challenges and opportunities in the future, Crit. Rev. Food
Sci. Nutr., 2021, 61(18), 3119–3128. Available from: https://
www.tandfonline.com/doi/full/10.1080/
10408398.2020.1793730.

2 S. Castro-Barquero, A. M. Ruiz-León, M. Sierra-Pérez,
R. Estruch and R. Casas, Dietary Strategies for Metabolic
Syndrome: A Comprehensive Review, Nutrients, 2020,
12(10), 2983. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/33003472.

3 M. Hajfathalian, S. Ghelichi, P. J. García-Moreno,
A. D. Moltke Sørensen and C. Jacobsen, Peptides:
Production, bioactivity, functionality, and applications,
Crit. Rev. Food Sci. Nutr., 2018, 58(18), 3097–3129. Available
from: https://www.tandfonline.com/doi/pdf/10.1080/
10408398.2017.1352564.

4 J. Moon and G. Koh, Clinical Evidence and Mechanisms of
High-Protein Diet-Induced Weight Loss, J. Obe. Met. Synd.,
2020, 29(3), 166–173, DOI: 10.7570/jomes20028.

5 Q. Qiao, L. Chen, X. Li, X. Lu and Q. Xu, Roles of Dietary
Bioactive Peptides in Redox Balance and Metabolic Disorders,
Oxid. Med. Cell. Longevity, 2021, 2021, 5582245. Available
from: https://pmc.ncbi.nlm.nih.gov/articles/PMC8219413/.

6 M. Hamadou, Bioactive peptides and metabolic health: a
mechanistic review of the impact on insulin sensitivity,
lipid profiles, and inflammation, Appl. Food Res., 2025,
5(2), 101056. Available from: https://linkinghub.elsevier.
com/retrieve/pii/S2772502225003646.

7 S. Chakrabarti, F. Jahandideh and J. Wu, Food-Derived
Bioactive Peptides on Inflammation and Oxidative Stress,
BioMed Res. Int., 2014, 2014, 1–11. Available from: https://
www.hindawi.com/journals/bmri/2014/608979/.

8 S. Krobthong, T. Jaroenchuensiri, Y. Yingchutrakul,
P. Sukmak, W. Visessanguan, P. Pongkorpsakol, et al.,
Protective Effects of an Octapeptide Identified from
RiceberryTM (Oryza sativa) Protein Hydrolysate on
Oxidative and Endoplasmic Reticulum (ER) Stress in L929
Cells, Foods, 2024, 13(15), 2467. Available from: https://
www.mdpi.com/2304-8158/13/15/2467.

9 M. G. Nosworthy, B. Yu, L. I. Zaharia, G. Medina and
N. Patterson, Pulse protein quality and derived bioactive

Food & Function Paper

This journal is © The Royal Society of Chemistry 2026 Food Funct., 2026, 17, 2384–2398 | 2395

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 1
:3

8:
42

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1039/d5fo04100g
https://doi.org/10.1039/d5fo04100g
https://www.tandfonline.com/doi/full/10.1080/10408398.2020.1793730
https://www.tandfonline.com/doi/full/10.1080/10408398.2020.1793730
https://www.tandfonline.com/doi/full/10.1080/10408398.2020.1793730
https://www.tandfonline.com/doi/full/10.1080/10408398.2020.1793730
https://www.ncbi.nlm.nih.gov/pubmed/33003472
https://www.ncbi.nlm.nih.gov/pubmed/33003472
https://www.ncbi.nlm.nih.gov/pubmed/33003472
https://www.tandfonline.com/doi/pdf/10.1080/10408398.2017.1352564
https://www.tandfonline.com/doi/pdf/10.1080/10408398.2017.1352564
https://www.tandfonline.com/doi/pdf/10.1080/10408398.2017.1352564
https://doi.org/10.7570/jomes20028
https://pmc.ncbi.nlm.nih.gov/articles/PMC8219413/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8219413/
https://linkinghub.elsevier.com/retrieve/pii/S2772502225003646
https://linkinghub.elsevier.com/retrieve/pii/S2772502225003646
https://linkinghub.elsevier.com/retrieve/pii/S2772502225003646
https://www.hindawi.com/journals/bmri/2014/608979/
https://www.hindawi.com/journals/bmri/2014/608979/
https://www.hindawi.com/journals/bmri/2014/608979/
https://www.mdpi.com/2304-8158/13/15/2467
https://www.mdpi.com/2304-8158/13/15/2467
https://www.mdpi.com/2304-8158/13/15/2467
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo04100g


peptides, Front. Plant Sci., 2025, 16, 1429225. Available
from: https://www.frontiersin.org/articles/10.3389/
fpls.2025.1429225/full.

10 T. Asledottir, G. E. Vegarud, G. Picariello, G. Mamone,
T. E. Lea, A. Røseth, et al., Bioactive peptides identified in
pea and faba bean after in vitro digestion with human gas-
trointestinal enzymes, J. Funct. Foods, 2023, 102, 105445.
Available from: https://www.sciencedirect.com/science/
article/pii/S1756464623000452#s0055.

11 Z. Feng, J. D. Morton, E. Maes, L. Kumar and L. Serventi,
Proximate composition, peptide characterization and bio-
active properties of faba bean blanching water, Food Res.
Int., 2025, 200, 115426. Available from: https://www.science-
direct.com/science/article/pii/S0963996924014960#s0065.

12 A. Elbira, A. J. Hernández-Álvarez and C. Boesch, Enhanced
Bioactive Peptide Release from Pre-Hydrolysed Pea Protein:
Impact of Pepsin Digestion on Antidiabetic and
Antihypertensive Functions, Foods, 2025, 14(19), 3306.
Available from: https://pmc.ncbi.nlm.nih.gov/articles/
PMC12523253/.

13 N. Mudd and A. M. Liceaga, Caenorhabditis elegans as an
in vivo model for food bioactives: A review, Curr. Res. Food
Sci., 2022, 5, 845–856. Available from: https://linkinghub.
elsevier.com/retrieve/pii/S2665927122000739.

14 J. L. Watts and M. Ristow, Lipid and Carbohydrate
Metabolism in Caenorhabditis elegans, Genetics, 2017,
207(2), 413–446. Available from: https://academic.oup.com/
genetics/article/207/2/413/5930737.

15 A. Jia, Y. Xu, C. Sun, H. Luan, Z. Liu, Y. Bu, et al.,
Identification and molecular mechanisms of novel anti-
oxidant peptides from Manila clam hydrolysate:
Caenorhabditis elegans model, molecular simulations, and
quantum chemistry, Food Chem., 2025, 490, 145079.
Available from: https://linkinghub.elsevier.com/retrieve/pii/
S0308814625023301.

16 F. Gao, Z. Zhang, N. Xue, Y. Ma, J. Jiao, C. Wang, et al.,
Identification of a novel oligopeptide from defatted walnut
meal hydrolysate as a potential neuroprotective agent, Food
Funct., 2024, 15(10), 5566–5578, DOI: 10.1039/D3FO05501A.

17 K. Chen, L. Shi, Z. Ren and W. Weng, Antioxidant charac-
teristics of hydrolysate from low-value sea cucumber: In
vitro and in vivo activities of Caenorhabditis elegans, Food
Chem.:X, 2023, 19, 100836. Available from: https://linkin-
ghub.elsevier.com/retrieve/pii/S2590157523002791.

18 Y. Zhang, W. Li, P. Hou, T. Yang and J. Xie,
Physicochemical and stability analysis of mung bean
protein hydrolysates with lipid peroxidation inhibition,
Food Chem., 2025, 463, 141135. Available from: https://lin-
kinghub.elsevier.com/retrieve/pii/S0308814624027857.

19 M. Uriz-Martínez, I. Astiasaran, P. Aranaz and D. Ansorena,
High plant protein snacks as novel animal product substi-
tutes: sensory assessment, nutritional evaluation and
in vitro digestibility, LWT–Food Sci. Technol., 2025, 224,
117795. Available from: https://linkinghub.elsevier.com/
retrieve/pii/S0023643825004797.

20 AOAC international, AOAC International. Official methods of
analysis of AOAC International, 2000.

21 M. Memarpoor-Yazdi, A. Asoodeh and J. Chamani, A novel
antioxidant and antimicrobial peptide from hen egg white
lysozyme hydrolysates, J. Funct. Foods, 2012, 4(1), 278–286.
Available from: https://linkinghub.elsevier.com/retrieve/pii/
S1756464611001101.

22 M. López-Yoldi, P. Aranaz, J. I. Riezu-Boj, I. González-
Salazar, J. M. Izco, J. I. Recalde, et al., Low-Molecular-
Weight Bovine Collagen Peptides Reduce Fat Accumulation
in C. elegans and Ameliorate Obesity-Related Metabolic
Dysfunction and Microbiota Diversity in C57BL/6 Male
Diet-Induced Obese Mice, Int. J. Mol. Sci., 2025, 26(18),
9149. Available from: https://www.mdpi.com/1422-0067/26/
18/9149/htm.

23 D. Navarro-Herrera, P. Aranaz, L. Eder-Azanza, M. Zabala,
C. Hurtado, A. Romo-Hualde, et al., Dihomo-gamma-linole-
nic acid induces fat loss in C. elegans in an omega-3-inde-
pendent manner by promoting peroxisomal fatty acid
β-oxidation, Food Funct., 2018, 9(3), 1621–1637. Available
from: https://www.ncbi.nlm.nih.gov/pubmed/29465730.

24 P. Aranaz, D. Navarro-Herrera, M. Zabala, A. Romo-Hualde,
M. López-Yoldi, J. L. Vizmanos, et al., Phenolic Compounds
Reduce the Fat Content in Caenorhabditis elegans by
Affecting Lipogenesis, Lipolysis, and Different Stress
Responses, Pharmaceuticals, 2020, 13(11), 355. Available
from: https://www.mdpi.com/1424-8247/13/11/355.

25 J. Boye, F. Zare and A. Pletch, Pulse proteins: Processing,
characterization, functional properties and applications in
food and feed, Food Res. Int., 2010, 43(2), 414–431.
Available from: https://linkinghub.elsevier.com/retrieve/pii/
S0963996909002683.

26 T. D. Oluwajuyitan, D. Kadam and R. E. Aluko, Amino acid
profile, peptide size distribution, antioxidant effect, and
enzyme inhibitory activities of fava bean (Vicia fava) protein
hydrolyzates, Int. J. Food Prop., 2025, 28(1), 2466575,
Available from: https://www.tandfonline.com/doi/full/
10.1080/10942912.2025.2466575.

27 T. L. Pownall, C. C. Udenigwe and R. E. Aluko, Amino Acid
Composition and Antioxidant Properties of Pea Seed
(Pisum sativum L.) Enzymatic Protein Hydrolysate
Fractions, J. Agric. Food Chem., 2010, 58(8), 4712–4718.
Available from: https://pubs.acs.org/doi/10.1021/jf904456r.

28 M. C. Egbujor, O. T. Olaniyan, C. N. Emeruwa, S. Saha,
L. Saso and P. Tucci, An insight into role of amino acids as
antioxidants via NRF2 activation, Amino Acids, 2024, 56(1),
23. Available from: https://link.springer.com/10.1007/
s00726-024-03384-8.

29 N. Xu, G. Chen and H. Liu, Antioxidative Categorization of
Twenty Amino Acids Based on Experimental Evaluation,
Molecules, 2017, 22(12), 2066. Available from: https://www.
mdpi.com/1420-3049/22/12/2066.

30 M. Czelej, K. Garbacz, T. Czernecki, J. Wawrzykowski and
A. Waśko, Protein Hydrolysates Derived from Animals and
Plants—A Review of Production Methods and Antioxidant

Paper Food & Function

2396 | Food Funct., 2026, 17, 2384–2398 This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 1
:3

8:
42

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://www.frontiersin.org/articles/10.3389/fpls.2025.1429225/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1429225/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1429225/full
https://www.sciencedirect.com/science/article/pii/S1756464623000452#s0055
https://www.sciencedirect.com/science/article/pii/S1756464623000452#s0055
https://www.sciencedirect.com/science/article/pii/S1756464623000452#s0055
https://www.sciencedirect.com/science/article/pii/S0963996924014960#s0065
https://www.sciencedirect.com/science/article/pii/S0963996924014960#s0065
https://www.sciencedirect.com/science/article/pii/S0963996924014960#s0065
https://pmc.ncbi.nlm.nih.gov/articles/PMC12523253/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12523253/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12523253/
https://linkinghub.elsevier.com/retrieve/pii/S2665927122000739
https://linkinghub.elsevier.com/retrieve/pii/S2665927122000739
https://linkinghub.elsevier.com/retrieve/pii/S2665927122000739
https://academic.oup.com/genetics/article/207/2/413/5930737
https://academic.oup.com/genetics/article/207/2/413/5930737
https://academic.oup.com/genetics/article/207/2/413/5930737
https://linkinghub.elsevier.com/retrieve/pii/S0308814625023301
https://linkinghub.elsevier.com/retrieve/pii/S0308814625023301
https://linkinghub.elsevier.com/retrieve/pii/S0308814625023301
https://doi.org/10.1039/D3FO05501A
https://linkinghub.elsevier.com/retrieve/pii/S2590157523002791
https://linkinghub.elsevier.com/retrieve/pii/S2590157523002791
https://linkinghub.elsevier.com/retrieve/pii/S2590157523002791
https://linkinghub.elsevier.com/retrieve/pii/S0308814624027857
https://linkinghub.elsevier.com/retrieve/pii/S0308814624027857
https://linkinghub.elsevier.com/retrieve/pii/S0308814624027857
https://linkinghub.elsevier.com/retrieve/pii/S0023643825004797
https://linkinghub.elsevier.com/retrieve/pii/S0023643825004797
https://linkinghub.elsevier.com/retrieve/pii/S0023643825004797
https://linkinghub.elsevier.com/retrieve/pii/S1756464611001101
https://linkinghub.elsevier.com/retrieve/pii/S1756464611001101
https://linkinghub.elsevier.com/retrieve/pii/S1756464611001101
https://www.mdpi.com/1422-0067/26/18/9149/htm
https://www.mdpi.com/1422-0067/26/18/9149/htm
https://www.mdpi.com/1422-0067/26/18/9149/htm
https://www.ncbi.nlm.nih.gov/pubmed/29465730
https://www.ncbi.nlm.nih.gov/pubmed/29465730
https://www.mdpi.com/1424-8247/13/11/355
https://www.mdpi.com/1424-8247/13/11/355
https://linkinghub.elsevier.com/retrieve/pii/S0963996909002683
https://linkinghub.elsevier.com/retrieve/pii/S0963996909002683
https://linkinghub.elsevier.com/retrieve/pii/S0963996909002683
https://www.tandfonline.com/doi/full/10.1080/10942912.2025.2466575
https://www.tandfonline.com/doi/full/10.1080/10942912.2025.2466575
https://www.tandfonline.com/doi/full/10.1080/10942912.2025.2466575
https://pubs.acs.org/doi/10.1021/jf904456r
https://pubs.acs.org/doi/10.1021/jf904456r
https://link.springer.com/10.1007/s00726-024-03384-8
https://link.springer.com/10.1007/s00726-024-03384-8
https://link.springer.com/10.1007/s00726-024-03384-8
https://www.mdpi.com/1420-3049/22/12/2066
https://www.mdpi.com/1420-3049/22/12/2066
https://www.mdpi.com/1420-3049/22/12/2066
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo04100g


Activity, Foods, 2022, 11(13), 1953. Available from: https://
www.mdpi.com/2304-8158/11/13/1953.

31 A. I. Olagunju, O. S. Omoba, V. N. Enujiugha, A. M. Alashi
and R. E. Aluko, Antioxidant properties, ACE/renin inhibi-
tory activities of pigeon pea hydrolysates and effects on sys-
tolic blood pressure of spontaneously hypertensive rats,
Food Sci. Nutr., 2018, 6(7), 1879–1889. Available from:
https://onlinelibrary.wiley.com/doi/10.1002/fsn3.740.

32 D. Martineau-Côté, A. Achouri, M. Pitre, S. Karboune and
L. L’Hocine, Bioaccessibility and Antioxidant Activity of
Faba Bean Peptides in Comparison to those of Pea and Soy
after In Vitro Gastrointestinal Digestion and
Transepithelial Transport across Caco-2 and HT29-
MTX-E12 Cells, J. Agric. Food Chem., 2024, 72(32), 17953–
17963. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/39086319.

33 D. Martineau-Côté, A. Achouri, S. Karboune and
L. L’Hocine, Antioxidant and Angiotensin-Converting
Enzyme Inhibitory Activity of Faba Bean-Derived Peptides
After In Vitro Gastrointestinal Digestion: Insight into Their
Mechanism of Action, J. Agric. Food Chem., 2024, 72(12),
6432–6443. Available from: https://pubs.acs.org/doi/
10.1021/acs.jafc.4c00829.

34 T. Asledottir, G. E. Vegarud, G. Picariello, G. Mamone,
T. E. Lea, A. Røseth, et al. Bioactive peptides identified in
pea and faba bean after in vitro digestion with human gas-
trointestinal enzymes, J. Funct. Foods, 2023, 102, 105445.
Available from: https://linkinghub.elsevier.com/retrieve/pii/
S1756464623000452.

35 L. S. Tain, E. Lozano, A. G. Sáez and A. M. Leroi, Dietary
regulation of hypodermal polyploidization in C. elegans,
BMC Dev. Biol., 2008, 8(1), 28. Available from: https://www.
ncbi.nlm.nih.gov/pubmed/18366811.

36 N. D. Giraldo, J. D. Sánchez, A. López, N. González,
F. Balaguer, J. Redondo, et al., Functional assessment of a
whey protein hydrolysate: In vivo responses in lipid regu-
lation, oxidant defense, and neural protection in
Caenorhabditis elegans, Int. Dairy J., 2024, 154, 105921.
Available from: https://linkinghub.elsevier.com/retrieve/pii/
S0958694624000414.

37 M. Lin, Q. Zeng, J. Yang, J. Huang, M. Zhou, Z. Lin, et al.,
Spirulina derived peptides: Inhibition mechanism on pan-
creatic lipase and impact on lipid-lowering effects of
Caenorhabditis elegans, Int. J. Biol. Macromol., 2025, 319,
145403. Available from: https://linkinghub.elsevier.com/
retrieve/pii/S0141813025059586.

38 H. Shi, X. Hu, H. Zheng, C. Li, L. Sun, Z. Guo, et al., Two
novel antioxidant peptides derived from Arca subcrenata
against oxidative stress and extend lifespan in
Caenorhabditis elegans, J. Funct. Foods, 2021, 81, 104462.
Available from: https://linkinghub.elsevier.com/retrieve/pii/
S1756464621001110.

39 E. Teo, K. C. Batchu, D. Barardo, L. Xiao, A. Cazenave-
Gassiot, N. Tolwinski, et al., A novel vibration-induced exer-
cise paradigm improves fitness and lipid metabolism of
Caenorhabditis elegans, Sci. Rep., 2018, 8(1), 9420.

Available from: https://pmc.ncbi.nlm.nih.gov/articles/
PMC6010440/.

40 E. Maldonado, S. Morales-Pison, F. Urbina and A. Solari,
Aging Hallmarks and the Role of Oxidative Stress,
Antioxidants, 2023, 12(3), 651. Available from: https://www.
mdpi.com/2076-3921/12/3/651.

41 T. Nomura, M. Horikawa, S. Shimamura, T. Hashimoto and
K. Sakamoto, Fat accumulation in Caenorhabditis elegans
is mediated by SREBP homolog SBP-1, Genes Nutr., 2010,
5(1), 17–27. Available from: https://link.springer.com/
10.1007/s12263-009-0157-y.

42 C. T. Murphy, P. J. Hu, Insulin/insulin-like growth factor
signaling in C. elegans, in WormBook: The Online Review of
C. elegans Biology [Internet], Pasadena (CA): WormBook;
2005–2018. Available from: https://www.ncbi.nlm.nih.gov/
books/NBK179230/.

43 J. Z. Morris, H. A. Tissenbaum and G. Ruvkun, A phospha-
tidylinositol-3-OH kinase family member regulating longev-
ity and diapause in Caenorhabditis elegans, Nature, 1996,
382(6591), 536–539. Available from: https://www.ncbi.nlm.
nih.gov/pubmed/8700226.

44 K. D. Kimura, H. A. Tissenbaum, Y. Liu and G. Ruvkun,
daf-2, an insulin receptor-like gene that regulates longevity
and diapause in Caenorhabditis elegans, Science, 1997,
277(5328), 942–946. Available from: https://www.ncbi.nlm.
nih.gov/pubmed/9252323.

45 Q. Qiao, L. Chen, X. Li, X. Lu and Q. Xu, Roles of Dietary
Bioactive Peptides in Redox Balance and Metabolic
Disorders, Oxid. Med. Cell. Longevity, 2021, 2021(1),
5582245, DOI: 10.1155/2021/5582245.

46 D. Zhao and X. Liu, Purification, Identification and
Evaluation of Antioxidant Peptides from Pea Protein
Hydrolysates, Molecules, 2023, 28(7), 2952. Available from:
https://www.mdpi.com/1420-3049/28/7/2952.

47 S. P. Samaei, M. Ghorbani, D. Tagliazucchi, S. Martini,
R. Gotti, T. Themelis, et al. Functional, nutritional, anti-
oxidant, sensory properties and comparative peptidomic
profile of faba bean (Vicia faba, L.) seed protein hydroly-
sates and fortified apple juice, Food Chem., 2020, 330,
127120. Available from: https://linkinghub.elsevier.com/
retrieve/pii/S0308814620309821.

48 N. H. Nguyen, G. B. Tran and C. T. Nguyen, Anti-oxidative
effects of superoxide dismutase 3 on inflammatory dis-
eases, J. Mol. Med., 2020, 98(1), 59–69. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/31724066.

49 S. A. Keith, F. R. G. Amrit, R. Ratnappan and A. Ghazi, The
C. elegans healthspan and stress-resistance assay toolkit,
Methods, 2014, 68(3), 476–486. Available from: https://www.
sciencedirect.com/science/article/pii/S1046202314001479?
via%3Dihub#b0500.

50 R. Jin, H. Ren, M. Liao, J. Shang, D. Wang, M. Li, et al., A
dipeptidyl peptidase IV inhibitory peptide relieves palmitic
acid-induced endoplasmic reticulum stress in HepG2 cells
independent of inhibiting dipeptidyl peptidase IV activity,
Food Funct., 2021, 12(21), 10773–10782, DOI: 10.1039/
d1fo02283k.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2026 Food Funct., 2026, 17, 2384–2398 | 2397

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 1
:3

8:
42

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://www.mdpi.com/2304-8158/11/13/1953
https://www.mdpi.com/2304-8158/11/13/1953
https://www.mdpi.com/2304-8158/11/13/1953
https://onlinelibrary.wiley.com/doi/10.1002/fsn3.740
https://onlinelibrary.wiley.com/doi/10.1002/fsn3.740
https://www.ncbi.nlm.nih.gov/pubmed/39086319
https://www.ncbi.nlm.nih.gov/pubmed/39086319
https://www.ncbi.nlm.nih.gov/pubmed/39086319
https://pubs.acs.org/doi/10.1021/acs.jafc.4c00829
https://pubs.acs.org/doi/10.1021/acs.jafc.4c00829
https://pubs.acs.org/doi/10.1021/acs.jafc.4c00829
https://linkinghub.elsevier.com/retrieve/pii/S1756464623000452
https://linkinghub.elsevier.com/retrieve/pii/S1756464623000452
https://linkinghub.elsevier.com/retrieve/pii/S1756464623000452
https://www.ncbi.nlm.nih.gov/pubmed/18366811
https://www.ncbi.nlm.nih.gov/pubmed/18366811
https://www.ncbi.nlm.nih.gov/pubmed/18366811
https://linkinghub.elsevier.com/retrieve/pii/S0958694624000414
https://linkinghub.elsevier.com/retrieve/pii/S0958694624000414
https://linkinghub.elsevier.com/retrieve/pii/S0958694624000414
https://linkinghub.elsevier.com/retrieve/pii/S0141813025059586
https://linkinghub.elsevier.com/retrieve/pii/S0141813025059586
https://linkinghub.elsevier.com/retrieve/pii/S0141813025059586
https://linkinghub.elsevier.com/retrieve/pii/S1756464621001110
https://linkinghub.elsevier.com/retrieve/pii/S1756464621001110
https://linkinghub.elsevier.com/retrieve/pii/S1756464621001110
https://pmc.ncbi.nlm.nih.gov/articles/PMC6010440/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6010440/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6010440/
https://www.mdpi.com/2076-3921/12/3/651
https://www.mdpi.com/2076-3921/12/3/651
https://www.mdpi.com/2076-3921/12/3/651
https://link.springer.com/10.1007/s12263-009-0157-y
https://link.springer.com/10.1007/s12263-009-0157-y
https://link.springer.com/10.1007/s12263-009-0157-y
https://www.ncbi.nlm.nih.gov/books/NBK179230/
https://www.ncbi.nlm.nih.gov/books/NBK179230/
https://www.ncbi.nlm.nih.gov/books/NBK179230/
https://www.ncbi.nlm.nih.gov/pubmed/8700226
https://www.ncbi.nlm.nih.gov/pubmed/8700226
https://www.ncbi.nlm.nih.gov/pubmed/8700226
https://www.ncbi.nlm.nih.gov/pubmed/9252323
https://www.ncbi.nlm.nih.gov/pubmed/9252323
https://www.ncbi.nlm.nih.gov/pubmed/9252323
https://doi.org/10.1155/2021/5582245
https://www.mdpi.com/1420-3049/28/7/2952
https://www.mdpi.com/1420-3049/28/7/2952
https://linkinghub.elsevier.com/retrieve/pii/S0308814620309821
https://linkinghub.elsevier.com/retrieve/pii/S0308814620309821
https://linkinghub.elsevier.com/retrieve/pii/S0308814620309821
https://www.ncbi.nlm.nih.gov/pubmed/31724066
https://www.ncbi.nlm.nih.gov/pubmed/31724066
https://www.sciencedirect.com/science/article/pii/S1046202314001479?via�%3Dihub#b0500
https://www.sciencedirect.com/science/article/pii/S1046202314001479?via�%3Dihub#b0500
https://www.sciencedirect.com/science/article/pii/S1046202314001479?via�%3Dihub#b0500
https://www.sciencedirect.com/science/article/pii/S1046202314001479?via�%3Dihub#b0500
https://doi.org/10.1039/d1fo02283k
https://doi.org/10.1039/d1fo02283k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo04100g


51 J. Labbadia and R. I. Morimoto, The Biology of Proteostasis
in Aging and Disease, Annu. Rev. Biochem., 2015, 84, 435.
Available from: https://pmc.ncbi.nlm.nih.gov/articles/
PMC4539002/.

52 N. Kourtis and N. Tavernarakis, Cellular stress response
pathways and ageing: intricate molecular relationships,
EMBO J., 2011, 30(13), 2520–2531. Available from: https://
emboj.embopress.org/cgi/doi/10.1038/emboj.2011.162.

53 R. C. Taylor and A. Dillin, XBP-1 is a cell-nonautonomous
regulator of stress resistance and longevity, Cell, 2013,
153(7), 1435–1447. Available from: https://www.ncbi.nlm.
nih.gov/pubmed/23791175.

54 A. J. Hill, R. Mansfield, J. M. N. G. Lopez, D. M. Raizen and
C. Van Buskirk, Cellular Stress Induces a Protective Sleep-

like State in C. elegans, Curr. Biol., 2014, 24(20), 2399–
2405. Available from: https://linkinghub.elsevier.com/
retrieve/pii/S0960982214010537.

55 G. Garcia, H. Zhang, S. Moreno, C. K. Tsui, B. M. Webster,
R. Higuchi-Sanabria, et al., Lipid homeostasis is
essential for a maximal ER stress response, eLife, 2023, 12,
e83884. Available from: https://elifesciences.org/articles/
83884.

56 S. Henis-Korenblit, P. Zhang, M. Hansen, M. McCormick,
S. J. Lee, M. Cary, et al., Insulin/IGF-1 signaling mutants
reprogram ER stress response regulators to promote longev-
ity, Proc. Natl. Acad. Sci. U. S. A., 2010, 107(21), 9730–9735.
Available from: https://pnas.org/doi/full/10.1073/pnas.
1002575107.

Paper Food & Function

2398 | Food Funct., 2026, 17, 2384–2398 This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 1
:3

8:
42

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://pmc.ncbi.nlm.nih.gov/articles/PMC4539002/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4539002/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4539002/
https://emboj.embopress.org/cgi/doi/10.1038/emboj.2011.162
https://emboj.embopress.org/cgi/doi/10.1038/emboj.2011.162
https://emboj.embopress.org/cgi/doi/10.1038/emboj.2011.162
https://www.ncbi.nlm.nih.gov/pubmed/23791175
https://www.ncbi.nlm.nih.gov/pubmed/23791175
https://www.ncbi.nlm.nih.gov/pubmed/23791175
https://linkinghub.elsevier.com/retrieve/pii/S0960982214010537
https://linkinghub.elsevier.com/retrieve/pii/S0960982214010537
https://linkinghub.elsevier.com/retrieve/pii/S0960982214010537
https://elifesciences.org/articles/83884
https://elifesciences.org/articles/83884
https://elifesciences.org/articles/83884
https://pnas.org/doi/full/10.1073/pnas.1002575107
https://pnas.org/doi/full/10.1073/pnas.1002575107
https://pnas.org/doi/full/10.1073/pnas.1002575107
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo04100g

	Button 1: 


