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Effect of high pressure homogenization on in vitro
digestibility and colon fermentability of pea
protein-rich bread designed for elderly
consumers†
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Enrichment of staple foods with proteins can be a solution to tackle protein-energy malnutrition in the

elderly. For instance, bread can be enriched with pea proteins that are cheap, sustainable and easily diges-

tible. Non-conventional technologies, such as high pressure homogenization (HPH), can improve the

digestibility of plant proteins. To characterize the health functionality of pea-enriched bread, a functional

bread tailored to elderly consumers was developed by substituting 5% wheat flour with untreated or

HPH-treated pea protein concentrate. Protein digestibility and colon fermentability were assessed by

mimicking elderly in vitro gastrointestinal and gut microbiota conditions and compared with adult con-

ditions. Bread reformulation with pea proteins affected physical and chemical properties and produced an

increase in hardness, which is one of the key features for the acceptability of bread by the elderly. The

highest hardness value was observed for pea protein bread, followed by HPH-treated pea protein bread

and wheat bread. In vitro protein digestibility and fermentability were affected by reformulation and by

physiological digestive conditions, with lower digestibility under elderly conditions compared to adult

ones. The obtained results may contribute to a better understanding of food digestibility under different

gastrointestinal conditions and its dependence on physiological and formulation factors, and ultimately

would help to design age-tailored foods.

1 Introduction

The world’s population is aging at an unprecedented rate. In
many countries, the number of the elderly is growing faster
than the overall population1 (WHO, 2002a). The increase in
the elderly population has created a need for additional knowl-
edge of age-related changes and nutrition needs, which has
importance in the prevention and treatment of malnutrition
and disease.2,3 In particular, protein-energy malnutrition,
resulting from reduced and/or unbalanced food protein intake
and impaired metabolism is quite common in the elderly, who
do not introduce the recommended protein amount (i.e., 1.1 g

per kg body weight per day).4 It is a matter of fact that a state
of malnutrition in the elderly increases the risk of chronic dis-
eases, such as sarcopenia, and frailty, worsens geriatric syn-
dromes and important functional abilities, such as immunity,
bone health, and cognitive functions, and is associated with
longer hospital stays and high demands of medical services.5,6

Increasing protein intake in the elderly is challenging.
Increasing portion sizes or meal frequency is usually not a suc-
cessful strategy in the elderly, because of eating fatigue or low
appetite.7 Therefore, there is a need for new food product
development with functional health benefits specifically
designed to address the food-related needs of elderly consu-
mers.8 In line with this, protein enrichment of staple foods
can represent a strategy to increase protein intake in the
elderly.9,10 Bread is an important food in the daily diet of the
elderly, especially in the Mediterranean area.11 It is generally
produced with soft wheat flour, but proteins can be added to
increase its nutritional value.12 Pea proteins have been gaining
interest in the development of functional foods because they
are cheap, sustainable, quite well-balanced in terms of amino
acid profile, despite the admitted deficiency in sulphur amino
acids in legumes, and easily digestible. Based on high digesti-
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bility, and balanced amino acid composition, pea protein may
be considered as a high-quality plant protein.13,14 It is worthy
to note that pea proteins aggregate in the stomach producing a
kinetics of amino acid absorption in the small intestine that is
intermediate between that of whey, considered fast-digestible
proteins, and caseins, considered slow-digestible proteins.15

To prevent or treat malnutrition in the elderly both aspects
should be tackled: food enrichment with a significant protein
amount per portion and quality of proteins that should be rich
in essential amino acids and fast to digest. To this aim, the
application of non-conventional technologies has been
suggested to improve vegetable protein digestibility. High
pressure homogenization (HPH) has been recently proposed as
an effective tool to induce structural changes in proteins,
enhancing their functional and nutritional properties.
Melchior et al.16 demonstrated that HPH induced protein
structural modifications. Because of HPH application,
unfolded protein resulted in more easily accessible by the
digestive enzymes during the gastric phase, with increased
gastric digestion kinetics.

Currently, one of the main hurdles in the development of
foods for the elderly is represented by the limited methodologies
available to assess their effective functionality. The nutritional
assessment should be conducted considering the influence of
gastrointestinal (GI) modifications in the elderly, which could
decrease the ability to digest and absorb nutrients due to
changes in salivary flow, chewing ability, digestive enzyme pro-
duction, gastric acid secretion.3 The composition and function
of the gut microbiota also change with age, potentially contribut-
ing to unhealthy aging and the onset of various age-related dis-
eases. Preserving a healthy gut microbiota offers a promising
avenue for promoting healthy aging.17 In this sense, in vitro
digestion and fermentation models could represent a valuable
tool to pre-set the most promising technological interventions
enabling the development of age-tailored foods.18 The relation-
ship between technological intervention and nutrient digesti-
bility under elderly GI conditions has been investigated
recently,12,19–21 while during colonic fermentation is still largely
unexplored and mostly focused on adult GI conditions.22

In this context, a functional bread tailored to elderly consu-
mers was developed by substituting 5% wheat flour with
untreated or HPH-treated pea protein concentrate. This per-
centage was chosen to allow, for the functional bread, the
claim “source of protein” (Reg. EU No 1924/2006). This claim
is allowed when at least 12% of the total energy of the food is
provided by proteins. Nutritional quality of the developed
bread was assessed by mimicking elderly in vitro GI and gut
microbiota conditions and results were compared with those
obtained by applying protocols simulating adult conditions.

2 Material and methods
2.1 Materials

Wheat flour, sunflower oil, dry yeast, sugar, and salt were pur-
chased from a local supermarket (Wageningen, the

Netherlands). Pea protein concentrate (80% protein, 8% fat,
4.9% carbohydrates, 4.2% fiber, 1.1% salt, 1.8% moisture,
from Raab Vitalfood GmbH, Rohrbach, Germany) was acquired
from a local supermarket (Udine, Italy). All ingredients were
used for breadmaking. Pepsin (P6887) from porcine gastric
mucosa (≥3200 units per mg protein), pancreatin (P7545) from
porcine pancreas (8 × USP), porcine bile extract (B8631),
ammonium carbonate ((NH4)2CO3), sodium bicarbonate
(NaHCO3), potassium chloride (KCl), sodium chloride (NaCl),
calcium chloride dihydrate (CaCl2(H2O)2), magnesium chlor-
ide hexahydrate (MgCl2(H2O)6), potassium dihydrogen phos-
phate (KH2PO4), potassium hydrogen phosphate (K2HPO4),
sodium hydroxide (NaOH), hydrochloric acid (HCl), o-phthal-
dialdehyde (OPA), dithiothreithol, sodium dodecyl sulfate
(SDS), L-serine, trichloroacetic acid (TCA), sodium tetraborate,
sodium thioglucolate, 2-ethylbutyric acid, oxalic acid, acetic
acid, propionic acid, butyric acid, valeric acid, iso-butyric acid,
isovaleric acid, tryptophan, tryptamine, serotonin, indole-3-
lactic acid, oxindole, indole-3-aldehyde, kynurenine,
D-methionine, rhodamine B and fluorescein-5-isothiocyanate
(FITC) were provided by Sigma-Aldrich (St Louis MO, USA).
Pierce™ BCA Protein Assay Kit, NuPAGE®LDS, NuPAGE® MES
SDS Running Buffer, NuPAGE® Novex® 4–12% Bis-Tris Gel
1.0 mm were acquired from Thermo Scientific Inc.
(Massachusetts, USA). Coomassie Brilliant Blue R-250 Staining
Solution was purchased from Bio-Rad (Hercules, CA, USA).
BlueRay Prestained Protein Marker was purchased from Jena
Bioscience GmbH (Jena, Germany). Ammonia Assay Kit
(AMIAR) was provided by Megazyme (Bray, Co. Wicklow,
Ireland). Ultra-pure water (Purelab® Flex Pure Water Systems,
Veolia Water Technologies Netherlands B.V., Ede, The
Netherlands) was used for all analyses.

2.2 High pressure homogenization (HPH) treatment

Pea protein concentrate was suspended in water at 5% (w/v) con-
centration and stirred overnight. The protein aqueous dispersion
was then treated at a pressure of 70 MPa for 3 passes by a con-
tinuous lab-scale high-pressure homogenizer (Panda Plus 2000;
GEA Niro Soavi, Parma, Italy) as reported by Melchior et al.16

Samples were freeze-dried (Epsilon 2–4 LSCplus, Martin Christ
GmbH, Osterode am Harz, Germany) and stored into a desicca-
tor at room temperature before breadmaking.

2.3 Breadmaking

The reference wheat bread was prepared according to the fol-
lowing dough formulation: 60.5% wheat flour, 30.0% water,
5.9% sunflower oil, 2.0% sugar, 1.0% yeast and 0.6% salt. Two
pea protein-rich breads were obtained by substituting wheat
flour with 5% w/w of either pea protein or HPH-treated pea
protein concentrate while maintaining a constant ratio among
the other ingredients.12

Before mixing with other ingredients, pea protein and HPH-
treated pea protein concentrates were preliminarily suspended
in water and stirred overnight at room temperature to allow
protein hydration. All ingredients were mixed in a kneading
machine (Hobart, Spronk Bakkerijmachines, Andelst, The
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Netherlands) at speed 3 for 15 min, until the dough was comple-
tely stuck around the mixing hook, leaving the mixing bowl com-
pletely clean. Subsequently, dough portions (100 g) were manu-
ally rounded, and leavened at 35 °C and 80 RH% for 60 min
(Weiss, Tiel, The Netherlands). The fermented dough was baked
in a professional oven (Leventi Bakermat Mastermind, Spronk
Bakkerijmachines, Andelst, The Netherlands) at 160 °C for
35 min, with steam injections every 3 min from 0 to 21 min.
Finally, bread samples were cooled to room temperature for 1 h.
Wheat bread was used as the reference sample. Wheat bread,
pea protein bread and HPH-treated pea protein bread were
named W, PP and HPH-PP, respectively.

2.3 Chemical and physical characterization of bread

2.3.1 Protein content. The total protein content of each
bread type was measured on freeze dried bread crumb by
Dumas combustion (Rapid N exceed, Elementar, Germany) in
triplicate. D-methionine was used for the calibration curve and
cellulose as a control. A conversion factor of N × 5.7 was
used.23

2.3.2 Moisture content. Moisture content was measured
according to AOAC gravimetric method.24 Crumb and crust
were carefully separated with a knife and then dried in an
incubator (Binder Inc., Bohemia, NY, USA) at 105 °C overnight
until constant weight.

2.3.3 Water activity (aw). Water activity (aw) was measured
at 25 °C using a hygrometer (LabMaster-aw, Novasina, Lachen,
Swiss).

2.3.4 Water holding capacity (WHC). Water holding
capacity (WHC) of the bread crumb was measured according
to Bornhorst and Singh,25 upon slight modifications. Aliquots
(0.2 g) of 10-Mesh ground bread crumb were suspended in
1 mL of deionized water, stirred using a vortex, and centri-
fuged for 15 min at 13 000g at 4 °C (centrifuge 5430 R,
Eppendorf, Nijmegen, The Netherlands). The supernatant was
drained, and the precipitate was weighed. WHC was calculated
as gwater gdry weight

−1.
2.3.5 Color. A ColorFlex colorimeter (HunterLab, Reston,

Virginia), standardized against white and green tiles, was used
to measure the color of the crust of bread loafs. Data of at least
ten measures were expressed in CIE units as L* (lightness/
darkness), a* (redness/greenness) and b* (yellowness/blue-
ness), and the hue angle (HA) was calculated by eqn (1).26

Hue angle ¼ arctan ðb � =a�Þ ð1Þ
2.3.6 Texture profile. The texture was determined using a

Texture Analyzer (TA·XP. Plus, Stable Micro System,
Godalming, UK) and analyzed using Texture Expert software
(Stable Micro Systems, Godalming, UK). Bread loaves were por-
tioned mechanically into 1.5 cm thickness slices (bread slicing
machine, JEMTO, Zutphen, The Netherlands). Two overlapped
slices were subjected to a Texture Profile Analysis (TPA) test, at
40% strain (pre-test speed 1 mm s−1, test speed 2 mm s−1,
post-test speed 5 mm s−1, 0.049 g trigger force, distance
10 mm) with a compression plate (P/15). At least ten measure-

ments were taken for each bread type and the obtained textural
parameters were hardness and chewiness.27

2.3.7 Porosity. Bread slice pictures were acquired using an
electronic visual analyzer (IRIS V400, Alpha MOS, Toulouse,
France) equipped with a 25 1 : 2.2 mm lens (Basler AG,
Germany). ImageJ software was used to analyze the porosity of
the bread. The highest b-value was changed from 255 to a
value between 130 and 178, to isolate the correct area of the
pores. The porosity was calculated as the mean of three
different pictures for each bread type.

2.3.8 Confocal laser scanning microscopy (CLSM). To
study the microstructure of bread samples, Confocal Laser
Scanning Microscope type Zeiss LSM 510-META (Zeiss,
Oberkochen, Germany) was used according to Renzetti et al.28

and Tagliasco et al.29 Rhodamine B and FITC were used to
stain the protein and starch bodies, respectively. Stock solu-
tions of both dyes were diluted with water to a final concen-
tration of 0.001% w/v. A piece of each bread crumb (ca. 1 mm
thickness) was cut with a razor blade (Personna Verona, Italy)
and stained in the solution to allow the dye to penetrate at
least 60 min. The samples were placed on a glass slide, rhoda-
mine B was excited a 543 nm by a HeNe laser and FITC a
405–430 nm laser. Ten pictures of each sample were randomly
taken, five with a magnification of 20× (450 μm by 450 μm)
and five with a magnification of 10× (900 μm by 900 μm). To
get quantitative results, the images were analyzed with
AngioTool64 version 0.6a (Maryland, MD, USA) (low threshold:
15; high threshold: 255; vessel thickness: 9, 20; small particles:
10; fill holes: 0 and scaling factor: 0.0006640625) and para-
meters of interest included the average protein length and the
protein branching rate (total number of junctions/total protein
area).

2.4 Bread digestibility

2.4.1 Static in vitro digestion. Bread samples were sub-
jected to static in vitro gastro-intestinal digestion, under adult
and elderly conditions, following the procedure suggested by
Brodkorb et al.30 and Melchior et al.,31 respectively. Briefly,
simulated digestive fluids (salivary (SSF), gastric (SGF) and
intestinal (SIF)) and enzyme solutions were prepared following
the protocols. The bread crumb was portioned in small cubic
pieces (ca. 5 × 5 × 5 mm). Aliquots (5 g) of the sample were
added with SSF, CaCl2(H2O)2, and water, and incubated for
2 min at pH 7 at 37 °C in an incubator (VENTI-Line®, VWR,
Pennsylvania, USA) under stirring with a rotatory shaker (Multi
RS-60, Biosan, Riga, Latvia) at 15 or 7 rpm, under adult or
elderly conditions, respectively. Salivary amylase was not used
since the focus of the study was on protein hydrolysis and fer-
mentability. The sample was then diluted 1 : 1 (v/v) with SGF,
CaCl2(H2O)2 and pepsin solution, the pH was adjusted with
HCl 1 M to 3 under adult conditions and to 4.5 under elderly
ones, water was added to maintain the ratio bolo to fluids 1 : 1
(v/v), and the sample was stirred at 37 °C during 2 or 3 h under
adult or elderly conditions. The intestinal phase was carried
out by mixing the endpoint of the gastric phase with SIF,
CaCl2(H2O)2, pancreatin and bile salts solutions. Then, the pH
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was adjusted with NaOH 1 M to 7 or 6.6 under adult or elderly
conditions, respectively, water was added to maintain the ratio
chyme to fluids 1 : 1 (v/v), and the sample was stirred at 37 °C
during 2 or 3 h under adult or elderly settings. In this study,
distinct in vitro experiments were conducted, both in triplicate,
respectively for the digesta characterization and colonic fer-
mentation. In the case of the digestion procedure, two parallel
in vitro procedures were performed one until the end of the
gastric phase and the other until the end of the intestinal
phase. The blank in vitro digestion was performed substituting
bread with water.

2.4.2 Protein solubility. Protein solubility was measured
with Pierce™ bicinchoninic acid assay (BCA) by simulating the
gastric phase of the in vitro digestion without the addition of
pepsin for 30 min. Samples were centrifuged at 4500g for
30 min at 4 °C. The protein solubility on a dry basis was calcu-
lated as the percentage ratio between the concentration of
protein in the supernatant, and the protein concentration in
the bread.

2.4.3 In vitro protein digestibility. Samples collected at the
end of the gastric and intestinal phases were heated at 100 °C
for 5 min to stop the enzymatic reactions and centrifuged at
4500g for 10 min at 4 °C (Multifuge X3R, Thermo Scientific
Inc. Massachusetts, USA) to separate soluble and insoluble
material. An aliquot of 200 µL supernatant was added with
332 µL 5% TCA. Samples were centrifuged at 10 000g for
30 min at 4 °C (Eppendorf Centrifuge 5430 R, Eppendorf,
Nijmegen, The Netherlands). The in vitro protein digestibility
was determined using the OPA spectrophotometric assay.32

OPA (0.04 g mL−1) was dissolved in ethanol and added to an
aqueous solution of sodium tetraborate (0.038 g mL−1), dithio-
threitol (0.88 mg mL−1), and SDS (1 mg mL−1). Aliquots of 5 μL
of the supernatant were mixed with 200 μL of OPA reagent into
a 96-well microplate and incubated for 15 min at room temp-
erature in the dark. The absorbance was measured at 340 nm
using a multi-mode microplate reader (Spectramax M3,
Molecular Devices, San Jose, USA). A calibration curve was
obtained from standard L-serine solutions ranging from 0 to
10 mM. In vitro protein digestibility was measured through the
degree of hydrolysis, calculated as follows:

In vitroprotein digestibilityð%Þ ¼ ð½NH2digested� � ½NH2blank�Þ=
ð½NH2undigested�Þ � 100

ð2Þ

where [NH2 digested] is the concentration of free amino groups
in the digested sample at the end of gastric or intestinal
phases, [NH2 blank] is the concentration of free amino groups
in the blank (enzymes contribution) and [NH2 undigested] is the
total content of free amino groups in the undigested bread
samples upon acid hydrolysis with 6 N HCl at 110 °C for 24 h.

2.4.4 Particle size. The pellet of the samples collected at
the end of the gastric and intestinal phases were dissolved in
15 mL of water. The particle size distribution was measured
using Mastersizer 3000 (Malvern Panalytical, Malvern, UK).
The particle settings were set to non-spherical proteins with a

refractive index of 1.46. The obscuration was between 4 and
12%. For each sample, the average was taken for three
measurements.

2.4.5 Sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE). SDS-PAGE was performed according to
Laemmli.33 Ten mg of freeze-dried bread sample and freeze-
dried pellet after gastric and intestinal phases were mixed with
250 μL of NuPAGE®LDS sample buffer with 100 μL NuPAGE®
Sample Reducing Agent and 650 μL of water was added. The
mixture was centrifuged at 424g for 1 min, heated at 70 °C for
10 min in a heating block (Eppendorf ThermoMixer C,
Hamburg, Germany) and centrifuged again at 424g for 1 min.
Running buffer was made by diluting NuPAGE® MES SDS
Running Buffer in deionized water in a ratio 1 : 20 and 0.5 mL
of antioxidant. An aliquot of 10 μL of sample was loaded onto
NuPAGE® Novex® 4–12% Bis-Tris Gel to guarantee the same
protein content in each well. The run was performed on a
XCell SureLock™ Mini-Cell apparatus (Thermofisher
Scientific, Waltham, Massachusetts, USA) at 150 V for 1 h
(VWR 250 V Power Supply, VWR, Radnor, Pennsylvania, USA).
Subsequently, the gel was washed with deionized water 3
times, stained with 100 mL Coomassie Brilliant Blue R-250
Staining Solution for 1 h, while shaking slightly, rinsed with
deionized water 3 times and washed with washing buffer, con-
taining 10% (v/v) ethanol and 7.5% (v/v) acetic acid in de-
ionized water, for 2 h. The gel was scanned using GS-900
Calibrated Densitometer (Bio-Rad, Hercules, CA, USA) and the
image was acquired with Image Lab (Bio-Rad, Hercules, CA,
USA). A mixture of proteins with known molecular weights
(MW), ranging from 10 to 180 kDa, was used as a reference.

2.5 Bread fermentability

2.5.1 In vitro colonic fermentation. After in vitro digestion,
the digesta was centrifuged at 4500g for 10 min at 4 °C to sep-
arate pellet and supernatant and frozen at −20 °C until ana-
lysis. The protein content and dry matter of the pellet at the
end of the intestinal phase were measured as reported in
section 2.3.1 and 2.3.2, respectively.

Fresh fecal samples were collected from three European
adults, 28–40 years old, and three Dutch elderly, 74–76 years
old, with a body mass index of 21.2 ± 1.4 and 20.9 ± 2.2,
respectively. All donors were in good health and with no
history of gastrointestinal disorders or antibiotic treatment for
at least 3 months before this study. Fecal slurries were pro-
cessed within 2 h after defecation following the method
described by Pérez-Burillo et al.34 Healthy volunteers gave
written consent for a single fecal donation and their anonym-
ity was maintained. According to the guidelines of the Medical
Ethical Advisory Committee of Wageningen University
(METC-WU), this research did not need an ethics approval.
The fecal slurry was prepared at 32% feces (w/v) in phosphate
buffer, consisting of (per L) 8.8 g K2HPO4, 6.8 g KH2PO4 and
0.1 g of sodium thioglycolate in water, using a Stomacher 400
circulator (VWR, Radnor, Pennsylvania, USA). Basal nutrient
medium contained (per L): 5.22 g K2HPO4, 16.32 g KH2PO4,
2 g NaHCO3, 2 g yeast extract, 2 g peptone, 1 g mucin, 0.5 g
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L-cysteine HCl and 2 mL Tween-80. Phosphate buffer, basal
nutrient medium and all the materials were autoclaved to ster-
ilize at 121 °C and 1 bar for 15 min. Each fermentation tube
carried 5.25 mL of basal nutrient medium, 1.40 mL of fecal
slurry, 0.35 g of undigested pellet and 0.45 g of supernatant
from in vitro digestion. Digesta pellet and supernatant were
thawed immediately before analysis. Earlier addition of fecal
slurries, tubes were flushed with N2/CO2 (80/20, v/v) gases to
create an anaerobic condition. A control (blank) was included
containing only fecal slurry. Samples were kept at 37 °C with
oscillating shaking at 200 rpm (MaxQ 2000, Thermofisher
Scientific, Waltham, Massachusetts, USA) and taken at 0, 2, 8
and 24 h. Microbial activity was stopped by placing the tubes
on ice and after centrifugation at 4500g for 10 min at 4 °C, the
supernatants and pellets were separated and stored at −20 °C
for further analysis.

2.5.2 Short chain fatty acid (SCFAs) and branched chain
fatty acids (BCFAs) determination. SCFAs and BCFAs determi-
nation were performed using a gas chromatography system
equipped with a flame ionization detector (GC-FID, GC-2014,
Shimadzu, Hertogenbosch, Netherlands), according to Huyan
et al.35 Briefly, the supernatants of the in vitro colonic fermen-
tations were further centrifuged at 20 000g for 5 min at 4 °C
and 2 mL were filtered (15 mm ∅, 0.2 μm regenerated cellulose
filter, Phenomenex, Torrance, USA). An internal standard of
2-ethylbutyric acid in 0.3 M HCl and 0.9 M oxalic acid was
added to the samples. Nitrogen was used as a carrier gas with
a flow rate of 10 mL min−1. The temperature of GC-FID started
at 100 °C, then increased to 180 °C for 2 min at a rate of
10.8 °C min−1. Then, it increased at 50 °C min−1 to 240 °C and
was maintained at 240 °C for 2 min. Standard calibration
curves of acetic, propionic, butyric, valeric, isobutyric and iso-
valeric acids were prepared in the range from 0 to 2 mg mL−1.
The data was processed using Chromeleon 7.2 sr5® software
(Thermo Scientific, Waltham, Massachusetts, USA).

2.5.3 Ammonia determination. The ammonia content was
determined by ammonia assay. In a 96-well microplate, 0.2 mL
of water, 10 μL of supernatant of the in vitro colonic fermenta-
tion sample, 30 μL of buffer, and 20 μL of NADPH solution
were added and the absorbance was measured at 340 nm
using a multi-mode microplate reader. Then, 2 μL of glutamate
dehydrogenase (GIDH) solution was added to each well and
the absorbance was measured again at 340 nm. The concen-
tration of ammonia after 24 h batch fermentation for each
donor was corrected for ammonia present in the faecal blank
at 0 h for that donor.

2.5.4 Tryptophan and its derived catabolites determi-
nation. The supernatants (2 mL) of the in vitro colonic fermen-
tations were further centrifuged at 20 000g for 5 min at 4 °C
and filtered with 15 mm ∅, 0.2 μm regenerated cellulose filter.
Tryptophan-derived catabolites in supernatants were quanti-
fied via a Shimadzu Nexera XR LC-20ADxr UPLC system
coupled with a Shimadzu LCMS-8050 mass spectrometer
(Kyoto, Japan) according to the methodology reported by
Huang et al.36 Compounds were identified by comparing the
transitions (m/z) and retention time (RT) with reference stan-

dards including tryptophan (Trp, m/z 204.9 → 188.1; RT
2.6 min) and catabolite: tryptamine (TA; m/z 161.1 → 144.0; RT
2.0 min), serotonin (5HT; m/z 177.0 → 160.1; RT 1.1 min),
indole-3-lactic acid (ILA; m/z 205.9 → 118.1; RT 8.0 min), oxi-
ndole (Oxi; m/z 134.0 → 77.1; RT 7.5 min), indole-3-aldehyde
(I3A; m/z 146.0 → 118.1; RT 8.4 min) and kynurenine (Kyn; m/z
209.0 → 192.1; RT 1.92 min).

2.6 Statistical analysis

Results are expressed as mean ± standard deviation (SD) of at
least three measurements on three replicated samples on a
single batch of each bread sample. Statistical analysis was per-
formed by using R v. 4.2.2 for Windows (The R foundation for
statistical computing, 2022). Bartlett’s test was used to check
the homogeneity of variance, one-way ANOVA was carried out
and the Tukey test was used to determine statistically signifi-
cant differences among means (p < 0.05).

3 Results and discussion
3.1 Chemical and physical properties of bread

The effect of the protein addition on the chemical and physical
properties of bread samples is summarized in Table 1.

The replacement of 5% of wheat flour with PP and HPH-PP
concentrates caused an increase in protein content from 10 to
13%, which corresponded to an increase in the energy pro-
vided by proteins from 100 kcal g−1 to 130 kcal g−1.12 This
allowed the reformulated bread to be claimed as a “source of
protein” according to Regulation (EU) No 1924/2006. The pres-
ence of pea protein caused an increase in the moisture content
of crumb (Table 1), in agreement with the literature.37 Wheat
flour substitution with protein concentrate did not modify
either aw or WHC values (Table 1).

Color is an important attribute because it influences the
elderly’s food choices and preferences. As expected, the
addition of PP and HPH-PP concentrates significantly
decreased L* and HA values of both crumb and crust of bread,
as compared to wheat bread (Table 1). This result can be attrib-
uted to an increase in Maillard browning reaction with the
increase in pea protein content.38,39 No differences in color
parameter values (L* and HA) were observed between the
protein-enriched samples (p > 0.05).

Pea protein addition significantly increased crumb hard-
ness and chewiness as compared to wheat bread (Table 1), in
agreement with literature data.37–39 Interestingly, the addition
of HPH-PP concentrate led to a slight but significantly reduced
crumb hardness in comparison to PP concentrate. Hardness
and chewiness represent key features for the acceptability of
bread by the elderly, who described their ideal bread as a soft
crumb, easy to chew and swallow.40 The increase in hardness
and chewiness reveals that bread requires higher teeth force
during the first mastication and a longer time and more
energy for mastication before swallowing, respectively.41 These
results are supported by crumb images, showing a more
expanded structure of the control sample as compared with
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those of the pea-enriched ones without differences in porosity
(Table 1). To visualize the changes in the protein network, as
affected by the addition of PP and HPH-PP concentrates, a
CLSM study was performed (Table 2).

The images of W bread showed a compact, continuous
protein network enclosing starch granules. However, incorpor-
ating pea protein into the bread resulted in discernible
changes in both the protein network and starch granule struc-
ture (Table 2). PP and HPH-PP bread samples exhibited a less
interconnected gluten network by increasing sponginess due
to the presence of numerous large cavities.37,42 The addition of
PP concentrate resulted in a significant reduction in protein
length (Table 2). Conversely, there was no change in protein
length between the W and HPH-PP bread samples. Compared
to the W protein network, the HPH-PP one showed some
larger protein aggregates, likely due to protein unfolding
caused by the HPH treatment,16 with compromission of the
gluten network.

3.2 Bread in vitro protein digestibility

Table 3 shows protein in vitro protein digestibility of W, PP
and HPH-PP bread samples at the end of gastric and intestinal
phases, under adult and elderly conditions.

At the end of the gastric phase, very few peptide bonds were
cleaved under both GI conditions (Table 3), in agreement with
the literature43 showing that gastric pepsin being an endopep-
tidase performs few cuts of the polypeptides to achieve protein
denaturation. In vitro protein digestibility increased consider-
ably after the intestinal phase: all bread types showed lower

in vitro protein digestibility under the elderly GI mimicking
conditions than under the adult ones. These results are in
agreement with the literature,12,19,21,44 and further confirm
that physiological changes during ageing may significantly
compromise in vitro protein digestibility.45 Under adult GI con-
ditions, the in vitro protein digestibility of pea protein-
enriched bread samples was higher (p < 0.05) than that of
wheat bread, and no differences were found between PP and
HPH-PP breads. According to the literature, these higher
in vitro protein digestibility values can be associated with
lower interaction between proteins and starch matrix, making
them more accessible to proteases.46 On the contrary, under
the elderly conditions, the in vitro protein digestibility values
of PP and HPH-PP bread were comparable (p > 0.05) with that
of W bread at the end of the intestinal phase (Table 3). It is
indeed important to underline that the in vitro digestibility of
proteins in the intestinal phase is lower compared to our pre-
vious study.12 These results can be attributed to slight meth-
odological differences regarding the oral phase (in vitro vs.
in vivo mastication)47 and the treatment the samples under-
went (in the previous study both bread and bolus were frozen
and thawed) before and after digestion.

Unexpectedly, HPH treatment did not increase (p > 0.05)
in vitro protein digestibility of pea protein concentrate-contain-
ing bread, both under the adult and elderly GI conditions
(Table 3). This finding seems to be in contrast with the results
described by Melchior et al.16 for pea protein model systems,
showing that shear forces and cavitation effects upon HPH
treatment favoured the enzymatic proteolysis, due to the

Table 1 Protein and moisture content, aw, water holding capacity (WHC), color, hardness, chewiness, and porosity, and representative images of
wheat (W), pea protein (PP) and HPH-treated pea protein (HPH-PP) bread

W PP HPH-PP

Protein content (g per 100 gdw) Crumb 10.6 ± 0.1b 13.2 ± 0.3a 13.6 ± 0.1a

Moisture content (%) Crust 20.4 ± 3.4a 19.0 ± 0.0a 19.3 ± 0.2a

Crumb 33.3 ± 0.9b 35.4 ± 0.7a 36.1 ± 0.2a

aw Crust 0.90 ± 0.01a 0.95 ± 0.03a 0.89 ± 0.00a

Crumb 0.95 ± 0.01a 0.96 ± 0.01a 0.97 ± 0.00a

WHC (gwater gdry weight
−1) Crumb 1.1 ± 0.1a 0.8 ± 0.1a 1.0 ± 0.1a

Colora L* Crust 50.8 ± 1.0a 43.7 ± 1.2b 43.6 ± 0.7b

Crumb 63.2 ± 0.7a 62.4 ± 1.2ab 61.4 ± 1.4b

HA Crust 66.9 ± 1.2a 61.4 ± 1.2b 61.7 ± 0.7b

Crumb 86.6 ± 0.2a 83.8 ± 0.1b 83.2 ± 0.2c

Hardness (N) Crumb 3.1 ± 0.5c 7.7 ± 1.9a 6.2 ± 0.8b

Chewiness (N mm) Crumb 1.9 ± 0.2b 4.2 ± 1.3a 3.7 ± 0.5a

Porosity (%) Crumb 19.1 ± 2.0a 15.0 ± 3.9a 14.0 ± 2.9a

Image

a Color parametres: L*, lightness; HA, Hue angle. Values are expressed as mean ± standard deviation (number of repetitions = 3 for protein
content, moisture content and aw, 10 for color and texture profiles). Means in the same row indicated by different letters are significantly
different (p < 0.05).
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protein unfolding with consequent exposure of SH-groups. In
a complex matrix, such as bread, the lack increasing of in vitro
protein digestibility of HPH-PP bread compared to that of PP
bread (Table 3) can be attributable to the formation of a
gluten-pea protein network between the SH-groups of unfolded
pea protein and gluten during bread making.42 Therefore, pea
proteins would result less available for digestion.

Overall, the slight differences in in vitro protein digestibility
observed among samples and under different physiological
conditions are confirmed by a few differences found from the
particle size distribution and SDS-PAGE profiles of W, PP and
HPH-PP bread undigested pellets collected at the end of the
gastric and intestinal phases (Fig. 1 and 2).

Particle size profile (Fig. 1) explained the lack of differences
observed in in vitro protein digestibility. Specifically, the pellet
of HPH-PP bread exhibited a higher volume of particles in the
larger size range (100–1000 μm) compared to other samples at
the end of the gastric phase (Fig. 1a and b), confirming that
the stronger protein network previously observed (Table 2) is
not dissolved during the gastric phase.

SDS-PAGE profile identified the main proteins in bread
types (Fig. 2a) in agreement with Laguna et al.48 The appli-
cation of the HPH treatment did not modify the protein pattern
of HPH-PP bread compared to the PP bread. The band distri-
bution changes in intensity with the digestion time of each
bread type. At the end of the gastric phase (Fig. 2b) under adult
GI conditions, the high molecular weight proteins, including
key components such as vicilin, legumin α and gliadins, com-
pletely disappeared, which is indicative of proteolysis, and
several bands of molecular weight <15 kDa progressively
appeared. Among the remaining protein fragments, the low
molecular weight forms of vicilin and legumin β exhibited re-
sistance to pepsin during the gastric phase but they were hydro-
lysed during the intestinal phase. Interestingly, although no
differences were observed in in vitro protein digestibility, under

Table 2 Confocal laser scanning microscopy representative images of bread crumb (a), resulting analysis of the image using the Angiotool software
(b), and average protein length of wheat (W), pea protein (PP) and HPH-treated pea protein (HPH-PP) bread

W PP HPH-PP

Protein microstructure a

b

Average protein length (µm) 158.1 ± 29.2a 101.7 ± 24.0b 162.9 ± 39.9a

Values are expressed as mean ± standard deviation (number of repetitions = 10). Means in the same row indicated by different letters are
significantly different (p < 0.05).

Table 3 In vitro protein digestibility (%) of wheat (W), pea protein (PP)
and HPH-treated pea protein (HPH-PP) bread at the end of the gastric
and intestinal phases, under adult and elderly GI conditions

Phase Bread type

In vitro protein digestibility (%)

Adult Elderly

Gastric W 6.4 ± 0.4b,* 2.8 ± 1.2A

PP 7.3 ± 0.5a,* 3.1 ± 0.7A

HPH-PP 7.5 ± 0.3a,* 3.0 ± 0.9A

Intestinal W 40.8 ± 2.8b,* 36.9 ± 6.3A

PP 46.3 ± 1.5a,* 38.4 ± 3.5A

HPH-PP 48.7 ± 3.9a,* 38.7 ± 3.3A

Values are expressed as mean ± standard deviation (number of
repetitions = 3). Lower letters indicate statistically significant (p < 0.05)
differences between bread types at either the end of gastric or the end
of intestinal phase under adult GI conditions. Capital letters indicate
statistically significant (p < 0.05) differences between bread types at
either the end of the gastric or intestinal phase under the elderly GI
conditions. *: indicate statistically significant (p < 0.05) difference
between physiological conditions (adult and the elderly) within each
bread type.
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adult GI conditions, the intensity of bands <8 kDa of pea
protein enriched bread was higher than that of wheat bread.
This suggests that, despite similar digestibility, the digestion of
pea proteins resulted in larger amounts of low molecular
weight peptides. On the other hand, under the elderly con-
dition, the protein degradation pattern differed noticeably.
Although all of the protein bands remained present by the end
of the gastric phase, their intensity was reduced, indicating
that proteolysis was less extensive compared to adult con-
ditions. This could be attributed to the age-related differences
in digestive efficiency. A similar trend was previously observed
and reported by Melchior et al.31 At the end of the intestinal
phase (Fig. 2c), all high molecular weight proteins were
digested into smaller fragments, regardless of the bread com-
position. The resulting digesta profiles were remarkably con-
sistent and showed minimal variation between the adult and
elderly GI conditions. The electrophoretic bands between 20
and 50 kDa corresponded to digestive enzymes that were visible
across all samples. Additionally, the bands corresponding to
the smaller degradation products, specifically those <8 kDa,
became significantly more intense, indicating a high degree of
protein breakdown into low molecular weight peptides. The
results obtained could contribute to better understanding of
protein fate under elderly GI conditions and their relation to
physiological factors. Preliminary in vitro screening must be
validated by in vivo studies that are compulsorily required to
understand the actual physiological response.

3.3 In vitro colonic fermentation of bread

After the intestinal phase that mimicked what happens in the
small intestine, the pellets contained around 17–20% of dry
matter (Table S1†). This value did not significantly differ (p >
0.05) among bread types under adult GI conditions. However,
under elderly GI conditions, the dry matter of wheat bread was
slightly but significantly lower (p < 0.05) than that of enriched
breads. Although more than 97% of proteins initially present in
samples were digested, the protein content in the elderly pellets
was up to 3 times that of adult ones and enriched bread samples
led to a higher content of protein in the adult and elderly pellets,
in agreement with the results of the in vitro digestion (Table 3).

The undigested pellet of bread types was then subjected to
in vitro colonic fermentation to explore the effects of the bread
enrichment with pea protein on microbial metabolism. The
fermentative activity of the microbiota was monitored by
measuring SCFAs and BCFAs (Table 4), which are produced by
the gut microbiota by the fermentation of carbohydrates and
the reductive deamination of amino acids.49

Acetic and propionic acids were the two major SCFAs pro-
duced during batch fermentations in the 24 h (Table 4). Their
concentration increased (p < 0.05) over time, even though no
differences (p > 0.05) were detected among bread types as well
as between the adult and elderly microbiota conditions, indi-
cating that the type of microbiota (from adult or elderly
donors) did not affect SCFAs production.

Fig. 1 Particle size distribution of undigested pellet of wheat (W), pea protein (PP) and HPH-treated pea protein (HPH-PP) bread collected at the
end of the gastric under adult (a) and elderly (b) conditions and intestinal phases under the adult (c) and elderly (d) conditions. Average of three con-
secutive measurements.
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BCFAs, i.e. isovalerate, isobutyrate, and valerate, were also
determined. At the beginning of fermentation (time 0) their
concentrations were 0.05 ± 0.02 mg mL−1, 0.01 ± 0.01 mg
mL−1, and 0.01 ± 0.01 mg mL−1, respectively, and did not
increase over time. Additionally, ammonia production was
detected after 24 h of batch fermentation of pellets collected
after in vitro digestion of W, PP and HPH-PP breads under the
adult and elderly microbiota conditions. In all cases, ammonia
concentration was 0.10 ± 0.02 mg mL−1, regardless of bread
type and gut condition. Generally, deamination of amino acids
increases luminal concentrations of H2, CO2, ammonia and
amines.50 However, the ammonia concentration of the faecal
blank was higher for both gut conditions (0.16 ± 0.05 mg mL−1

under the adult microbiota conditions and 0.34 ± 0.09 mg
mL−1 under the elderly ones). This is probably because faecal
blank contained only proteins from basal nutrient medium
and not fermentable carbohydrates. Therefore, these results
confirm that protein fermentation is reduced in the presence
of fermentable carbohydrates.51 Moreover, the higher level of
ammonia detected under elderly conditions may be due to the
higher level of proteins of the pellets collected after in vitro
digestion of breads under elderly conditions.

In light of the modest differences in the extent of colonic
fermentation among the bread types, the concentration of
tryptophan (Trp) and the production of its catabolites were
assessed after 0 and 24 h of fermentation (Table 5) in PP
bread, being peas, like other plant-based derivatives, sources
of Trp. Consequently, pea could serve as a carrier for delivering
Trp to intestinal microorganisms in various forms, to prevent
hyperinflammation and induce long-term immune tolerance
in the elderly.52

Therefore, investigating the changes in Tpr and its metab-
olites can provide information on the physiological conditions
in the GI tract. As can be observed in Table 5, at the beginning
of fermentation, the Trp concentration was significantly lower
in the elderly gut microbiota than in adult ones. A lower Trp
concentration in the elderly people is relevant in age-related
changes, and is connected with increased chronic inflamma-
tory conditions.53 During colonic fermentation, Trp concen-
tration remained constant, suggesting a low ability of gut bac-
teria to utilize Trp in both physiological conditions. No signifi-
cant differences (p > 0.05) in the concentration of Trp were
found between time samplings within each GI condition.

Trp is catabolized by gut microbiota in a range of catabo-
lites, which play a positive role in the communication between
the host and microbiota in both health and diseases,54 as they
are capable of modulating the host immune response and
thereby affecting the host’s defence mechanisms against
pathogens or diseases. When looking at specific catabolites
(Table 5), ILA, Oxi and Kyn were produced during the colonic
fermentation, while the concentration of TA, 5HT and I3A did
not change over time. Adult and elderly gut microbiota bac-
teria presented different capacities to produce Trp catabolites,
with higher concentrations of all catabolites produced by the
adult gut microbiota. The differences observed between
different GI conditions are probably attributable to the higher
amount of Trp released on amount of fermented protein
under the adult conditions, which serves as a substrate for Trp
conversion in catabolites. Such a higher release of Trp may be
ascribed to a higher proteolytic activity of adult microbiota
compared to the elderly microbiota. It is also worth noticing
that the data reported in Tables 4 and 5 refer to the fermenta-
tion of the same amount of pellet residuing after in vitro diges-
tion of bread and therefore do not account for the differences
in vitro protein digestibility among adult and elderly
conditions.

These differences emphasize the variability in microbial
metabolic responses depending on the type of dietary sub-
strate and highlight the importance of considering the

Fig. 2 SDS-PAGE of wheat (W), pea protein (PP) and HPH-treated pea
protein (HPH-PP) bread before digestion (panel a), at the end of the
gastric (panel b) and intestinal (panel c) phases. Letter A indicates adult
GI conditions, letter E indicates elderly GI conditions.
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inherent microbial communities present in each donor. The
ability to monitor these compounds provides valuable insights
into individual metabolic responses and could serve to aid in
developing tailored dietary interventions.

4. Conclusions

In the present study, bread was reformulated by partially repla-
cing wheat flour with untreated and HPH-treated pea protein
concentrate. The addition of pea protein concentrate was
responsible for an increase in bread color and hardness,
regardless the HPH was applied or not. Pea protein

enrichment caused an increase in in vitro protein digestibility
under adult and elderly conditions compared to that of the
wheat bread, although no differences were found between PP
and HPH-PP bread types. Moreover, in vitro protein digesti-
bility was affected by ageing-related changes resulting in an
overall reduced digestion efficiency irrespective of the bread
tested. Furthermore, results on in vitro colonic fermentation of
bread, showed increased levels of tryptophan catabolites
produced from undigested proteins under adult conditions
compared to elderly ones, suggesting a modification of micro-
biota functionality due to aging. In this context, these results
provide new knowledge on microbial catabolism of
protein enrich-bread under different gut conditions, which

Table 4 SCFAs concentration in the supernatant after 0, 2, 8 and 24 h of batch fermentations of wheat (W), pea protein (PP) and HPH-treated pea
protein (HPH-PP) bread under the adult and elderly microbiota conditions

Time (h) Bread type

Butyric acid (mg mL−1) Acetic acid (mg mL−1) Propionic acid (mg mL−1)

Adult Elderly Adult Elderly Adult Elderly

0 W 0.02 ± 0.01a 0.04 ± 0.01A 0.37 ± 0.07c 0.31 ± 0.07D 0.05 ± 0.02c 0.05 ± 0.01C

PP 0.02 ± 0.01a 0.04 ± 0.01A 0.30 ± 0.05c 0.31 ± 0.06D 0.05 ± 0.01c 0.05 ± 0.01C

HPH-PP 0.02 ± 0.01a 0.04 ± 0.01A 0.40 ± 0.13c 0.31 ± 0.06D 0.05 ± 0.01c 0.05 ± 0.01C

2 W 0.02 ± 0.01a 0.05 ± 0.03A 0.44 ± 0.03c 0.59 ± 0.24C 0.07 ± 0.00c 0.25 ± 0.24C

PP 0.02 ± 0.01a 0.05 ± 0.03A 0.41 ± 0.02c 0.61 ± 0.23C 0.07 ± 0.01c 0.25 ± 0.23C

HPH-PP 0.02 ± 0.01a 0.05 ± 0.03A 0.53 ± 0.16c 0.62 ± 0.22C 0.08 ± 0.02c 0.26 ± 0.24C

8 W 0.02 ± 0.01a 0.04 ± 0.01A 1.91 ± 0.46b 1.96 ± 0.46B 0.68 ± 0.04b 1.55 ± 1.78B

PP 0.02 ± 0.01a 0.04 ± 0.01A 2.06 ± 0.74b 2.06 ± 0.53B 0.69 ± 0.07b 1.54 ± 1.79B

HPH-PP 0.02 ± 0.01a 0.04 ± 0.01A 2.39 ± 1.28b 2.27 ± 0.49B 0.73 ± 0.12b 1.76 ± 1.77B

24 W 0.02 ± 0.01a 0.04 ± 0.01A 4.14 ± 0.57a 3.50 ± 1.00A 3.84 ± 2.02a 3.97 ± 1.50A

PP 0.02 ± 0.01a 0.04 ± 0.01A 4.04 ± 0.78a 3.35 ± 0.95A 4.03 ± 2.17a 3.57 ± 1.93A

HPH-PP 0.02 ± 0.01a 0.03 ± 0.01A 3.95 ± 0.63a 3.61 ± 1.06A 3.93 ± 2.05a 4.14 ± 1.29A

Lower letters indicate a statistically significant (p < 0.05) difference among bread types at different time points using adult batch fermentations.
Capital letters indicate a statistically significant (p < 0.05) difference among bread types at different time points using the elderly batch
fermentations.

Table 5 Concentrations of tryptophan and its catabolites in the supernatants collected after 0 and 24 h of colonic batch fermentation of pea
protein (PP) bread under adult and elderly gut microbiota conditions

Time (h)

PP

Adult Elderly

Tryptophan (Trp) (µM g−1 protein) 0 6111 ± 574a,* 2544 ± 236A

24 6029 ± 291a,* 2692 ± 354A

Tryptamine (TA) (µM g−1 protein) 0 47.4 ± 9.4a,* 20.6 ± 4.4A

24 41.8 ± 5.1a,* 27.1 ± 6.7A

Serotonin (5HT) (µM g−1 protein) 0 1.5 ± 0.3 1.2 ± 0.4A

24 — 1.4 ± 0.2A

Indole-3-acetic acid (ILA) (µM g−1 protein) 0 — —
24 1734.9 ± 122.5* 293.6 ± 3.7

Oxindole (Oxi) (µM g−1 protein) 0 775.1 ± 234.5b,* 112.1 ± 16.7B

24 1087.1 ± 2.6a,* 265.9 ± 32.1A

Indole-3-aldehyde (I3A) (µM g−1 protein) 0 348.0 ± 77.2a,* 156.3 ± 4.5A

24 399.9 ± 54.9a,* 140.3 ± 21.3A

Kynurenine (Kyn) (µM g−1 protein) 0 1.3 ± 0.2b,* 0.5 ± 0.7B

24 4.5 ± 0.7a,* 1.5 ± 0.1A

Lower letters indicate a statistically significant difference (p < 0.05) between sampling times using the adult batch fermentations. Capital letters
indicate a statistically significant difference (p < 0.05) between sampling times using the elderly batch fermentations. *: indicates statistically
significant (p < 0.05) difference between batch fermentations (adult and the elderly).
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could serve as a foundation for future research endeavours in
the development of age-specific foods aimed at enhancing gut
health.
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