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Spontaneous fermentation of Tritordeum flour enhances the nutritional potential of this hybrid cereal. However,
the effect of consumption of Tritordeum sourdough bread (SDB) on gut health remains to be elucidated. This
study investigated the effect of in vitro digestion and faecal fermentation of SDB compared to that of traditional
baker’s yeast (BYB) Tritordeum bread. After 24-h anaerobic faecal fermentation, both SDB and BYB (1% w/v)
induced an increase in the relative abundances of Bifidobacterium, Megasphaera, Mitsuokella, and Phascolarcto-
bacterium genera compared to baseline, while concentrations of acetate and butyrate were significantly higher at
24 h for SDB compared to those for BYB. Integrity of intestinal epithelium, as assessed through in vitro trans-
epithelial electrical resistance (TEER) assay, was slightly increased after incubation with SDB fermentation su-
pernatants, but not after incubation with BYB fermentation supernatants. The SDB stimulated in vitro mucosal
immune response by inducing early secretion of inflammatory cytokines, IL-6 and TNF-a, followed by down-
regulation of the inflammatory trigger through induction of anti-inflammatory IL-10 expression. Overall, our
findings suggest that Tritordeum sourdough can modulate gut microbiota fermentation activity and positively

impact the gut health.

Introduction

Gut microbiota regulates immune homeostasis in the intestine by
maintaining epithelial integrity lining the intestine and prevents
immunogenic molecules from disrupting this intestinal barrier. The in-
testinal barrier comprises a single layer of epithelial cells connected to
each other by tight junctions and is selectively permeable to nutrients,
water, and beneficial microbial metabolites (Kunzelmann and Mall,
2002). The integrity of intestinal barrier is determined quantitatively by
transepithelial electrical resistance (TEER) assay that measures elec-
trical resistance across the epithelial monolayer using an epithelial
volt-ohm-meter (EVOM) (Srinivasan et al., 2015). The TEER measure-
ments have been previously defined for intestinal epithelial cell lines (e.
g., Caco-2 cells) and therefore are commonly used in the in vitro
co-culture model to study the barrier function of the gastrointestinal
tract (Artursson et al., 2001).

Furthermore, gut microbiota-derived metabolites (e.g., short chain
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fatty acids (SCFAs), amino acids and their derivatives, etc.) regulate
physiological functions in the gut through specific signalling pathways
(Gasaly et al., 2021). These metabolites are produced by intestinal mi-
croorganisms during the digestion of nutrients, such as dietary fibres,
proteins, and peptides, which usually escape the digestion in the upper
gut. Primarily, the most common SCFAs released by the intestinal
microbiota during digestion are acetate, propionate, and butyrate in the
molar ratio of 3:1:1. The proteins are also hydrolysed by proteases
releasing amino acids, which are either absorbed by the host or
metabolized by the intestinal microbiota. Moreover, alterations in the
gut microbiota, known as dysbiosis, can damage the intestinal epithelial
integrity (termed as “leaky gut™) triggering intestinal inflammation or
releasing harmful metabolites, which increases the susceptibility of host
to various diseases (Cani, 2019; Shen et al., 2021).

The simulation of gastrointestinal digestion using an in vitro model is
being widely used for studying the digestibility of foods to overcome the
limitations of in vivo experiments (Minekus et al., 2014). The influence
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of these digested foods on the gut microbiota and its metabolome can be
investigated using an in vitro batch culture fermentation model using
fresh faecal samples (Rumney and Rowland, 1992). Although the
gastrointestinal function depends immensely on the dietary habits of the
faecal donors, it is possible to observe some significant differences in the
digestibility and absorption of nutrients in the gut (Yang and Rose,
2016).

Previously, fermentation during sourdough bread preparation for a
longer time (8 h) significantly decreased the relative abundance of
8-Proteobacteria and reduced gas production when consumed by patients
with inflammatory bowel syndrome (IBS) (Costabile et al., 2014). A
decrease in the alpha diversity of fungal microbiota and enhanced
gastric emptying was also demonstrated after the consumption of
sourdough pasta by overweight and obese adults (Shah et al., 2020).
Only a few studies have investigated the in vitro faecal fermentation of
sourdough bread, which is the focus of our study. These studies sug-
gested that the differences in the gut microbiota were minimal after 24 h
of faecal fermentation and the impact of sourdough was mostly evident
in the metabolites released by the gut microbiota (Da Ros et al., 2021).
The in vitro faecal fermentation of whole grains processed using different
methods classified the faecal microbiome of sourdough bread into high
carbohydrate utilization (CU), with increased butyrate production
(Smith et al., 2020). In another study, sourdough and baker’s yeast
breads were fermented using two faecal inocula from individuals
following a Mediterranean diet, using the Twin Mucosal-SHIME®
(Simulator of Human Intestinal Microbial Ecosystem) for two weeks.
Faecal fermentation of both the breads did not show any significant
changes in the luminal and mucosal microbiota. However, the metab-
olomic study revealed a profound increase in the concentrations of
SCFAs (acetate, propionate, butyrate), isovaleric and 2-methylbutyric
acids as well as amino acids [aspartate, threonine, glutamate, and
y-aminobutyric acid (GABA)] with sourdough bread (Da Ros et al.,
2021). An in vivo challenge to healthy adults consuming sourdough
bread demonstrated faster gastric emptying and lower post-prandial
glycaemic responses (Rizzello et al., 2019). A combined approach of
metagenomic and metaproteomic analyses revealed that the consump-
tion of sourdough Carasau bread by rats increased the abundance of gut
microbiota belonging to the following families, Verrucomicrobiaceae,
Bacillaceae, Moraxellaceae, Nitrospinaceae, and Thermaceae. At the genus
level, a decrease in Alistipes and Mycoplasma was observed, which are
considered as the intestinal pathobionts associated with low protein
diets (Abbondio et al., 2019). Moreover, the abundance of protein
families responsible for sporulation indicated the metabolic dormancy
of Clostridium after sourdough bread consumption (Abbondio et al.,
2019).

Furthermore, the metabolites released during the microbial
fermentation in the gastrointestinal tract modulate immune responses
during inflammatory diseases by inhibiting the expression of inflam-
matory and proinflammatory cytokines (Shen et al., 2021). The inhibi-
tion of inflammatory response by SCFAs was shown to be mediated
through mechanisms like activation of GPCRs (G protein-coupled re-
ceptors) or inhibition of histone deacetylases that recruit leukocytes at
the inflamed site to combat the inflammation (Vinolo et al., 2011).
Moreover, the transformation of gut microbiota by antibiotic treatment
in mice demonstrated the role of gut microbiota in controlling metabolic
endotoxemia and the consequent inflammation in diet-induced obesity
and type 2 diabetes (Cani et al., 2008). To our knowledge, there is
limited information available on the microbial metabolites and intesti-
nal inflammation in response to changes in gut microbiota on exposure
to sourdough or its fermentation supernatants.

The research work presented in the current study is in continuation
with our previous findings on the dynamics of microbial ecology,
biochemical and nutritional characteristics during Tritordeum sour-
dough preparation (Arora et al., 2022). Tritordeum is an amphidiploid
cereal resulting from the cross between wild barley (Hordeum chilense)
and durum wheat (Triticum turgidum ssp. durum). This golden cereal is
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regarded as one of the most sustainable food ingredients combining the
nutritional and functional properties of the two cereals. In this study, we
aim to investigate and compare the in vitro faecal fermentation of Tri-
tordeum breads prepared by the addition of spontaneously fermented
Tritordeum sourdough (SDB) or commercial baker’s yeast (BYB) by
studying their impact on the human gut microbiota and the subsequent
metabolites released during the fermentation. Further, we explored the
potential of these test breads to improve intestinal permeability and
immune function, the two key components of gut health.

Materials and methods
Preparation of tritordeum breads

Breads were prepared according to typical Italian bread recipe hav-
ing dough yield of 160 at the Bakery Insperience pilot plant of the
Micro4Food lab (Libera Universitd di Bolzano, Italy). The bread for-
mulas were as follows: (1) Tritordeum baker’s yeast bread (BYB) made
with 250 g Tritordeum flour, 150 g tap water and 1.5 % (w/w) of com-
mercial baker’s yeast; and (2) Tritordeum sourdough bread (SDB) made
with 175 g Tritordeum flour, 105 g tap water and 120 g Tritordeum
sourdough (30 %, [w/w] of total dough). A continuous high-speed mixer
(60 x g dough mixing time 5 min) was used to prepare the doughs.
Fermentation of doughs was allowed at 30 °C for 2.5 h. All breads were
baked at 230 °C for 35 min (Omega 2, Bongard, Italy).

In vitro digestion of breads

The Tritordeum breads (BYB and SDB) were subjected to simulate the
human digestion using the in vitro digestion protocol as standardized by
(Minekus et al., 2014) with slight modifications. Inulin, a readily fer-
mented fibre, was employed as control and underwent the same in vitro
digestion. Firstly, the oral phase was simulated by the mixing of 30 g of
bread with 21 mL simulated salivary fluid (SSF) [0.5 M KCl, 0.5 M
KH2P04, 1M NaHC03, 0.15 M MgClz and 0.5 M (NH4)2CO3] in a
stomacher bag for 90 s. The contents were transferred to a 250-mL glass
bottle followed by the addition of 0.15 mL 0.3 M CaCly(H20)2, 3 mL
1500 U/mL a-amylase (Sigma-Aldrich) and 5.85 mL mQ HyO and
incubated for 2 min at 37 °C with shaking at 150 rpm. Then the oral
bolus was mixed with 45 mL simulated gastric fluid (SGF) [0.5 M KCl,
0.5 M KH3PO4, 1 M NaHCOs, 2 M NaCl, 0.15 M MgCl, and 0.5 M
(NH4)2CO3] containing 10 mg/mL lipid vesicles, 9.6 mL 25,000 U/mL
pepsin (Sigma Aldrich), 30 pL 0.3 M CaCly(H20); and 4.17 mL mQ H5O.
This gastric phase was adjusted to pH 3.0 with 1 M HCI and incubated
for 2 h at 37 °C with shaking at 150 rpm. At the end of incubation (or
gastric phase), the intestinal phase was simulated by the addition of 66
mL simulated intestinal fluid (SIF) [0.5 M KCIl, 0.5 M KHyPO4, 1 M
NaHCOs3, 2 M NaCl and 0.15 M MgCl,], 30 mL 800 U/mL pancreatin,
4.8 g porcine bile extract, 240 pL 0.3 M CaCl(H20)2 and 7.86 mL mQ
H50. The intestinal phase was adjusted to pH 7.0 with 1 M NaOH and
incubated for 2 h at 37 °C with shaking at 150 rpm. Additionally, passive
intestinal absorption of water and other hydrolytic by-products resulting
from digestion in the small intestine was simulated using Spectra/Por®
Dialysis Membrane MWCO 1000 KDa (Repligen, Waltham, MA, USA).
The digested breads after the intestinal phase were tightly sealed using a
strong thread at both ends and incubated overnight at 4 °C with mag-
netic stirring in a tank containing 10 mM NaCl with a volume equal to
100 x of total intestinal phase in the membrane. The samples were then
frozen at —80 °C overnight, then freeze-dried and stored at —-80°Cas2g
aliquots in 50 mL tubes, until further use.

In vitro batch-culture fermentation of substrates using human faeces
Fresh faecal samples were collected from four healthy male and fe-

male volunteers aged between 30 and 50 years with no history of anti-
biotic treatment or probiotics in the three months preceding the
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experiment. The faecal samples were kept in the anaerobic chamber and
inoculated within 1 h of collection. For each fermentation, the faecal
samples from one volunteer were used in four fermentation vessels with
negative control (blank), positive control (inulin), Tritordeum baker’s
yeast bread (BYB) and Tritordeum sourdough bread (SDB) as substrates.
Faecal slurry (10% w/v of faeces) was prepared in sterile and pre-
reduced 1 x phosphate buffered saline (PBS) solution and homoge-
nized in a stomacher bag for 2 min. The fermentation vessels were
temperature-controlled at 37 °C with a circulating water bath and 20 mL
of faecal slurry was added to each fermentation vessel containing 180
mL of basal nutrient medium. The substrates (2 g each) were added to
the respective vessels and fermentation was carried out for 24 h.
Anaerobiosis was guaranteed by continuous nitrogen flow through the
fermentation medium. The samples (5 mL each) were collected at 0, 5,
10, and 24 h and centrifuged at 13,000 rpm for 5 min. at 4 °C and stored
at —80 °C immediately. The pellets were analysed for gut microbiota
composition and the supernatants were analysed for microbial metab-
olites, as well as employed for in vitro cell culture experiments.

Analysis of gut microbiota by 16S rRNA gene sequencing

Total DNA was extracted from faecal fermentation pellets using MP
Biomedicals™ FastDNA™ SPIN DNA Isolation Kit for Feces (Thermo
Fisher Scientific, Waltham, MA, USA) following manufacturer’s in-
structions, and the quality and quantity of DNA was measured using
NanoDrop® 8000 spectrophotometer (Thermo Fisher Scientific, Wal-
tham, MA, USA). PCR amplification of V3-V4 regions of 16S rRNA gene
was performed with the primer pair 341F (5-CCTACGGGNGGCWGCAG-
3" and 806R (5-GACTACNVGGGTWTCTAATCC-3) (Klindworth et al.,
2013) with a reaction volume of 25 pL. The reaction mix per sample
consisted of 9 uL. PCR H;0, 12.5 uL 2 x KAPA Hifi HotStart Ready Mix
(Kapa Biosystems Ltd., UK), 0.5 pL of each primer (1 M) and 2.5 uL. DNA
(5 ng/pL). All PCR reactions were performed in the Verity™ 96-well
Thermal Cycler (Thermo Fisher Scientific, Waltham, MA, USA) with
the following amplification protocol: 5 min at 95 °C (initialization), 30
cycles of 30 s at 95 °C (denaturation), 30 s at 55 °C (annealing), and 30 s
at 72 °C (extension), followed by a final extension of 5 min at 72 °C. The
amplified PCR products were examined using 1.5 % (w/v) agarose gel
electrophoresis and purified using an Agencourt AMPure XP system
(Beckman Coulter, Brea, CA, USA). Illumina library preparation was
executed according to 16S Metagenomic Sequencing Library Prepara-
tion (Illumina) and adapters (Illumina Nextera XT Index Primer) were
attached after seven PCR cycles. Libraries were purified using Agencourt
AMPure XP (Beckman) and sequenced on an Illumina® MiSeq (PE300)
platform (MiSeq Control Software 2.0.5 and Real-Time Analysis soft-
ware 1.16.18, Illumina, San Diego, CA, USA). Raw sequences obtained
from Illumina sequencing platform were analysed using the Quantitative
Insights Into Microbial Ecology (QIIME) 2.0 pipeline (Bolyen et al.,
2019) and the taxonomic classification was identified using Silva data-
base Version 138 (Quast et al., 2013).

Nucleotide sequence accession number

The sequences are available in the Sequence Read Archive of NCBI
(accession number PRINA952160).

Targeted metabolite analysis using NMR spectroscopy

The fermentation supernatants from —80 °C were thawed overnight
at 4 °C for quantification of metabolites using targeted approach
through NMR analysis. Briefly, 900 pL of each supernatant was mixed
with 100 uL deuterium oxide (D20), vortexed vigorously for 15 s and
filtered with Sartorius 0.22 pm PVDF syringe filters (Thermo Fisher
Scientific, Waltham, MA, USA). Each filtered mix (600 uL) was trans-
ferred in 5-mm NMR tube and the spectra were recorded on Bruker
Avance Neo 600 (base frequency 600 MHz for 'H nuclei), equipped with
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a broadband Z-gradient probe (5 mm sample tubes) and SampleCase 24-
position autosampler. The spectra were acquired and processed using
Topspin 4.1.1 software in the automation mode with Icon NMR 5.2.1.
The deuterium lock signal was optimized for the 9:1 mixture of H,O and
D0 (v/v). All proton NMR spectra were recorded using the noe-
sygpprld pulse sequence with automatic adjustment of water signal
suppression frequency (olp) and power level utilized for pulse was
47.10 dB (25 Hz suppression window). The size of the spectrum (sweep
width, SW) was 20.8 ppm, time domain (TD) consisted of 65,536 (64 K)
data points, number of scans (NS) was 64 and the number of dummy
scans (DS) was 4, the time for relaxation delay (D1) was 10 s, receiver
gain (RG) for all spectra was fixed at 101, and baseopt digitization mode
was used. Acquisition of each spectrum was preceded by automatic
adjustment of the probe (ATMA routine) and automatic shimming
(TOPSHIM). Spectra were processed in the TopSpin software with the
size of real spectrum (SI) set to 131,072 (128 K, 2xTD) data points, and
apk0.noe phase correction au program was applied automatically to
each spectrum. Quantitative analyses were performed using AssureNMR
software with the external standard technique (ERETIC or Electronic
REference To access In vivo Concentrations) (Hong et al., 2013), with the
2 mM sucrose reference solution in 9:1 mixture of H,O and D50 (v/v)
used as the external standard.

Analysis of intestinal epithelium integrity and mucosal immunomodulation
using in vitro cell culture models

Caco-2 cell culture

Human epithelial colorectal adenocarcinoma Caco-2 cell line
(ATCC® HTB-37™, passage number between 50 and 60) were used for
cell culture experiments to determine the intestinal membrane integrity
and co-culture experiments with peripheral blood mononuclear cells
(PBMCs) for pro- and anti-inflammatory cytokine analyses on exposure
to faecal fermentation supernatants. The Caco-2 cell line was main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) with high
glucose (4.5 g/L) (Lonza, Switzerland) supplemented with 20 %
decomplemented (56 °C, 60 min) fetal bovine serum (Lonza,
Switzerland), 100 U/mL penicillin (Biological Industries, Israel), 100
pg/mL streptomycin (Biological Industries, Israel), 1 % non-essential
amino acids (Euroclone, Milan), 2 mM glutamine and 0,25 pg/mL
amphotericin B (Biological Industries, Israel) in humidified CO3 (5 %)
incubator at 37 °C. Prior to the experiment, Caco-2 cells were main-
tained in T-75 cm? flasks (Sarstedt, Niimbrecht, Germany) and passaged
after 70 % confluency using 0.05 % trypsin—0.5 mM EDTA (Lonza,
Switzerland) for detachment of cells from the flask wall. Medium was
refreshed every two days until 70 % confluency was achieved. The
transwell inserts with membrane filters of pore size 0.1 um (BD Falcon,
Sacco s.r.l, Cadorago, Como, Italy) were coated with rat tail collagen
Type I (Sigma Aldrich) and kept to dry overnight under sterile condi-
tions. Caco-2 cells were harvested to obtain a cell suspension of 1 x 10°
cells/cm? and 2.5 mL was added to each transwell insert. The cells were
allowed to multiply and create a monolayer for 13 days. Uniformity of
the monolayer was tested by measuring the passage of current through
the monolayer during consecutive days, by employing a volt-ohm-
meter, as described below. Briefly, 1.5 mL of DMEM medium was
added to the basolateral chamber of the 6-well plate with inserts. Faecal
fermentation supernatants collected at t = 24 h were pooled from all the
donors for the respective substrates (BYB or SDB) for the experiments.
All control and test substrates were prepared on the day of the experi-
ment. Propionic acid (10 mM) and ethanol (7 %) were used as positive
and negative controls, respectively, and each pooled test substrate was
used at 10 % (v/v) in DMEM culture medium. All the controls and
substrates were added in replicates (n = 3) to the apical chamber with a
final volume of 2.5 mL.

Trans epithelial electrical resistance (TEER) assay
TEER measurements were performed using an epithelial volt-ohm-
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meter (EVOM, World Precision Instruments Inc., Sarasota, FL, USA).
Plates were left at room temperature for 30 min prior to TEER mea-
surements to stabilize the temperature in the wells. The membrane
integrity of Caco-2 cell monolayers was assessed before the addition of
test substrates (t0). The media was then removed from basolateral
chambers followed by the removal from apical chamber. The control or
test treatments were added to the apical layer and cell culture medium in
the basolateral chamber. The plates were incubated at 37 °C in the hu-
midified 5 % CO5 incubator and resistance was measured again after 24
h (t24). The TEER was calculated using the following equation (Srini-
vasan et al., 2015):

TEER(Qcm?) = resistance(Q) x membranearea(cm?)

Where, area of the semipermeable membrane= 9.6 cm?. The change in
TEER for each insert was calculated using the following formula:

ChangeinTEER(%) = TEER 4 (Qcm®) /TEER (Qcm®) x 100%

where,

TEER;24=TEER measurement after 24 h,

TEERyy = TEER measurement before the addition of control or test
substrates.

Isolation of PBMCs from human blood for Caco-2/PBMC co-culture model

The peripheral blood mononuclear cells (PBMCs) were used in the in
vitro co-culture Caco-2-PBMC as a model of intestinal mucosa. Isolation
of PBMCs was performed from whole blood donations from healthy
humans (n = 3), received from the Transfusion Unit of Santa Chiara
Hospital, Trento, Italy. PBMCs were obtained by density gradient
centrifugation method using Lymphoprep™ (Thermo Fisher Scientific,
Waltham, MA, USA). The experimental plan was approved by the local
Ethical Committee of Azienda Provinciale dei Servizi Sanitari (APSS,
Santa Chiara Hospital, Italy; approval document n. 401/2015). The
study was designed in conformity with the international recommenda-
tion (Dir. EU 2001/20/EC) and its Italian counterpart (DM 15 Luglio
1997; D.Lvo 211/2003; D.L.vo 200/2007) for clinical trial and following
the Declaration of Helsinki, to assure protection and care of subjects
involved. The human blood was diluted in 1 x PBS (1:1) followed by its
addition to 50 mL tubes containing Lymphoprep™ reagent in the ratio of
2:1 (blood: Lymphoprep™). The tubes were then centrifuged at 400 x g
for 20 min at room temperature without break to avoid the disturbance
caused in the layer separation. PBMCs were carefully collected from the
ring surrounding the Lymphoprep™ using a 1 mL pipette in a 50 mL tube
containing the complete RPMI 1640 medium to preserve the cell
viability. The PBMCs were washed twice in RPMI 1640 medium and
finally in 1 x PBS to determine the cell concentration using trypan blue
assay. The PBMCs were again resuspended in complete RPMI 1640
medium (Sigma-Aldrich), supplemented with 10 % decomplemented
(56 °C, 60 min) fetal bovine serum (Lonza, Switzerland), 1 % penicillin
(100 U)-streptomycin (100 pg/mL), 1 % 200 mM Il-glutamine, and 1 %

Basolateral chamber
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100 mM sodium pyruvate (Biological Industries, Israel), at a cell con-
centration of 2 x 10° cells/mL and 1.5 mL of this cell suspension was
added in the basolateral chamber. The plates were incubated at 37 °C in
the humidified 5 % CO5 incubator overnight for co-culture experiment.

In vitro Caco-2/PBMC co-culture model of intestinal mucosa

The Caco-2/PBMC co-culture system (Fig. 1) was developed to
investigate the anti-inflammatory effects of faecal fermentation super-
natants collected at time 24 h of fermentation using the test substrates,
after an inflammatory stimulus represented by lipopolysaccharide (LPS)
(Borsci et al., 2020; Kampfer et al., 2017). The transwell inserts con-
taining the Caco-2 cells at a concentration of 1 x 10° cells/cm? were
transferred to the plate containing PBMCs incubated overnight at a
concentration of 2 x 108 cells/mL. The PBMCs in the basolateral
chamber were then refreshed with complete RPMI 1640 medium and the
apical chamber was replaced by fresh DMEM medium. Then the LPS was
added to the co-culture system at 10 ng/mL and incubated for 2 h at
37 °C in humidified 5 % CO; incubator. The pooled fermented super-
natants of test substrates (BYB or SDB) were then added (10 % v/v) to
the apical chamber (n = 3) as mentioned previously in section 2.6.1. The
samples were collected at different time points (0, 3, 6 and 24 h) for the
analysis of inflammatory cytokines released by cells to the culture me-
dium and tight junction proteins isolated from Caco-2 cells.

Quantification of cytokines using Magpix®

The supernatants from apical and basolateral chambers in the Caco-
2/PBMCs co-culture system at 0 and 24 h were subjected to cytokine
analysis using Magpix®. The supernatants were centrifuged at 13,000 x
g for 5 min at 4 °C to separate the cell debris. IL-10, IL-1p, IL-6 and TNF-a
were quantified using a cytokine magnetic bead-based panel (Milliplex
MAP kit, Millipore Corp., Billerica, MA, USA) and measured by a Mag-
pix® instrument (Luminex, Texas, USA) and Xponent software (version
4.2, Luminex Corp, Austin, Texas, US) according to manufacturer’s in-
structions. Blanks and standard curves were included for each plate with
the overall precision (2-19 %) and accuracy (87-107 %) based on the
calibration range (3.2-10,000 pg/mL) of the standards (Millipore).

RNA isolation and gene expression analysis of cytokines

Caco-2 cells and PBMCs collected after 0-, 3- and 6-h incubation with
faecal fermentation supernatants were resuspended in 500 pL TRIzol
reagent (Thermo Fisher Scientific, Waltham, MA, USA) and stored at
—80 °C until total RNA extraction according to manufacturer’s in-
structions. The total RNA was quantified using Nanodrop 8000 Spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The RNA
quality was examined using 2200 TapeStation (Agilent Technologies,
Santa Clara, CA, USA) and the samples with RNA Integrity Number
(RIN) > 8 were subjected to reverse transcription using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems™, Thermo Fisher
Scientific, Waltham, MA, USA) according to manufacturer’s instructions
with reaction volume of 20 pL containing 2 uL. 10 x RT bulffer, 0.8 pL 25

Monolayer of Caco-2 cells

Apical chamber

PBMCs

% Lps

§

@ Test substrate (BYB or SDB)

Fig. 1. Illustration of in vitro co-culture experimental setup with human adenocarcinoma cells (Caco-2 cells) in the apical chamber and peripheral blood mononuclear
cells (PBMCs) isolated from human blood in the basolateral chamber. The inflammatory response was stimulated with the addition of lipopolysaccharide (LPS) in the
basolateral chamber and the fermentation supernatants of Tritordeum breads BYB and SDB), represented here as test substrates, were incubated on the apical side

containing Caco-2 monolayer.
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x dNTP Mix (100 mM), 2.0 pL 10 x RT Random Primers, 1.0 pL. Mul-
tiScribe™ Reverse Transcriptase, 4.2 pL. DEPC-treated water and 10 pL
template RNA (5 ng/pL). The cDNA was stored at —80 °C until further
use. The expression level of inflammatory genes (IL-10, IL-1p, IL-6 and
TNF-a) was determined by quantitative Real Time-PCR (qRT-PCR) using
ViiA™ 7 System (Thermo Fisher Scientific, Waltham, MA, USA). The
reaction volume of 20 uL was prepared for each primer pair containing
10 pL of KAPA Probe FAST qPCR Master Mix 2 x Universal (Kapa Bio-
systems, Sigma-Aldrich, Germany), 0.4 uL 50 x Rox Low (10 ng/pL), 1
pL TagMan Assay (TaqMan® Gene Expression Assays, Applied Bio-
systems, USA), 2 pL of ¢cDNA (10 ng/pL) and 6.6 pL HyO. The Cycle
threshold (Ct) values were normalized for each sample against their
respective geometric mean for housekeeping genes (18S and GAPDH).
Gene expression was calculated as the relative fold change (2‘AACt),
wherein AACt was obtained by subtracting ACt (mean Ct of house-
keeping genes subtracted from the tested gene) of test substrates from
ACt of negative control (culture medium).

Quantification of tight junction proteins by western blot analysis

The Caco-2 cells were collected after 0 and 24 h of incubation with
faecal fermentation supernatants in co-culture with PBMCs. Analysis of
tight junction proteins was carried out to assess the membrane integrity
(Bianchi et al., 2019). The cells were rinsed twice with ice-cold 1 x PBS
followed by the addition of 350 uL/well cell Lysis buffer (20 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 % Triton,
2.5 mM sodium pyrophosphate, 1 mM p-glycerophosphate, 1 mM
Na3gVOy4, 1 mM NaF, 2 mM imidazole) supplemented with a protease
inhibitor cocktail (Complete, Mini, EDTA-free, Roche, Monza, Italy).
The cell lysates were centrifuged at 14,000 x g for 10 min at 4 °C and the
supernatant was used for determining the protein concentration using
Pierce™ BCA Protein Assay Kit (Thermo Fisher, Waltham, MA, USA).
The proteins were precipitated with acetone (Sigma-Aldrich, Germany)
overnight at 4 °C in the ratio of 4:1. The precipitated samples were
centrifuged at 18, 000 x g for 10 min and the pellet was dried for 5-10
min to evaporate acetone. The pellets were resuspended in 15 pL
Loading buffer 1 x (63 mM Tris-HCI, pH 6.8, 2 % SDS, 10 % glycerol,
0.1 % 2-mercaptoethanol and 0.005 % bromophenol blue) to a final
concentration of 35 pg protein/15 pL. The mixture was heated at 70 °C
for 5-10 min for multi-pass membrane proteins and then loaded on 12 %
SDS-polyacrylamide gel (35 pg proteins/well). The gels were run at 100
V for 1.5 h after which the gels were prepared for western blotting
procedure. The SDS-PAGE gel was blotted on PVDF membrane (Immo-
bilon-P, Millipore, Millipore Merck Corporation, Burlington, MA, USA)
for 1 h at 100 V, at 4 °C. The PVDF membrane was then rinsed with
TRIS-Buffered Saline (TBS) and then incubated in TBS 0.05 % Tween
(TBS-T) with 5 % skim milk powder (Oxoid, Milan, Italy) solution for 1 h
at room temperature (RT). This was followed by washing three times
with TBS-T. The membranes were then immersed overnight with pri-
mary monoclonal antibodies (Santa Cruz Biotechnology, Texas, USA)
(initial concentration 200 pg/mL) diluted 1:1000 in TBS-T with a 1 %
skim milk powder solution at 4 °C. Next day, the membrane is washed (3
x) with TBS-T and then exposed to HRP-conjugated secondary anti-
bodies in TBS-T with 0.5 % skim milk powder solution for 1 h at room
temperature. The membrane was again washed (3 x) with TBS-T, 10
min each and only 1 x wash with PBS-T. The protein bands were then
visualized by developing solution of 10 x CN/DAB Concentrate with the
Stable Peroxide Substrate (1:10 ratio). The reaction was stopped by the
removal of solution and washing with distilled water once. High quality
images were obtained for the membranes using a digital camera. The
protein bands were quantified using ImageJ Software (Java-based soft-
ware designed by National Institute of Health, https://imagej.nih.
gov/ij) by subtracting the background and then expressed as the ratio
of test protein over control protein ($-actin) for each lane, according to
the instructions by (Gallo-Oller et al., 2018). The change in protein
expression was quantified as fold-change normalized with p-actin
(positive control) and medium (negative control).
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Statistical analysis

The statistical analysis for microbial diversity (a- and p-diversities)
was performed using QIIME 2.0 pipeline and statistically significant
differences (P < 0.05) within each substrate were calculated by Tukey’s
Honestly Significant Difference (HSD). In addition, the relative abun-
dances obtained using QIIME 2.0 were analysed by non-parametric
Wilcoxon test using R studio version 3.4.1. The P-values for the statis-
tical significance in all the experiments were corrected using Benjami-
ni-Hochberg false discovery rate (FDR) with P < 0.05 as statistically
significant. The significant differences in metabolite concentrations
between different substrates were estimated by Wilcoxon test using R
studio version 3.4.1. The statistical significance (P < 0.05) of TEER
measurements, cytokine quantification, gene expression and western
blot analysis was calculated using unpaired t-test in Microsoft Excel. The
correlation between relative abundances of bacterial genera and me-
tabolites released during faecal fermentation was calculated by Spear-
man’s correlation analysis. All the results are expressed as mean + SD.

Results
Gut microbial ecology

Nlumina® MiSeq (PE300) sequencing of gut microbial 16S rRNA
gene amplicons yielded 5823,585 reads in total, with 90, 993.52 +
10,604.09 raw reads per sample. These raw reads were processed using
QIIME 2.0 pipeline to remove chimeras, low quality sequences, and
Cyanobacteria sequences derived from the flour origin, resulting in
5821,089 total reads with 90,954.52 + 10,593.21 of raw reads per
sample. Bacterial a-diversity was analysed through richness, evenness
and phylogenetic indices expressed as observed number of features (or
OTUs) (Fig. 2A), the Shannon entropy index (Fig. 2B), Pielou’s evenness
(Fig. 2C) and the Faith Phylogenetic Diversity (PD) index (Fig. 2D). The
faecal-fermented substrates [Inulin and Tritordeum breads with com-
mercial baker’s yeast (BYB) and type I sourdough (SDB)] demonstrated
different impacts on bacterial a-diversity when compared to negative
control (Blank) at baseline (t0) and after 5 (t5), 10 (t10), and 24 (t24) h
of anaerobic fermentation. No significant differences (P > 0.05) were
observed between all the treatments at the time of inoculation (t0). The
bacterial richness (number of observed features) decreased with time for
all substrates when compared to that of blank from t5 onwards (P <
0.05) (Fig. 2A and Table 1). In addition, the evenness (indicated by
Shannon index and Pielou’s evenness) and phylogenetic diversity (Faith
PD index) decreased from 10 h when compared to blank, which was not
significant after FDR correction. Moreover, only the bacterial richness
showed significant decline between t0 and t24 (P < 0.05) for all the
substrates indicating minimal differences from t5 to t24.

The differences in bacterial composition following fermentation of
different substrates were assessed as f-diversity using Bray—Curtis
dissimilarity matrix (Fig. 3A-C), Unweighted (Fig. 4A-C) and Weighted
(Fig. 5A-C) UniFrac distances. As compared to Unifrac PCoA plots,
Bray—Curtis plots demonstrated differences arising at the donor and
substrate levels. The baseline fermentation (t0) segregated from t5, t10,
and t24 time points of faecal fermentation for all substrates in all the
PCoA plots. No statistically significant differences were observed in
B-diversity indices when comparing substrates (SDB, BYB, or Inulin) or
control (blank) within the same time point (t0, t5, t10, or t24). The
statistical significance between time points was highlighted for the
blank as well as for each fermentation substrate (Table 3). The negative
control (blank) showed significant increase in Weighted Unifrac dis-
tances only at t10 (P = 0.033) and t24 (P = 0.033) when compared to the
baseline (t0). The other fermentation substrates (Inulin, BYB and SDB)
were statistically significant for all the p-diversity metrics when baseline
(t0) was compared to t10 and t24 (Table 2). Therefore, the faecal
fermentation with different substrates showed a significant impact
based on a- and f-diversities of gut microbiota composition when
compared to the negative control.
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Fig. 2. (continued).

The gut microbiota composition comprised of mainly of the phyla
Firmicutes, Bacteroidota, Proteobacteria, Actinobacteriota, Verrucomi-
crobiota, and Desulfobacterota (Fig. 6A). No significant differences were
observed in the relative abundances at the baseline (t0) at all taxonomy
levels between the test substrates while some differences were observed
at the donor level (Supplementary Table 1). Firmicutes constituted
50-75 % of phyla throughout the fermentation period in all the sub-
strates. Furthermore, Proteobacteria increased significantly from ~2 %
up to 30-50 % for all substrates while Bacteriodota declined from 20 %
to ~8 % (Blank) or ~2 % (Inulin, BYB, and SDB) (Supplementary
Table 2).

The average relative abundances of gut microbiota at the genus level

are depicted in Fig. 6B. The test substrates (BYB and SDB) showed sig-
nificant differences (P < 0.05) for selected genera as compared to Blank.
In contrast, no significant differences (P > 0.05) were observed between
test substrates and Inulin at the genus level. The relative abundances of
Bacteroides were reduced significantly from t5 onwards with BYB (P =
0.015), SDB (P = 0.022) and Inulin (P = 0.019) as compared to Blank
which showed no change in this genus. In contrast, Bifidobacterium
abundance was increased significantly at t24 with BYB (P = 0.031), SDB
(P = 0.032) and Inulin (P = 0.023) whereas it was significantly reduced
in the Blank (P = 0.029). Moreover, the genera Butyrivibrio, Christense-
nellaceae, Clostridium, Faecalibacterium, Oscillospiraceae, Lachnospiraceae,
and Ruminococcus disappeared almost completely after 24 h of faecal
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Table 1

P-values as a measure of significant differences in a-diversity indices (Observed
OTUs, Shannon, Pielou, and Faith PD indices) at 0 (t0), 5 (t5), 10 (t10), and 24
(t24) h of faecal fermentation of Blank, Inulin, and Tritordeum breads prepared
with baker’s yeast (BYB) or sourdough (SDB). The significance (P-values) was
calculated using Kruskal-Wallis and FDR correction.

P-value (a-Diversity Indices)

Comparisonatt=0h Observed OTUs Shannon Pielou Faith PD
Blank vs Inulin 0.577 0.932 0.634 0.932
Blank vs BYB 0.916 0.799 0.634 0.799
Blank vs SDB 0.916 0.932 0.916 0.932
Inulin vs BYB 1.000 1.000 0.916 1.000
Inulin vs SDB 0.245 0.799 0.634 0.799
BYB vs SDB 0.411 0.932 0.776 0.932
Comparison att =5h

Blank vs Inulin 0.046 0.270 0.333 0.270
Blank vs BYB 0.046 0.167 0.333 0.167
Blank vs SDB 0.046 0.167 0.333 0.167
Inulin vs BYB 0.916 0.799 0.776 0.799
Inulin vs SDB 0.769 0.932 1.000 0.932
BYB vs SDB 0.769 0.932 0.916 0.932
Comparison att =10 h

Blank vs Inulin 0.046 0.052 0.221 0.052
Blank vs BYB 0.046 0.052 0.067 0.052
Blank vs SDB 0.046 0.052 0.127 0.052
Inulin vs BYB 0.916 0.799 0.916 0.799
Inulin vs SDB 1.000 0.932 1.000 0.932
BYB vs SDB 0.916 0.607 0.634 0.607
Comparison at t = 24 h

Blank vs Inulin 0.046 0.052 0.333 0.052
Blank vs BYB 0.046 0.052 0.067 0.052
Blank vs SDB 0.046 0.052 0.067 0.052
Inulin vs BYB 1.000 0.932 0.333 0.932
Inulin vs SDB 0.916 0.932 0.776 0.932
BYB vs SDB 0.916 0.932 1.000 0.932
Comparison of t =0vst=24h

Blank_t0 vs Blank_t24 0.081 0.052 0.067 0.052
Inulin_t0 vs Inulin_t24 0.046 0.052 0.067 0.052
BYB_t0 vs BYB_t24 0.046 0.052 0.067 0.052
SDB_t0 vs SDB_t24 0.046 0.052 0.067 0.052

fermentation in BYB, SDB, and Inulin as compared to Blank. Further-
more, a significant increase was observed for relative abundances of
Escherichia-Shigella (BYB, P = 0.010; SDB, P = 0.027; Inulin, P = 0.015),
Megasphaera (BYB, P = 0.047; SDB, P = 0.044; Inulin, P = 0.024), Mit-
suokella (BYB, P = 0.030; SDB, P = 0.041; Inulin, P = 0.033) and
Phascolarctobacterium (BYB, P = 0.035; SDB, P = 0.048; Inulin, P =
0.035) (Supplementary Table 3).

Targeted metabolite analysis by NMR spectroscopy

The changes in microbial metabolites during batch culture faecal
fermentation of controls (Blank and Inulin) and test substrates (BYB and
SDB) were analysed by Targeted Metabolomics using NMR Spectros-
copy. The concentration of different metabolites estimated during 0 (t0),
5 (t5), 10 (t10), and 24 (t24) h of faecal fermentation are depicted as a
line graph in Fig. 7 and categorized into short chain fatty acids (SCFA),
amino acids and their derivatives, sugars, and alcohol. Average con-
centrations of all the metabolites quantified in the faecal supernatants
are mentioned in the Supplementary Table 3. The main SCFAs, ie.,
acetic, butyric, and propionic acids, increased over time for all with a
total concentration of 121.74 + 73.52 mM (Blank), 485 + 73.52 mM
(Inulin), 270.71 + 46.71 mM (BYB), and 467.96 + 43.18 mM (SDB),
with acetic acid being the highest SCFA in all. Acetic acid and butyric
acid concentrations were significantly higher (P < 0.05) with SDB when
compared to BYB whereas propionic acid was highest (P < 0.05) with
inulin. Formic acid, another by-product of anaerobic microbial
fermentation, increased up to 10 h, followed by its decrease at 24 h of
faecal fermentation with Inulin, BYB and SDB without any significant
differences, whereas no significant changes were observed in the nega-
tive control (blank) throughout. Lactic acid concentrations were initially
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higher in SDB (31.70 + 4.20 mM), as anticipated due to the presence of
sourdough which further decreased by the end of fermentation (9.51 +
2.04 mM), indicating its metabolism to SCFAs, as discussed further. On
the contrary, BYB substrate had increased concentrations after 24 h of
faecal fermentation (25.68 + 3.42 mM). Ethanol production increased
continuously for all the substrates when compared to blank, while it was
significantly lower (P < 0.05) with inulin (124.37 + 28.94 mM) as
substrate than BYB (177.14 + 32.70 mM) and SDB (173.98 + 9.36 mM).
Release of amino acids by proteolysis and their utilization are common
metabolic activities in the gut influenced by the microbiota. In this
context, amino acid concentrations were fluctuating (no defined
pattern) throughout the faecal fermentation with all the substrates
(Inulin, BYB, and SDB), except l-aspartic acid and tyrosine which
exhibited continuous decrease by the end of 24 h of faecal fermentation.
Trimethylamine slightly increased during the faecal fermentation (P >
0.05) and its derivative trimethylamine-N-oxide did not show any sig-
nificant changes after 24 h. The utilization of sugars for survival by the
gut bacteria was apparent in the fermentation supernatants which were
negligible or below the detection limit by the end of fermentation.

Effect of substrates on the teer measurements

Changes in epithelial gut permeability were reported as percentage
increase or decrease TEER measurement (Q cmz) after 24 h incubation
with test substrates (BYB and SDB faecal fermentation supernatants) and
controls (Propionic acid and Ethanol) and these changes were then
compared to control medium, the (Fig. 8). The exposure to propionic
acid (positive control) increased the% change TEER significantly after
24 h by 9.19 + 3.67 % (P < 0.01), whereas ethanol (negative control)
significantly reduced it by 41.94 + 4.93 % (P < 0.0001) when compared
to the control medium. The exposure to fermentation supernatants from
two types of Tritordeum breads showed a significant (P < 0.05) increase
only with SDB (6.71 + 3.36 %) while BYB exhibited a similar behaviour
as the control medium (1.02 + 0.71 %). These results indicate that
Tritordeum sourdough can influence the epithelial barrier integrity in
the gastrointestinal tract.

Quantification of tight junction proteins of Caco-2 cells by western blot
analysis

In order to investigate the intestinal permeability, tight junction
proteins (TJP) of Caco-2 cells maintaining the integrity of the gut
membrane were subjected to western blot analysis after the co-culture
experiment with PBMCs. The Caco-2 TJPs (Claudin-1, Occludin and
Claudin-4) showed an increase (P > 0.05), after 24 h with the control
medium as well as the fermentation supernatants of test substrates (BYB
and SDB) (Fig. 9). Although not statistically significant (P > 0.05),
Claudin-4 was more expressed after incubation both with BYB and with
SDB faecal fermentation supernatants as opposed to control medium.

Quantification of inflammatory and anti-inflammatory cytokines by
Magpix®

Secretion of cytokines during the Caco-2-PBMCs co-culture experi-
ments (n = 3) after an initial inflammatory stimulus (i.e., incubation
with bacterial LPS) followed by exposure to test substrates (BYB and SDB
24-h fermentation supernatants) or control medium, was quantified in
the apical and basolateral supernatants at 0, 6 and 24 h (Fig. 10). Some
variability was observed between test substrates and control medium at
baseline (t0). Therefore, comparisons between test substrates and con-
trol medium were carried out by comparing the Delta values (i.e., the
change in cytokine quantification between t0 and t6, between t6 and t24
and between t0 and t24), as well as by comparing the quantification of
cytokines at each timepoint. The Luminex Mean Fluorescence Intensity
(MFI) indicated an increase in secretion of inflammatory cytokines (IL-6
and TNF-a) in the apical as well as basolateral side at 6 h incubation with
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both test substrates and also with control medium (Fig. 11). However,
while both BYB and SDB induced a significantly lower PBMCs inflam-
matory response compared to control medium, as demonstrated by
increased IL-6 and TNF-« secretion in the basolateral side, the inflam-
matory response of Caco-2 was higher after incubation with BYB than
SDB (i.e., significantly higher IL-6 and TNF-a compared to control me-
dium). IL-6 and TNF-«a secretion further increased in the apical side at
24 h incubation, whereas it decreased on the basolateral side. However,
no significant differences in cytokine release were observed between the
test substrates and the medium at t24 h. The decreased inflammatory
cytokines in the basolateral chamber can be linked to their down-
regulation by the anti-inflammatory cytokine IL-10, which was elevated
at t6 and at t24. Both BYB and SDB induced statistically lower inflam-
matory cytokines IL-6 and TNF-a on the basolateral after 6 h incubation
when compared to the control medium. Inflammatory IL-1f showed a
delayed secretion by PBMCs, since its concentration appeared low at tO
and t6, but it increased at t24 on the basolateral side. Similar to IL-6 and
TNF-a, secretion of IL-1f was lower for SDB and BYB compared to that
for control medium, and this difference was significant only for BYB.
Moreover, the delta values in Table 3 indicated a significant increase (P
< 0.05) in IL-6 and TNF-a between t0 and t6 for the control medium as
compared to BYB and SDB substrates on the apical as well as basolateral
side. Besides, the increase in IL-6 between tO and t6 was significantly
higher (P < 0.05) with BYB substrate as compared to that with SDB. To
support these results obtained for cytokine quantification in cell culture
supernatants, we also investigated gene expression of the same cyto-
kines, as discussed in the next section and Fig. 12.

Quantification of inflammatory and anti-inflammatory cytokines by gene
expression analysis

The effect of fermentation supernatants of Tritordeum breads (BYB
and SDB) was also investigated by the quantification of gene expression
of inflammatory (IL-1f, IL-6 and TNF-a) and anti-inflammatory (IL-10)
cytokines when induced by LPS (Fig. 12). The ACt values were calcu-
lated by subtracting the mean Ct of reference genes (18S and GAPDH)
from the mean Ct of test gene (or cytokine). These values were then used
for determining the change in gene expression from 0 (t0) to 3 (t3) and 3
(t3) to 6 (t6) h of incubation with control medium and test substrates
(BYB and SDB). The test substrates were compared with the control
medium for determining the relative gene expression of all the cyto-
kines. The inflammatory cytokines (IL-1f, IL-6 and TNF-a) exhibited
reduction in ACt after 3 h of incubation with control medium and both
the test substrates. The ACt values for IL-1p and TNF-a were significantly
reduced (P < 0.05) for SDB when compared to control medium after 3 h
of incubation as observed in At3—t0 (Fig. 12). On the contrary, ACt
values for these inflammatory cytokines were slightly increased from 3
to 6 h of incubation with control medium as well as test substrates,
except no change in IL-6 with BYB substrate. However, no significant
changes were observed when test substrates were compared to control
medium. On the contrary, the ACt values of anti-inflammatory cytokine,
IL-10, showed minor decrease from O to 3 h and no change from 3to 6 h
for control medium or test substrates (BYB and SDB).
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Correlation of faecal fermentation metabolites with gut microbiota, TEER
measurements and inflammatory and anti-inflammatory cytokines

The role of intestinal gut microbiota in influencing the metabolite
concentrations during faecal fermentation is well established. In this
context, Spearman’s correlation matrix between the relative abundances
of gut microbiota genera and the metabolites identified over time during
the faecal fermentation with different substrates was generated
(Fig. 13). SCFAs comprising of acetic, butyric and propionic acids,
showed a positive correlation (P < 0.05) with Acidaminococcus, Bilo-
phila, Escherichia-Shigella, Megasphaera, Mitsuokella, Phascolarctobacte-
rium and Sutterella. Formic acid exhibited a very strong negative
correlation with most of the identified genera except Acidaminococcus (P
= 0.002), Escherichia-Shigella (P = 0.021), Megasphaera (P = 0.001),
Mitsuokella (P = 0.006) and Phascolarctobacterium (P = 0.007). Lactic
acid was positively correlated with Lactobacillus (P = 0.015). Alanine
and methionine were positively correlated with Megasphaera (P =
0.029) and Mitsuokella (P = 0.036). l-aspartic acid showed a negative
correlation with Acidaminococcus (P = 0.041), Escherichia-Shigella (n.s.,
P = 0.153), Megasphaera (P = 0.018), Mitsuokella (P = 0.021), Phasco-
larctobacterium (P = 0.002) and Sutterella (P = 0.027). Both a- and p-d-
glucose showed a positive correlation with Selenomonas (P = 0.031) and
a negative correlation with Parabacteroides (P = 0.025).

Additionally, the Spearman’s correlation matrix was also generated
between the metabolites and factors influencing the intestinal mem-
brane permeability and inflammation as measured during the in vitro
faecal fermentation of BYB and SDB (Fig. 14). Acetic acid and butyric
acid showed a positive correlation with IL-18 (P = 0.041) and TEER
measurements and a negative correlation with IL-6 (P = 0.038), TNF-a
(P = 0.045) and TJP (Claudin-1, Claudin-4, and Occludin). On the other
hand, propionic acid is positively correlated with the TJP (P < 0.05).
The amino acids, namely, alanine, methionine and tyrosine showed a
strong positive correlation (P < 0.05) with IL-1p and anti-inflammatory
cytokine IL-10 whereas phenylalanine was negatively correlated (P <

10

0.05) with these cytokines. Threonine and tyrosine were negatively
correlated with the inflammatory cytokine, TNF-a, while f-d-glucose is
positively correlated with this cytokine (P < 0.05). Trimethylamine was
positively correlated with the TEER, IL-10 and IL-1$ (P < 0.05) whereas
its derivative, trimethylamine-N-oxide, was negatively correlated (P >
0.05). As observed during the TEER measurements, ethanol is negatively
correlated with the intestinal permeability (TEER) and the anti-
inflammatory cytokines (P < 0.05). It is difficult to precisely define
the strong correlations between these faecal fermentation metabolites
and biomarkers of epithelial permeability and inflammation due to high
inter-individual variation of the donors. Further studies using animal
models should be conducted to reduce such variations for easy trace-
ability of the impact of sourdough.

Discussion

The impact of fermented foods, such as sourdough, on the gut
microbiota and their influence on the gastrointestinal health has been
recently reviewed (Dimidi et al., 2019). Improvement in the nutritional
value by hydrolysis of complex dietary fibres, reduction in fat rancidity,
and enhancement of starch and protein digestibility along with vitamins
and minerals bioavailability are some of the beneficial outcomes of
sourdough fermentation (Fernandez-Peldez et al., 2020). Besides, the
prebiotic effect of sourdough by modulating the gut microbiota leading
to the production of fermentation-derived bioactive peptides, biogenic
amines and other health-promoting metabolites has also been discussed
previously (Dimidi et al., 2019). In this prospect, we studied the di-
gestibility and immunomodulatory effects of Tritordeum breads prepared
by the addition of Tritordeum sourdough (SDB) vs. commercial baker’s
yeast (BYB).

Initially, the Tritordeum breads were subjected to in vitro digestion
(Minekus et al., 2014) followed by the batch culture faecal fermentation
for 24 h to analyse the changes in gut microbiota and microbial me-
tabolites. Based on the a-diversity indices, gut microbiota composition
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Table 2

P-values of statistical differences for each faecal fermentation substrate (Blank,
Inulin, BYB, and SDB after pairwise comparisons of bacterial p-diversity indices
(Permanova with 999 permutations) between time points 0 (t0), 5 (t5), 10 (t10),
and 24 (t24) h.

P-value (B-Diversity Indices)

BLANK Bray-Curtis Unweighted Unifrac Weighted Unifrac
t0 vs t5 0.551 0.673 0.120
t0 vs t10 0.052 0.667 0.033
t0 vs t24 0.053 0.548 0.033
t5 vs t10 0.869 0.901 0.803
t5 vs 24 0.789 0.961 0.281
t10 vs t24 0.766 0.910 0.835
INULIN

t0 vs t5 0.165 0.709 0.034
t0 vs t10 0.025 0.037 0.03
t0 vs t24 0.034 0.021 0.026
t5 vs t10 0.785 0.774 0.353
t5 vs t24 0.687 0.035 0.217
t10 vs t24 0.811 0.285 0.479
BYB

t0 vs t5 0.085 0.644 0.021
t0 vs t10 0.024 0.029 0.029
t0 vs t24 0.028 0.023 0.028
t5 vs t10 0.777 0.635 0.311
t5 vs t24 0.702 0.034 0.228
t10 vs t24 0.769 0.854 0.555
SDB

t0 vs t5 0.059 0.701 0.041
t0 vs t10 0.031 0.035 0.038
t0 vs t24 0.026 0.031 0.033
t5 vs t10 0.799 0.753 0.347
t5 vs t24 0.640 0.022 0.177
t10 vs t24 0.793 0.236 0.767
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showed a marked decrease in microbial diversity during the faecal
fermentation of positive control (Inulin) and test substrates (BYB and
SDB) as compared to negative control (Blank) at 5, 10 and 24 h (Fig. 1).
This shift in diversity indicates the substrate-dependent fermentation
allowing the growth of selective gut microorganisms. The p-diversity
analyses demonstrated differences in the gut microbiota at the donor
level indicating variability due to inter-individual differences. At the
phylum level, gut microbiota comprised the highest relative abundance
of Firmicutes followed by Proteobacteria, Bacteroidota, Actino-
bacteriota, Verrucomicrobiota and Desulfobacterota, throughout the
faecal fermentation for all the substrates and the blank. A decrease in
Bacteriodota was observed up to 8 % (Blank) and 2 % (Inulin, BYB and
SDB) after 24 h which can be attributed to the limitations of in vitro
faecal fermentation model (Payne et al., 2012). At the genus level, the
relative abundance of Escherichia-Shigella and Megasphaera dominated
and increased significantly (P < 0.05) with the controls (Inulin and
Blank) as well as the test substrates (BYB and SDB) at 5,10, and 24 h of
faecal fermentation. The microorganisms belonging to these genera can
utilize carbohydrates as their energy source, which were readily avail-
able with Tritordeum breads (SDB and BYB) as well as inulin. Besides,
Escherichia-Shigella is usually outnumbered by other anaerobic bacteria
in the gut, however, this increase during fermentation can be attributed
to poor anaerobic conditions which allowed the multiplication of these
facultative anaerobic bacteria (Russell and Jarvis, 2001). Furthermore,
the abundance of Mitsuokella and Phascolarctobacterium was also
significantly elevated after 24 h of faecal fermentation with BYB, SDB,
and inulin substrates without any significant differences amongst them.
In contrast, these genera did not show any significant changes with the
Blank. The genus Bacteroides was significantly decreased with BYB, SDB
and inulin substrates at 24 h whereas no change was observed with the

t10

t24
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faecal fermentations. Vertical bars represent the standard deviation.

Blank. On the other hand, the relative abundances of Bifidobacterium
increased with BYB, SDB, and inulin fermentation which was slightly
higher (P > 0.05) with inulin, whereas this genus was significantly
reduced with the negative control (Blank). Many genera disappeared
after 24 h fermentation with BYB, SDB and inulin substrates which
included Butyrivibrio, Christensenellaceae, Clostridium, Faecalibacterium,
Oscillospiraceae, Lachnospiraceae and Ruminococcus. These genera did
not show any significant changes in the fermentation vessel of Blank.
The grains of Tritordeum contain 43 % higher dietary fibres than durum
wheat (Suchowilska et al., 2021) which explains the increase in relative
abundances of Bifidobacterium, Megasphaera (Wu et al., 2021), Mitsuo-
kella (Healey et al., 2017) and Phascolarctobacterium (Wu et al., 2021) in
Tritordeum breads (BYB and SDB). Some studies reported the increase in
Mitsuokella as a result of enteric dysfunction in children (Ordiz et al.,
2017), obesity (Palmas et al., 2021), or in faeces of marathon runners
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(Zhao et al., 2018). Moreover, Phascolarctobacterium can utilize succi-
nate secreted by Bacteroides (lkeyama et al., 2020) limiting the avail-
ability to Clostridium which essentially requires succinate for its growth
(Nagao-Kitamoto et al., 2020). Additionally, increased concentrations of
succinate have also been associated with intestinal inflammation (Con-
nors et al., 2018). Therefore, the increased abundance of Phascolarcto-
bacterium can help in regulating the intestinal inflammation.
Furthermore, changes in microbial metabolites examined by tar-
geted metabolite analysis (Fig. 7) revealed the increased production of
total SCFAs with BYB (270.71 + 46.71 mM), SDB (467.96 + 43.18 mM)
and inulin (485 + 73.52 mM) as opposed to the negative control (121.74
+ 73.52 mM). Acetic and butyric acid concentrations were significantly
higher with SDB as compared to BYB and inulin, which did not differ in
the concentration of these SCFAs. Propionic acid, on the other hand, was
highest with inulin as compared to SDB and BYB. A plausible
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explanation for significant increase in SCFAs is the saccharolytic
fermentation by gut microbiota (Rowland et al., 2018). Furthermore, a
recent study by (Smith et al., 2020) reported high-butyrate production
during in vitro faecal fermentation of sourdough bread as reported in our
results obtained with sourdough bread (SDB). While both the Tritordeum
breads (BYB and SDB) were prepared with the same type of flour, the
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differences lie in the addition of baker’s yeast or sourdough and hence
differ in the bacterial composition of breads during fermentation.
Sourdough microbiota was dominated by lactic acid bacteria which
increased the total dietary fibre content in SDB (data under publication).
Since the sourdough lactic acid bacteria can secrete exopolysaccharides
(EPS) (Ganzle and Gobbetti, 2013), these EPS can be made available to
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the gut microbiota during digestion leading to the increased production
of SCFAs as opposed to baker’s yeast bread. Other organic acids, such as
lactic and formic acids, are also considered as SCFAs which showed a
significant increase up to 5 and 10 h, respectively, followed by gradual
decrease during fermentation of Inulin, BYB and SDB (Fig. 7). Formic
acid production is not well-studied in the human gut; however, studies
have demonstrated its higher concentrations during high-fibre intake in
pigs (Tao et al., 2019). The decreasing lactic acid concentrations can be
associated with the increasing abundance of Megasphaera, which con-
verts lactic acid to butyric and propionic acids (Shetty et al., 2013) and
considered as a potential microorganism to control ruminal acidosis by
degradation of lactic acid (Chen et al., 2019; Henning et al., 2010).
Studies have indicated that cross-feeding of lactate to gut microbiota
often leads to an increased production of butyrate due to the preference
of lactate as a carbon source by some gut microbes (Duncan et al., 2004;
Munoz-Tamayo et al., 2011). Moreover, researchers have reported the
anti-inflammatory potential of butyrate in intestinal homeostasis (Liu
et al., 2018) and SCFAs (acetate, butyrate and propionate) were also
reported to be therapeutic for inflammatory disorders, including IBS
(Tedelind et al., 2007). The increasing concentration of ethanol was
observed with all the substrates indicating the continuous fermentation
of substrates and metabolism of gut microbiota (Fodje et al., 2009; Han
etal., 2013). Sugars were also degraded and/or utilized by the intestinal
microbiota during faecal fermentation with all the substrates as
demonstrated in previous studies (Kaoutari et al., 2013). Additionally,
the changes in concentration of amino acids during in vitro faecal
fermentation of all substrates (inulin, BYB and SDB) demonstrated the
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proteolytic action of gut microbiota and their ability to utilize these
amino acids for the production of SCFAs (Lin et al., 2017; Neis et al.,
2015). Spearman’s correlation matrix demonstrated a strong influence
or correlation of the gut microbiota mainly on SCFAs, formic acid,
alanine, methionine, L-aspartic acid and glucose. Acidaminococcus,
Bilophila, Escherichia-Shigella, Megasphaera, Mitsuokella, Phascalarcto-
bacterium and Sutterella were found to be positively correlated (P < 0.05)
with acetic, butyric, and propionic acids as demonstrated previously
(Han et al., 2013) whereas negatively correlated with formic acid.
Among amino acids, alanine and methionine were positively correlated
(P < 0.05) with Megasphaera and Mitsuokella whereas l-aspartic acid
showed a negative correlation (P < 0.05) with Acidaminococcus, Mega-
sphaera, Mitsuokella, Phascolarctobacterium and Sutterella. Both a- and
B-D-glucose showed a significantly positive and negative correlation
with Selenomonas and Parabacteroides, respectively. Previous research
studies have indicated similar correlation of metabolites with Acid-
aminococcus, Escherichia-Shigella and Megasphaera genera (Lin et al.,
2017).

Furthermore, the impact of Tritordeum breads after fermentation was
examined on the gut health. The intestinal epithelium acts as a barrier
between invading pathogens or inflammatory molecules to prevent
inflammation or any other systemic diseases. Moreover, the integrity of
epithelial barrier is also maintained by the TJPs that are selectively
permeable to nutrients. The function of intestinal epithelial barrier can
be compromised leading to a condition called leaky gut. This is a com-
mon clinical diagnosis in individuals suffering from CD, IBS or other
diseases leading to gut dysbiosis (Odenwald and Turner, 2013; Teshima
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Fig. 11. Secretion of IL-10, IL-1p, IL-6, and TNF-a by co-cultured Caco-2 (apical side) and PBMCs (basolateral side) under LPS stimulation at baseline (¢t = 0 h) and
after 6 and 24 h of incubation with fermentation supernatants of test substrates (BYB or SDB, pool of 4 faecal fermentations) or with medium as control. Bar plots
represent median values of Luminex Mean Fluorescent Intensity (MFI), and the error bars represent standard deviation. Significant differences compared tot =0h
within each cytokine for each substrate are indicated by * P < 0.05) or ** P < 0.01.

Table 3

P-values as a measure of significant differences in the concentrations of IL-10, IL-
1B, IL-6 and TNF-a under LPS stimulation upon exposure to control Medium or
test substrates (BYB and SDB). The statistical differences were determined as the
change in cytokine concentrations from 0 to 6 (At6-t0), 6 to 24 (At24-t6) and
0 to 24 (At24-t0) hours of incubation. The significance (P-values) was calculated
using pairwise t-test.

APICAL SIDE (P-values)

IL-10 IL-1p IL-6 TNF-a

At6-t0 BYB vs Medium 0.205 0.500 0.252 0.877

SDB ys Medium 1.000 1.000 0.223 0.459

BYB vs SDB 0.205 0.500 0.493 0.494

At24-t6 BYB vs Medium 0.586 0.545 0.587 0.506

SDB vs Medium 0.970 0.505 0.527 0.744

BYB vs SDB 0.680 0.565 0.617 0.662

At24-t0 BYB vs Medium 0.583 0.472 0.519 0.412

SDB vs Medium 0.954 0.432 0.455 0.658

BYB vs SDB 0.682 0.510 0.573 0.627
BASOLATERAL SIDE (P-values)

IL-10 IL-1p IL-6 TNF-a

At6-t0 BYB vs Medium 0.169 0.859 0.024 0.115

SDB vs Medium 0.060 0.668 0.042 0.050

BYB vs SDB 0.568 0.753 0.751 0.798

At24-t6 BYB vs Medium 0.312 0.850 0.575 0.338

SDB vs Medium 0.687 0.464 0.122 0.031

BYB vs SDB 0.144 0.506 0.232 0.387

At24-t0 BYB vs Medium 0.234 0.847 0.457 0.050

SDB vs Medium 0.403 0.495 0.633 0.162

BYB vs SDB 0.211 0.545 0.373 0.161
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and Meddings, 2008). The intestinal permeability can be assessed by
Transepithelial/transendothelial electrical resistance (TEER) to deter-
mine the integrity of tight junctions in the intestinal epithelium by
measuring the ohmic resistance across the epithelium monolayer (Sri-
nivasan et al., 2015). Hence, we determined the TEER measurements of
intestinal Caco-2 epithelial cells on exposure to fermentation superna-
tants of BYB and SDB collected after 24 h of faecal fermentation with
these substrates. The permeability of intestinal epithelium in response to
fermentation supernatants demonstrated an increase (P < 0.05) in the
TEER measurements with SDB, which was slightly lower than the pos-
itive control (propionic acid). BYB showed same results as the control
medium while ethanol reduced the TEER measurements by 41.94 +
4.93 %. Additionally, the TJP of Caco-2 cells were subjected to western
blot analysis for Claudin-1, Claudin-4 and Occludin. The western blot
results indicated no differences between the control medium, BYB and
SDB, although some increase in Claudin-4 was observed for BYB and
SDB when compared to control medium.

Furthermore, the inflammatory cytokines studied using in vitro co-
culture model of Caco-2 cells and PBMCs demonstrated an increase in
IL-6 and TNF-a on the apical and basolateral sides after 6 h of incubation
which was lower in BYB and SDB than control medium only on the
basolateral side (P < 0.05). These inflammatory responses were regu-
lated by the increase in IL-10 at 24 h with lower MFI values observed
only for IL-1p with BYB supernatant as compared to control medium and
SDB. However, the quantitative gene expression analysis of these cyto-
kines indicated lower expression of IL-1p, IL-6 and TNF-a after 3 and 6 h
of incubation with both BYB and SDB substrates. The decrease in
expression of IL-1§ was significantly higher with SDB as compared to
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significance compared to control Medium is indicated with an asterisk (*).
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Fig. 13. Spearman correlation (n = 4) between the relative abundances of genera of gut microbiota and metabolites produced during the faecal fermentation with
different substrates (Inulin, BYB and SDB). The colour scale bar indicates a positive (green) or negative (red) correlation (*P < 0.05).

BYB. While the potential of sourdough in reducing the inflammatory
response has been previously established by decreased synthesis of IFN-y
(Calasso et al., 2012) or decreased release of monocyte chemoattractant

16

protein-1 (MCP-1) and TNF-a (Huang et al., 2020), its functional role in
intestinal permeability and inflammation still needs to be elaborated.
Our results demonstrated the early secretion of inflammatory cytokines,



K. Arora et al.

o
kel
x
ol
ZI [0)
[ ) 17}
° o c c o
52 8T8 £ EE S 2
38 8T 25 08 S S 2
® 2 T o s ET EZ2Q 15 _
Q282822955885 =0w 2
329 ESCSCSESGELEESSETO S
0526518208 cc=s=58F0 s
<m0 w20 <O0O 0 FFFFD>o00O W
TEER | #® ® ® ® * -
IL10 00290860000 oM.
LB @ & & ® 0000 9®0 000 0s
L6 @ [ JENL [ JKJ 02
_ 0
TNFa @& 000 0000 2
Claudin_1 0 @ ® 0 ® - ® O 09 04
Cauns®0®0 @ 00 0000 - 00 -
Occludin @O & - @0 0000 ® o

Fig. 14. Spearman correlation (n = 3) of the in vitro faecal fermentation me-
tabolites with TEER measurements, anti-inflammatory cytokine IL-10, inflam-
matory cytokines IL-1p, IL-6, and TNF-« and tight junction proteins (Claudin-1,
Claudin-4 and Occludin), as measured during the co-culture experiment of
Caco-2/PBMCs on exposure to faecal fermentation supernatants with test sub-
strates (BYB and SDB). The colour scale bar indicates a positive (green) or
negative (red) correlation (*P < 0.05, **P < 0.01).

IL-6 and TNF-a, which was downregulated by the increase in
anti-inflammatory cytokine (IL-10) with no statistically significant dif-
ferences between SDB and BYB. However, on the contrary, significantly
increased TEER measurements were observed with SDB supernatants as
compared to those with BYB supernatant. Previously, the generation of
antibodies against baker’s yeast have been demonstrated in response to
Crohn’s disease or Inflammatory Bowel Disease (IBD) (Main et al., 1988;
Mitsuyama et al., 2016). While no significant differences were detected
between SDB and BYB in the secretion of cytokines, significantly higher
TEER measurements for SDB might suggest an increased inflammatory
response with BYB than with SDB.

The metabolites secreted by gut microbiota can also have an impact
on the epithelial permeability and inflammation. Therefore, we gener-
ated a Spearman’s correlation matrix between metabolites and the
markers of intestinal barrier (TEER and TJP) and inflammation (pro- and
anti-inflammatory cytokines). A positive correlation was found between
acetic acid and TEER measurements while propionic acid was positively
correlated with TJP (Claudin-1, Claudin-4 and Occludin). Acetic acid
was negatively correlated with inflammatory cytokines IL-6 and TNF-a.
While many other correlations were established, it is difficult to support
our results with this data due to high inter-individual variability.

Conclusively, our findings suggest that Tritordeum breads prepared
with the addition of sourdough or baker’s yeast did not show significant
differences in the gut microbiota composition during in vitro faecal
fermentation with these breads for 24 h. However, the differences were
observed in the metabolic output, in particular, increased concentra-
tions of SCFAs with SDB substrate as compared to BYB. Moreover, the
epithelial membrane integrity of intestine was improved with the
downregulation of inflammatory response. These results indicate that
sourdough has the potential to increase the functional value of baked
goods by improving the digestibility and human gut health. However,
our findings should be further confirmed in laboratory animals and
eventually in human studies, to provide better insights into the mech-
anisms of human gut physiology.
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