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A B S T R A C T

The present study compared the phenolic profile, the in vitro and ex vivo antioxidant activity, as well as the anti-
inflammatory effect of fermented (LG) and unfermented (FG) whole wheat flour from Triticum aestivum on tumor
necrosis factor alpha (TNFα)-inflamed human intestinal epithelial cells (HT-29). Gallic acid, 3-hydroxybenzoic
acid, and vanillic acid were identified by HPLC-DAD as the main polyphenols increased by fermentation. LG
showed a higher antioxidant activity than FG in vitro and ex vivo. In inflamed HT-29 cells, LG exhibited a better
protective effect on TNFα-induced alterations by significantly reducing the expression of IL-8 and COX-2 in-
flammatory mediators. Further, under inflammatory insult, LG has better normalized ROS overproduction and
strengthened the antioxidant defense system. Finally, LG and FG significantly attenuated the TNFα-induced NF-
κB nuclear translocation. Our results pointed out a potential therapeutical role of LG in hardly managed in-
testinal inflammatory disease.

1. Introduction

Inflammatory bowel disease (IBD) comprises a group of idiopathic
chronic inflammatory intestinal conditions, commonly represented by
Crohn's disease and ulcerative colitis, that occur with a higher pre-
valence in developed countries. IBD is a relapsing and remitting dis-
order, characterized by immune activation and inflammation within the
gastrointestinal tract, that have no permanent drug cure and can result
in significant long-term morbidity (Iablokov et al., 2014; Imaeda et al.,
2011; Halpin & Ford, 2012). The etiology of IBD remains unclear but
environmental factors, as well as infectious, immunological, and psy-
chological ones, together with genetic susceptibility could be the major
causes for IBD onset (Medhi et al., 2008). Among environmental fac-
tors, the role of diet has gained a particular attention, and various
substances in food have been found to influence the composition of gut
microbiota, as well as the mucosal permeability and functionality
within the gut (M’Koma, 2013).

Bowel inflammation is usually associated with elevated levels of
pro-inflammatory cytokines and acute phase proteins; for instance,

increased levels of tumor necrosis factor-alpha (TNFα) have been found
in the intestinal mucosa, serum, and peripheral blood mononuclear
cells of patients with IBD (Yapali & Hamzaoglu, 2007; Yomogida, Hua,
Sakamoto, & Nagaoka, 2008). Moreover, a compromised stem cells
differentiation into epithelial cells has been found in mucosal tissues
from inflamed intestines showing higher apoptosis rates thought to be
linked to the inflammatory cytokine TNFα (Iablokov et al., 2014).
Proinflammatory cytokines activate intestinal epithelial cells upregu-
lating the expression of many cytokines and chemokines via activation
of nuclear factor-κB (NF-κB) that is reported to be one of the key in-
flammatory pathways activated in IBD (Ávila-Román, Talero, de Los
Reyes, García-Mauriño, & Motilva, 2017; Lee et al., 2016; Imaeda et al.,
2011; Yomogida et al., 2008). Notably, the C-X-C motif chemokine li-
gand 8 (IL-8) and the intercellular adhesion molecule-1 (ICAM-1) are
involved in neutrophil recruitment and infiltration, as well as tissue
damage, in the inflamed colon playing an important role in the initia-
tion and maintenance of IBD (Yomogida et al., 2008). Among others,
prostaglandin-endoperoxide synthase 2 (COX-2) is one of the main pro-
inflammatory enzyme raised in human active IBD and might have a
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potential role in the treatment of colitis (Ávila-Román et al., 2017;
Wang & DuBois, 2010).

To date, IBD is difficultly managed medically and the traditional
therapy is mainly based on common drugs, e.g. aminosalicylates, cor-
ticosteroids and immunosuppressants, that attenuate the inflammatory
injury with severe side effects, particularly during long-term treatment
(Iablokov et al., 2014; Yomogida et al., 2008). In addition, the use of
biological therapy, such as the anti-TNFα antibody, has led to a deep
transformation in the management of IBD; however, the high costs and
the side effects associated with these drugs over prolonged treatment
periods warrant investigation of novel and alternative approaches
(Rutgeerts, Vermeire, & Van Assche, 2009). Nowadays, dietary sup-
plements or natural products, inhibiting NF-κB signaling pathway, re-
present promising tools in the treatment of intestinal inflammation
(Kim & Jobin, 2005; Schneider, Abdel-Aziz, & Efferth, 2014).

Cereals are recognized as functional food playing an important role
in health benefits; particularly, they are a natural source of prebiotics
and contain phytochemicals such as phenolics, flavonoids, and antho-
cyanins exerting antioxidant activity. Epidemiological studies provided
a strong association between diets enriched in whole grains and lower
inflammatory status; the health benefit related to whole grains con-
sumption could be explained by the slow and continuous release in the
gut of antioxidants bound to the dietary fiber (Vitaglione, Napolitano, &
Fogliano, 2008). On the contrary, intervention trials about subclinical
inflammation and increased whole grain consumption showed dis-
crepant findings (Lefevre & Jonnalagadda, 2012; Ye, Chacko, Chou,
Kugizaki, & Liu, 2012). Although cereals are lacking some basic com-
pounds such as essential amino acids, fermentation represents an an-
cient and economical method to improve their nutritional value as well
as their sensory and functional properties (Ozdemir, Gocmen, &
Yildirim Kumral, 2007). Indeed, fermentation reduces carbohydrates
and non-digestible polysaccharides and oligosaccharides and increases
some amino acids as well as vitamins of group B. When cereals are
fermented with lactic acid bacteria, anti-nutrients such as tannin and
phytic acid decrease, resulting in increased iron absorption and reduced
non-nutritive compounds which negatively affect the digestibility, ab-
sorption, and solubility of minerals. Finally, fermented cereals showed
increased anti-oxidant activities (Gabriele & Pucci, 2017; Đorđević,
Šiler-Marinković, & Dimitrijević-Branković, 2010).

Lisosan G (LG) is a fermented whole wheat flour obtained from
organic grains (Triticum aestivum). Not only does this product contain
the typical nutrients of cereals but, after fermentation, it is enriched in
bioactive substances such as vitamins, minerals, polyunsaturated fatty
acids, polyphenols, and alpha-lipoic acid. LG does not interfere with
hepatic drug-metabolizing enzymes and protects rats against both
carbon tetrachloride- and cisplatin-induced toxicity by reducing oxi-
dative stress and raising antioxidant enzymes expression (Longo,
Gervasi, & Lubrano, 2011). In a previous study, Lubrano, Baldi, Napoli,
and Longo (2012) showed protective effects of LG against both oxida-
tive and inflammatory processes in human microvascular endothelial
cells, HMEC-1, exposed to oxidized-LDL. Moreover, Lucchesi and col-
leagues demonstrated that LG enhances human endothelial progenitor
cells (EPCs) viability and adhesiveness, reduces cellular senescence and
oxidative stress via nuclear factor (erythroid-derived 2)-like 2 (Nrf2)
signaling pathway (Lucchesi et al., 2014). Finally, our recent findings
showed that LG improves EPCs functionality in LPS-induced cell in-
flammation through reduction of ROS levels and down-regulation of
pro-inflammatory and pro-apoptotic factors (Giusti et al., 2017).

Our study aims to characterize and compare the phenolic profile, as
well as the in vitro and ex vivo antioxidant activity, of whole wheat flour
from Triticum aestivum, before and after sourdough fermentation. The
potential anti-inflammatory and antioxidant activities of both pre-
parations were further explored on human colonic adenocarcinoma cell
(HT-29) line, both at basal condition and under TNFα inflammatory
insult. Specifically, the cellular ROS production and the expression of
some factors involved in cellular inflammatory, adhesiveness,

apoptosis, and oxidative responses, together with the activation of
nuclear factor-kB (NF-kB), have been evaluated.

2. Materials and methods

2.1. Chemicals and reagents

Folin-Ciocalteu reagent, gallic acid, 6-hydroxy-2,5,7,8-tetra-
methylchromane-2-carboxylic acid (Trolox), 2,2-diphenyl-1-picrylhy-
drazyl (DPPH), 2,2′-azobis (2-amidinopropane) dihydrochloride
(AAPH), 2′,7′-dichlorofluorescein diacetate (DCFH-DA), and phosphate
buffer saline (PBS) tablets were purchased from Fluka-Sigma-Aldrich,
Inc. (St. Louis, MO).

All HPLC standards, including: gallic acid, 4-OH benzoic acid, va-
nillic acid, rutin, vitexin, iso-quercitrin, trans-p-coumaric acid, trans-
ferulic acid and quercetin and solvents: methanol (HPLC grade), acet-
onitrile (gradient HPLC grade), and phosphoric acid (ACS grade) were
purchased from Sigma-Aldrich (Sigma Aldrich Chemie GmbH,
Steinheim, Germany). Double deionized water (ddH2O) was treated
(18.2 MΩ/cm, 20 °C) in a Simplicity 185 purification system (Millipore
SAS, Molsheim, France). All reagents, media and medium supplements
for cell culture were purchased from Sigma-Aldrich (St. Louis, MO).

2.2. Plant material and extraction

Fermented and unfermented wheat powders were supplied by
Agrisan Company (Larciano, PT, Italy). The unfermented wheat powder
was obtained by grinding the Triticum aestivum whole wheat grain (FG),
while the fermented powder, namely Lisosan G (LG), was obtained
following the whole wheat flour sourdough fermentation with lacto-
bacillus and natural yeast strains (Giusti et al., 2017). LG and FG
(80mg/ml) were sonicated (three cycles: 10 s on/10 s off) and shaken
gently 1-hour while being extracted with 10% DMSO in distilled water.
Samples were centrifuged 10min at 2300g at 4 °C (Jouan CR3i cen-
trifuge, Newport Pagnell, UK), and the supernatant was collected, fil-
tered (0.2 µm VWR International PBI, Milan, IT), and kept at 4 °C in the
dark until use. The extraction was carried out in triplicate.

2.3. Polyphenols and DPPH radical scavenging activity

Polyphenols, estimated as Folin-Ciocalteu (FC) reducing capacity,
were expressed as mg of gallic acid equivalents (GAE)/g dry weight
(DW) (Gabriele et al., 2015). The radical scavenging activity was
evaluated using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. The
absorbance was recorded at 517 nm and the extract concentration
corresponding to 50% of DPPH inhibition (EC50) was measured ac-
cording to Gabriele et al. (2017).

2.4. Polyphenols quantification by HPLC-DAD

The fermented and unfermented wheat samples were extracted with
80% methanol (v/v) at laboratory temperature for 2 h by horizontal
shaker Unimax 2010 (Heidolph Instruments, GmbH, Germany). The
extract was filtered through Munktell No 390 paper (Munktell & Filtrak
GmbH, Bärenstein, Germany) and stored in closed 20mL PE vial tubes.
Prior to HPLC analysis, the extract was filtered through syringe filter Q-
Max (0.22 µm, 25mm, PVDF) (Frisenette ApS, Knebel, Denmark). All
compounds were determined using an Agilent 1260 Infinity HPLC
(Agilent Technologies GmbH, Wäldbronn, Germany) with quaternary
solvent manager coupled with degasser (G1311B), sampler manager
(G1329B), column manager (G1316A) and DAD detector (G1315C). All
HPLC analyses were performed on a Purosphere® reverse phase C18
column (250mm×4mm×5 µm) (Merck KGaA, Darmstadt,
Germany). The mobile phase consisted of gradient acetonitrile (A) and
0.1% phosphoric acid in ddH2O (B). The gradient elution was as fol-
lows: 0–1min isocratic elution (20%A and 80% B), 1–5min linear
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gradient elution (25% A and 75% B), 5–15min (30% A and 70% B) and
15–25min (40% A and 60% B). The post-run was 3min. The initial flow
rate was 1mL/min and the injection volume was 5 μL. Column ther-
mostat was set up to 30 °C and the samples were kept at 4 °C in the
sampler manager. The detection wavelengths were set up at 265 nm (4-
OH benzoic acid, vanillic acid, rutin), 320 nm (gallic acid, vitexin, trans-
p-coumaric acid, trans-ferulic acid) and 372 nm (iso-quercitrin, quer-
cetin). Data were collected and processed using Agilent Open Lab Chem
Station software for LC 3D systems.

2.5. Cellular antioxidant activity (CAA-RBC) assay in red blood cells

Human blood samples from healthy volunteers were collected in
ethylenediaminetetraacetic acid (EDTA)-treated tubes and centrifuged
for 10min at 2300g at 4 °C. Plasma and buffy coat were discarded and
erythrocytes were washed twice with PBS pH 7.4. The antioxidant ac-
tivity of FG and LG extract was evaluated in an ex vivo erythrocytes
system as described by Frassinetti, Gabriele, Caltavuturo, Longo and
Pucci (2015). Trolox was used as standard and the fluorescence was
read at 485 nm excitation and 535 nm emission by using a VictorTM X3
Multilabel Plate Reader (Waltham, MA, US). Each value was expressed
using the following formula: CAA unit= 100− (∫ SA/∫ CA)×100,
where ∫ SA is the integrated area of the sample curve and ∫ CA is the
integrated area of the control curve.

2.6. Human intestinal cell cultures

The human colonic adenocarcinoma cell (HT-29) line (DSMZ,
Germany) was grown in Dulbecco’s modified Eagle’s medium/nutrient
mixture F-12 (DMEM/F12) supplemented with 10% fetal bovine serum
(FBS), 100 units/ml penicillin, and 100 µg/ml streptomycin at 37 °C in a
humidified 5% CO2 incubator. All treatments were carried out using
DMEM+F12 medium without phenol red and FBS, containing anti-
biotics. Cells were serum-starved for 1-hour prior to stimulation with
extracts or TNFα. After 1-hour pretreatment with or without 0.08 and
0.4 mg/ml of FG and LG extract, HT-29 were stimulated for 24 h with or
without 5 ng/ml of TNFα.

2.7. Assessment of cell viability

The MTT assay was performed to assess cell viability of cultured HT-
29 upon different treatment conditions as previously described by
Gabriele et al. (2016). The amount of the dye released from the cells
was quantified by measuring the optical density at 540 nm using a
VictorTM X3 Multilabel Plate Reader (Waltham, MA) and correlates
with the amount of metabolically active cells.

2.8. Cellular reactive oxygen species (ROS) determination

The cellular reactive oxygen species (ROS) were detected following
cell treatments using the 2′-7′-dichlorodihydrofluorescein diacetate
(DCFH-DA), a cell permeable dye useful to measure the redox state of
cells. After diffusion into viable cells, DCFH-DA was firstly deacetylated
by cellular esterases to a non-fluorescent compound (DCFH), then
oxidized by ROS activity to DCF, a highly fluorescent compound.
Briefly, HT-29 (2.5× 104 cell/well) seeded in a 96-well blackened
fluorescence plate were incubated with DCFH-DA (15 μM/well) for
30min at 37 °C in the dark. ROS production was detected by measuring
the fluorescence recorded at 485 nm excitation and 535 nm emission
using a VictorTM X3 Multilabel Plate Reader (Waltham, MA).

2.9. RT-PCR and quantitative real-time PCR

Total RNA was isolated from HT-29 cells using the E.Z.N.A.® Total
RNA Kit I (OMEGA bio-tek, Norcross, GA, USA) and reverse-transcribed
using the iScript™ cDNA Synthesis Kit (Bio-Rad, CA). Quantitative Real-

Time PCR was performed using the SsoFast™ EvaGreen® Supermix (Bio-
Rad, CA) in a CFX Connect Real-Time PCR Detection System (Bio-Rad,
CA, USA).

IL-8 (C-X-C motif chemokine ligand 8), COX-2 (prostaglandin-en-
doperoxide synthase 2), ICAM-1 (intercellular adhesion molecule-1),
BAX (BCL2 associated X, apoptosis regulator), HO-1 (heme oxygenase-
1), and β-actin gene primers were designed using Beacon Designer
Software (Premier Biosoft International, USA), synthesized by Sigma
(St. Louis, MO, USA) and depicted in the following table.

Gene Forward 5′–3′ Reverse 5′–3′

IL-8
CTGTGGTATCCAA
GAATCAGTGAA

GCATCTGGCAAC
CCTACAA

COX-2
CCGAGGTGTATGT
ATGAGTGT

CTGTGTTTGGAG
TGGGTTTC

ICAM-1
ACCGTGAATGTGC
TCTCC

TCTTGATCTTCCG
CTGGC

BAX
GGCTGGACATTGG
ACTTC

CACAAAGATGGT
CACGGT

HO-1
GCAACAAAGTGCA
AGATTCTG

GCTGAGTGTAAG
GACCCAT

β-actin
GAGATGCGTTGTT
ACAGGAAG

TGGACTTGGGAG
AGGACT

All genes were assayed in triplicate and the gene expression was cal-
culated by the 2−ΔΔCT relative quantification method. The data are
expressed as a fold-change of expression levels compared to the control
samples.

2.10. NF-κB nuclear translocation

Translocation of NF-κB to the nucleus was evaluated by fluorescence
microscopy as previously described by Giusti et al. (2017). Briefly, HT-
29 were grown onto Nunc® Lab-Tek® II – CC2™ Chamber Slide™ system
(Sigma, St. Louis, MO, USA) and, after treatments, the supernatant was
discarded, cells were washed in PBS and fixed with 4% (wt/vol) par-
aformaldehyde in PBS for 30min at room temperature. After washing
with PBS, the chamber slides were incubated with 0.2% TRITON X-100
in PBS for 10min and then blocked with 1% BSA in PBS for 1-hour,
followed by 1-hour incubation with a mouse monoclonal anti-NF-κB
p105/p50 IgG-FITC antibody (NB100-78384, Novus Biologicals, Lit-
tleton, CO, USA) at room temperature in the dark. Lastly, cells were
washed with PBS and viewed with a fluorescence microscope. DAPI was
used as a nuclei-specific dye.

2.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism, version
6.00 for Windows (GraphPad Software, San Diego, CA). Assays were
carried out in triplicate and the results were expressed as mean va-
lues ± standard deviation (SD). Differences between samples were
analyzed by one-way analysis of variance (ANOVA) with Dunnett or
Bonferroni multiple comparison tests. Factors involved in oxidative
stress and inflammation were analyzed by Pearson’s correlation with
Fisher r-to-z transformation. A p-value lower than 0.05 is considered
statistically significant.
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3. Results and discussion

3.1. Polyphenols and DPPH radical scavenging activity

Lyophilized powder of fermented (LG) and unfermented (FG) whole
wheat flour was preliminarily analyzed by spectrophotometric methods
for total polyphenols and DPPH radical scavenging activity in order to
identify possible variations related to the fermentation process.

Many biochemical changes occur during fermentation leading to get
a new product with improved bioactivity and nutritional properties.
Indeed, the fermentative process, in addition to decrease anti-nutrients,
improve protein digestibility and reduce their allergenicity, provides a
higher bioactive compounds content and antioxidant activity (Gabriele
& Pucci, 2017). As expected, LG wheat flour showed more significantly
higher levels of polyphenols (5.6 ± 0.14 vs 1.9 ± 0.07mg GAE/g
DW, p < 0.001), estimated as FC-reducing capacity, as well as a
greater DPPH inhibition activity (EC50= 0.52 ± 0.002 vs
3.38 ± 0.14 µg/ml, p < 0.01) than FG.

The fermentation process is raising much attention as useful bio-
technology having great potential applications in the production or
extraction of bioactive compounds from several natural sources. Our
results indicate a positive improvement in the polyphenols content and
antioxidant activity of the wheat flour following sourdough fermenta-
tion linked to the microbial activity involved in the structural break-
down of wheat components and release of new bioactive compounds
with antioxidative properties.

3.2. Quantification of polyphenols

The phenolic compounds of the LG and FG wheat and their content,
analyzed by HPLC-DAD, are shown in Table 1. In the fermented wheat,
gallic acid (419.4 mg/kg d.w.) was identified to be the dominant
component followed by vanillic acid, iso-quercitrin, quercetin, trans-
ferulic acid and 4-OH benzoic acid. In the unfermented wheat, the
highest amounts of active compounds were iso-quercitrin and gallic
acid (29.9 and 23.7mg/kg d.w., respectively) followed by quercetin,
trans-ferulic acid, and trans-p-coumaric acid. Our results are in ac-
cordance with Hur, Lee, Kim, Choi, and Kim (2014) and Đorđević et al.
(2010) that reviewed the effect of fermentation on the antioxidant
properties of some cereals. Both researcher groups pointed out that the
ability of fermentation to improve the antioxidant activity of the plant
material, is primarily due to an increase in the amount of phenolic
compounds and flavonoids during fermentation, as result of a microbial
hydrolysis reaction. In addition, Zhang et al. (2012) showed a higher
content of bioactive compounds in fermented wheat compared to the
same unfermented matrix. Authors concluded that the fermentation
could be an effective tool to produce a healthy food or ingredient with
multi-functional properties, successfully used in the food industry as
natural antioxidants.

3.3. Cellular antioxidant activity on human erythrocytes

Erythrocytes represent a useful ex vivo model system to assess the
biological radical scavenging activity of many natural compounds,
since they have neither nucleus nor mitochondria, and they play a
crucial role in the antioxidant and anti-inflammatory protection of the
body (Caddeo et al., 2018).

In this study, the antioxidant activity of LG and FG extract was
screened in human erythrocytes under oxidative condition using the
CAA-RBC assay. Particularly, human erythrocytes were exposed to a
slight oxidative insult induced by thermal decomposition of AAPH in
peroxyl radicals following 1-hour pretreatment with different dilutions
(0.01 or 0.1 mg/mL) of FG and LG extract. As shown in Fig. 1, all
treatments have significantly improved the cellular antioxidant activity
of human erythrocytes compared to control, referring to AAPH-treated
cells (CAA=0; **p < 0.01), with CAA values comparable to or higher
than Trolox 10 and 50 μM, used as reference standard. Moreover, a
dose-dependent antioxidant effect was observed for both FG and LG
extracts, with no significant differences among CAA values at the lowest
doses. Conversely, LG pretreated erythrocytes, at the highest dose, ex-
hibited a significantly higher cellular antioxidant activity compared to
the FG pretreated ones (##p < 0.01 vs FG 0.1mg/mL).

Our results demonstrated a variation in phenolics composition fol-
lowing the fermentative process that appears to be linked to the raised
antioxidant properties detected by both in vitro and ex vivo assays,

Table 1
Phenolic compounds, class, retention time (Rt, min), wavelengths (nm) and concentrations (mg/kg d.w.) in the fermented (LG) and unfermented (FG) wheat.

Phenolic compound Rt Wavelength Concentration Class

LG FG

Gallic acid 2.669 320 419.4 23.7 Phenolic acid
4-OH Benzoic acid 4.830 265 10.8 ≤LOD* Carboxylic acid
Vanillic acid 5.260 265 33.6 ≤LOD* Phenolic acid
Rutin 5.955 265 ≤LOD* ≤LOD* Flavonol
Vitexin 6.275 320 ≤LOD* ≤LOD* Flavone
Iso-quercitrin 6.987 372 18.4 29.9 Flavonol
trans-p-Coumaric acid 7.444 320 ≤LOD* 1.5 Hydroxycinnamic acid
trans-Ferulic acid 8.219 320 14.5 13.3 Hydroxycinnamic acid
Quercetin 17.363 372 16.2 15.2 Flavonol

* LOD, limit of detection.

Fig. 1. Effects of 0.01 and 0.1 mg/mL fermented (LG) and unfermented (FG)
wheat extract on the cellular antioxidant activity (CAA) of human erythrocytes
under oxidative conditions. Trolox was used as reference standard. Assays were
carried out in triplicate and the results were expressed as mean values ± SD.
One-way ANOVA with Dunnett’s multiple comparison test: *significantly dif-
ferent from CNT, AAPH treated cells (CAA=0), **p≤ 0.01, ***p≤ 0.001.
Unpaired t-test: #significantly different from the respective FG: ##p≤ 0.01.
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providing further evidence on the positive effect of sourdough fer-
mentation on wheat-based products.

3.4. Fermented and unfermented wheat effects in TNFα-stimulated HT-29

Evidence suggest a key role of proinflammatory cytokines such as
TNFα in the etiology and pathogenesis of IBD (Iablokov et al., 2014;
Yomogida et al., 2008; Lee et al., 2016).

In the present study, the potential protective effect of LG and FG
against TNFα-induced intestinal alterations was evaluated in HT-29, a
human colonic adenocarcinoma cell line. In order to identify the op-
timal treatment condition and detect possible cytotoxic effects, we
firstly performed a toxicity curve using 0.08–1.6mg/mL as a range of
concentrations for FG and LG extracts and 1–100 ng/mL as a range for
TNFα treatment. Cellular treatment effects were evaluated in terms of
cell viability and assessed using the MTT assay. As showed in Fig. 2, the
HT-29 viability was not reduced after 24 h exposure to 0.08 and
0.4 mg/mL of FG or LG but was significantly diminished by higher
concentrations of LG extract (0.8 and 1.6 mg/mL, p < 0.05). Besides,
cellular cytotoxicity has not been observed up 5 ng/mL TNFα, while a
dose-dependent reduction of HT-29 viability was detected at the highest
concentrations (p < 0.05; Fig. 2).

Therefore, we investigated in HT-29 the effects of 24 h exposure to
5 ng/ml TNFα, the lowest concentration without cytotoxic effects able
to up-regulate the expression of the pro-inflammatory cytokine IL-8,
following 1-hour pretreatment with 0.08 and 0.4mg/mL FG or LG ex-
tracts.

To investigate the anti-inflammatory and antioxidant properties of
FG and LG extracts we assessed, by quantitative Real-Time PCR, their
effects on the modulation of genes involved in inflammation, oxidative
stress, and apoptosis. Specifically, we analyzed the gene expression of
the pro-inflammatory cytokine IL-8, the inducible stress-response iso-
zyme of cyclooxygenase COX-2, the cell surface glycoprotein ICAM-1,
the pro-apoptotic protein BAX, and the inducible stress-response pro-
tein HO-1.

As shown in Fig. 3A–C, both FG and LG exposure induced a sig-
nificant increase of IL-8 basal expression (*p < 0.05 vs CNT) at the
highest concentration, as well as increased ICAM-1 basal levels at both
doses tested (*p < 0.05 vs CNT); whereas, no changes in COX-2 gene
expression was observed at basal condition. The exposure of HT-29 to
5 ng/mL TNFα resulted in a significant up-regulation of IL-8
(p < 0.001), COX-2 (p < 0.001), ICAM-1 (p < 0.001), BAX

(p < 0.05), and HO-1 (p < 0.05) compared to control cells. The LG
pretreatment exerted, at both doses tested, a similar inhibitory effect on
IL-8 and COX-2 induced by TNFα exposure (##p < 0.01 vs TNFα),
greater than FG inhibition at 0.4 and 0.08mg/mL, respectively
(p < 0.001; Fig. 3A and B). Moreover, we found a significant reduction
of COX-2 levels following 0.4 mg/ml FG exposure (##p < 0.001 vs
TNFα), strongly dependent by FG concentration (&p < 0.05 vs FG
0.08). Neither FG or LG, at both doses, significantly reduced TNFα-
induced ICAM-1 expression (Fig. 3C).

These results have demonstrated a stronger down-regulating effect
of LG on inflammatory parameters, e.g. COX-2 particularly raised in
IBD (Ávila-Román, et al., 2017); COX-2 inhibition from natural sources
might contribute to the treatment of gut inflammation.

Our study is in accordance with Shi, Shan, Li, Song and Li (2017)
showing anti-inflammatory effects of foxtail millet, one of the oldest
cultivated cereal in China, in LPS-stimulated HT-29. Particularly, these
authors pointed out that bound polyphenols from foxtail millet bran
reduced pro-inflammatory cytokine levels, including IL-8, IL-6 and
IL1β, while increased the expression of anti-inflammatory ones (e.g. IL-
10) by inhibiting the NF-κB signaling pathway through cellular ROS
accumulation. Besides, Borowicki et al. (2010) demonstrated the che-
mopreventive potential of fermented wheat aleurone on the growth and
apoptosis of HT-29 transformed colon cells. In this work, fermented
wheat samples significantly induced apoptosis and inhibited cell pro-
liferation suggesting reduced level associated to fermentation that re-
duced tumor-promoting factors while increasing chemopreventive ones
(Borowicki et al., 2010). Likewise, we found an increased level of pro-
apoptotic BAX basal expression following 0.4mg/ml LG exposure
(***p < 0.001 vs CNT) that results strongly dependent by LG con-
centration (&&&p < 0.001 vs LG 0.08). Instead, under the inflammatory
insult, FG pretreatments have similarly reduced the BAX level
(#p < 0.05 vs TNFα) at both doses tested (Fig. 3 D). Thus, up-reg-
ulation of basal BAX pro-apoptotic gene expression by LG extract is
possibly caused by releasing of new bioactive compounds with proa-
poptotic activity following wheat flour fermentation.

Finally, whereas a basal HO-1 up-regulation was observed only at
0.4 mg/ml FG (*p < 0.05 vs CNT), a dose-dependent increase of HO-1
expression was observed in response to LG treatments (&p < 0.05 vs
LG 0.08) both at basal (**p < 0.01 vs CNT) and under inflammatory
condition (#p < 0.05 vs TNFα), higher than FG effect at comparable
doses (Fig. 3E).

As recently reviewed by Wardyn, Ponsford and Sanderson (2015) an

Fig. 2. Effects of 24 h exposure to increasing doses of fermented (LG) and unfermented (FG) wheat extracts (A) and TNFα (B) on HT-29 viability evaluated by MTT
assay. Experiments were carried out in triplicate and results were expressed as mean values ± SD. One-way ANOVA with Dunnett’s multiple comparison test:
*significantly different from control (CNT), *p < 0.05, **p < 0.01, ***p < 0.001.

M. Gabriele et al. Journal of Functional Foods 45 (2018) 392–400

396



extensive and functional cross-talk takes place between Nrf2 and NF-κB
signaling pathways and this interaction is essential for maintaining
balanced inflammatory cellular responses. Heme oxygenase-1 is a target
gene of Nrf2 that is reported to have antioxidant as well as anti-in-
flammatory properties by dampening the pro-inflammatory activity of
NF-κB (Lee, Kang, Seo, & Kim, 2016; Wardyn et al., 2015). Indeed,
restoring the antioxidant and oxidant balance, also through a
strengthening of antioxidant defense system, is particularly important
on targeting the Nrf2-NF-κB axis and might have a therapeutic potential

in the treatment of inflammatory bowel diseases. As recently reviewed
by Moura, de Andrade, dos Santos, Araújo and Goulart (2015), oxida-
tive stress is clearly involved in IBD etiology and the administration of
antioxidants, with additional anti-inflammatory properties or in com-
bination with anti-inflammatory agents, may help in the maintenance
of remission phase of IBD.

Fig. 3. Quantitative Real-Time PCR analysis of IL-8 (A), COX-2 (B), ICAM-1 (C), BAX (D) and HO-1 (E) gene expression in HT-29 1-hour pretreated with or without
0.08 or 0.4 mg/ml fermented (LG) and unfermented (FG) wheat extract, then exposed 24 h to 5 ng/ml TNFα. Experiments were carried out in triplicate and the results
were expressed as gene expression fold increase with respect to control. One-way ANOVA with Bonferroni's multiple comparison test: *significantly different from
control (CNT), *p < 0.05, **p < 0.01, ***p < 0.001; #significantly different from TNFα 5 ng/ml, #p < 0.05, ##p < 0.01, ###p < 0.001; &significantly different
from 0.08mg/mL LG or FG: &p < 0.05, &&p < 0.01, &&&p < 0.001.
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3.5. Cellular ROS production

Intestinal homeostasis is finely regulated by a balance between
epithelial cells apoptosis and proliferation and the loss of epithelial
homeostasis is associated with a defective epithelial barrier that in-
creases the contact between luminal antigens and intestinal immune
cells contributing to release different pro-inflammatory mediators, such
as ROS, which initiate and perpetuate the inflammatory response of gut
(Moura et al., 2015; Iablokov et al., 2014).

In recent years, ROS has been referred as an etiologic factor of IBD
contributing to tissue damage and fibrosis e.g. in patients affected by
Crohn’s disease. This is particularly evident in patients with IBD having
reduced antioxidant capacity even in the asymptomatic phase or anti-
oxidant nutrients deficiencies (Moura et al., 2015).

In the present study, we evaluated the effect of pretreatment with
LG and FG on TNFα-induced ROS production using the DCFH-DA, a
cell-permeable dye useful to measure the redox state of a cell. Our re-
sults showed a significantly higher level of ROS following 24 h TNFα

exposure (p < 0.001 vs CNT), which was not affected by FG and LG
pretreatments (Fig. 4). Moreover, at both doses tested, FG and LG ex-
posure did not alter the basal ROS production (Fig. 4).

These results disagree with our previous data obtained by in vitro
and ex vivo test and the lack of antioxidant effect could be due to the
long time of incubation with TNFα. Further analysis of ROS time-course
production could better highlight a scavenging effect of our extracts.

3.6. NF-κB immunocytochemistry

NF-κB, a pleiotropic and oxidant-sensitive transcription factor, plays
a key role in the expression of factors involved in inflammation, ad-
hesion, apoptosis, as well as immune and stress responses. The inactive
state of this transcription factor is located in the cytosol of unstimulated
cells bound to the member of the IκB inhibitory protein family; upon
activation, IκB is released from the complex, and NF-κB is phosphory-
lated and translocated into the nucleus where drives the expression of
its target genes (Giusti et al., 2017). Notably, NF-κB signaling pathway
plays an important role in IBD and its activity is raised in the colon
during active disease (Ávila-Román et al., 2017).

In the present study, the subcellular localization of NF-κB was as-
sessed by fluorescence microscopy in HT-29 cells stimulated for 6, 12,
and 24 h with 5 ng/ml TNFα, following 1-hour pretreatment with or
without 0.4mg/ml with FG or LG extracts. The fluorescent stain DAPI
(blue) was used for nuclei staining, whereas the mouse monoclonal
anti-NF-κB p105/p50 IgG-FITC antibody (green) was used to detect the
subcellular localization of NF-κB, revealed in the merge images as a
green/yellow signal. Our results demonstrated NF-κB signaling
pathway activation following TNFα treatment, with a maximum
translocation in the nucleus after 12 h exposure, as shown in Fig. 5;
conversely, 1-hour pretreatment with 0.4 mg/ml of FG and LG, before
TNFα exposure, markedly attenuated this activation resulting in a
lower nuclear localization of NF-κB, comparable to the control value,
and an increased cytosolic localization above the control level.

Our study supports the hypothesis that both fermented and un-
fermented wheat powders have the potential to attenuate inflammatory
bowel disorders through an inhibitory action on the NF-κB signaling
pathway thus lowering the expression levels of inflammatory targets
directly involved in the pathogenesis of IBD.

Fig. 4. Cellular ROS production (DCFH-DA assay) in HT-29 1-hour pretreated with
or without 0.08 or 0.4mg/ml fermented (LG) and unfermented (FG) wheat extract,
then exposed 24 h to 5 ng/ml TNFα. Experiments were carried out in triplicate and
the results were expressed as the DCF fluorescence level with respect to control
(CNT). One-way ANOVA with Bonferroni's multiple comparison test.

Fig. 5. Assessment by fluorescence microscopy of NF-κB translocation in the nucleus of HT-29 1-hour pretreated with or without 0.4 mg/ml with fermented (LG) and
unfermented (FG) wheat extract, then exposed 12 h to 5 ng/ml TNFα. DAPI was used for nuclei staining (blue), whereas NF-κB was detected as a green/yellow signal.
CNT, untreated cells; FG, FG-treated cells; LG, LG-treated cells; TNFα, TNFα-treated cells; FG+TNFα, 1-hour FG-pretreated cells then exposed to TNFα; LG+TNFα,
1-hour LG-pretreated cells then exposed to TNFα. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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3.7. Correlations

Correlation analysis was performed by Pearson’s correlation with Fisher
r-to-z transformation to explore the relationship among polyphenols, anti-
oxidant activities, and factors involved in oxidative stress and inflammation.
As showed in Table 2, all the factors tested in the present study well cor-
related each other, with the exclusion of ICAM-1 and ROS levels.

Particularly, as expected, a strong correlation was found between
polyphenols and DPPH (p < 0.001), as well as between polyphenols/
DPPH and IL-8, COX-2, HO-1, and BAX gene expression (p < 0.001).
Finally, CAA-RBC and DPPH showed a good correlation (p < 0.01).

4. Conclusions

The results obtained in this work indicate that sourdough fermen-
tation is a useful biotechnology able to enrich the wheat flour from
Triticum aestivum in phenolic compounds, mainly gallic acid, 4-OH
benzoic acid, and vanillic acid, and to raise both the in vitro and ex vivo
antioxidant activities of the fermented wheat flour compared to the
unfermented one. Our results also suggest a higher preventive and
protective effect of the fermented wheat on the HT-29 alterations in-
duced by TNFα exposure. Particularly, LG pretreatments exerted a si-
milar inhibitory effect on IL-8 and COX-2 up-regulation, greater than
FG inhibition at comparable doses. Moreover, compared to FG effects,
LG better normalized the proinflammatory response via NF-κB signaling
pathway modulation, further strengthening the antioxidant defense
system, through an HO-1 up-regulation, not only upon exposure to
TNFα but also at basal conditions. Furthermore, a strong correlation
among polyphenols, antioxidant activities, and factors involved in
oxidative stress and inflammation was found.

Since IBD is hardly managed and there is a growing interest in al-
ternative anti-inflammatory agents by acting on COX-2 and/or NF-κB
pathway, LG may represent a potential tool in the treatment of gut
inflammation. Further investigation is needed to individuate the fer-
mented wheat active components involved in and to better understand
the mechanism of action in protecting the colon from TNFα-in-
flammatory insult. The in vivo effect of fermented wheat on in-
flammatory bowel diseases should be carefully evaluated in animal
models and patients in the future.
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