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1. Introduction

Red wine polyphenol extract efficiently protects
intestinal epithelial cells from inflammation via
opposite modulation of JAK/STAT and Nrf2 pathways

Carla Nunes,? Natércia Teixeira,® Diana Serra,? Victor Freitas,® Leonor Almeida® and
Jodo Laranjinha*®

The development of therapeutic approaches combining efficacy and safety represents an important goal
in intestinal inflammation research. Recently, evidence has supported dietary polyphenols as useful tools
in the treatment and prevention of chronic inflammatory diseases, but the mechanisms of action are still
poorly understood. We here reveal molecular mechanisms underlying the anti-inflammatory action of a
non-alcoholic polyphenol red wine extract (RWE), operating at complementary levels via the Janus
kinase/signal transducer and activator of transcription (JAK/STAT) and Nuclear factor-erythroid 2-related
factor-2 (Nrf2) pathways. RWE significantly reduced the nuclear levels of phosphorylated STAT1 and also
the cellular levels of phosphorylated JAKL induced by cytokines, suppressing the JAK/STAT inflammatory
signalling cascade. In turn, RWE increased the Nrf2 nuclear level, activating the Nrf2 pathway, leading not
only to an up-regulation of the heme oxygenase-1 (HO-1) expression but also to an increase of the gluta-
mate—cysteine ligase subunit catalytic (GCLc) gene expression, enhancing the GSH synthesis, thereby
counteracting GSH depletion that occurs under inflammatory conditions. Overall, data indicate that the
anti-inflammatory action of RWE is exerted at complementary levels, via suppression of the JAK/STAT
inflammatory pathway and positive modulation of the activity of Nrf2. These results point to the potential
use of the RWE as an efficient, readily available and inexpensive therapeutic strategy in the context of
gastrointestinal inflammation.

agents, have problems related to lower efficacy and serious
side effects that limit their use.””” Therefore, the development

Inflammatory Bowel Diseases (IBD), which include Crohn’s
disease and ulcerative colitis, are idiopathic chronic inflamma-
tory pathologies of the gastrointestinal tract that affect
millions of people worldwide. The etiology of IBD remains
unclear but it is thought to involve a combination of environ-
mental, genetic, microbial and immunological factors that
leads to a deregulated synthesis and release of a variety of pro-
inflammatory mediators, including cytokines, reactive oxygen
species (ROS) and nitric oxide ("NO), resulting in a disruption
of the epithelial barrier, excessive tissue injury and a persistent
inflammatory state.™

A specific treatment of IBD is still not available and the
most current drugs used in its treatment such as 5-amino sali-
cylic acid (5-ASA), antibiotics, steroids, immunosuppressive
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of new therapeutic approaches combining efficacy and safety
has emerged as an important goal in intestinal inflammation
and IBD research.

Recently, red wine has attracted significant interest because
its high polyphenol content is associated with positive health
effects, including improvements in cardiovascular and endo-
thelial function and also in the prevention and treatment of
inflammatory-mediated diseases by modulating key signaling
cascades.® ' Thus, considering that the gastrointestinal tract
is a compartment where the concentration of the dietary poly-
phenols might achieve its higher concentration in the body
and also considering the potential anti-inflammatory pro-
perties of polyphenols, we hypothesized that a non-alcoholic
red wine extract (RWE) rich in polyphenols can be useful in
the prevention and/or treatment of intestinal inflammation,
namely of IBD, as an adjunct nutritional therapy. In this
regard, it is important to note that polyphenols interact with
each other in a way that might interfere with their individual
effects (e.g. inhibitory or synergistic effects). Therefore, the use
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of an extract, conversely to the use of pure compounds, per-
mitted us to study the combined effects of the several poly-
phenols present in red wine in a manner that can be more
readily translated to an in vivo condition. Therefore, this strat-
egy is of relevance if one foresees the use of wine components
as therapeutic agents in the context of gastrointestinal inflam-
mation, not only because of the stability of the several com-
pounds in the whole matrix (as compared with isolated
compounds), but also because it would be less expensive and
readily available in terms of drug development.

In a previous study, using a cellular model of intestinal
inflammation, consisting of cytokine-stimulated HT-29 colon
epithelial cells, we showed that a non-alcoholic Portuguese
RWE had a significant anti-inflammatory effect, protecting the
intestinal epithelial cells (IECs) against inflammation via the
modulation of cascades orchestrated by NF-«B."!

Inflammatory cascades are highly complex and, in addition
to NF-kB activation, the JAK/STAT signalling pathway has been
implicated in the pathogenesis of inflammatory diseases,
including IBD."* The binding of several cytokines, including
interferons (INFs), to their corresponding transmembrane
receptors induces receptor dimerization, triggering an intra-
cellular cascade of events that include autophosphorylation of
receptor-associated JAKs that, in turn, phosphorylate specific
receptor tyrosine residues, which then serve as docking sites
for STATs. Once recruited to the receptor, STATs are phos-
phorylated on a single tyrosine residue by JAKs. Then, phos-
phorylated (activated) STATs dissociate from the receptor,
dimerize, and translocate into the nucleus to regulate the tran-
scription of several genes that codify pro-inflammatory
mediators as well as mediators of cell death.'*'* Therefore, it
sounds pertinent that inhibitors of the JAK/STAT inflammatory
pathway might be useful in the treatment/prevention of
inflammatory diseases such as IBD.

Nrf2 is a redox-sensitive transcription factor that, under the
basal resting conditions, is sequestered in the cytoplasm as an
inactive complex with its cytosolic repressor Keapl. The oxi-
dation of critical cysteine sulthydryl groups of Keapl or the
phosphorylation of serine/threonine residues in Nrf2 leads to
dissociation of the complex and subsequent nuclear transloca-
tion of Nrf2 followed by its binding to ARE sequences located
in the promoter region of genes that codify many phase II
detoxifying or antioxidant enzymes and related stress-respon-
sive proteins, including heme oxygenase-1 (HO-1) and gluta-
mate-cysteine ligase (GCL), among many others.">™” So, the
Nrf2 pathway plays a key role in the protection of cells against
the adverse effects of nitroxidative stress. In addition, the
notion that Nrf2 pathway activation might confer protection
against inflammation might support the development of thera-
peutic and preventive strategies for the management of inflam-
mation-associated disorders,'® such as IBD.

In summary, both JAK/STAT and Nrf2 orchestrate major sig-
nalling pathways involved in the regulation of cell response to
inflammatory stress. Thus, a major goal of the present work
was to analyse the potential modulation of both, the JAK/STAT
and Nrf2 pathways, by RWE under inflammatory conditions.
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2. Materials and methods

2.1 Reagents

Dulbecco’s Modified Eagle Medium (DMEM) with Glutamax,
foetal bovine serum (FBS) and trypsin were purchased from
Gibco-Invitrogen (Grand Island, NY, USA). Primary antibody
anti-phospho-JAK1 (Tyr 1022/Tyr 1023), primary antibody anti-
phospho-STAT1 (Tyr 701) and primary antibody anti-Nrf2 were
purchased from Santa Cruz (Santa Cruz, CA, USA). Primary
antibody anti-actin was purchased from Sigma-Aldrich
(St Louis, MO, USA). Primary antibody anti-Heme Oxygenase-1
(HO-1), primary antibody anti-Lamin B1 and the alkaline phos-
phatase-conjugated secondary antibodies (anti-mouse, anti-
rabbit, anti-goat) were purchased from Abcam (Cambridge,
CB, UK). Polyvinylidene difluoride (PVDF) membranes and
Enhanced Chemifluorescence (ECF) substrate were purchased
from Amersham/GE Healthcare (Buckinghamshire, BKM, UK).
All other chemicals were obtained from Sigma-Aldrich
(St Louis, MO, USA) with the highest purity available.

2.2. Preparation of red wine extract and determination of
polyphenolic content

We used a non-alcoholic Red Wine Extract (RWE) obtained
from Portuguese red wine from the Douro Portuguese region.
This wine is composed of a blend of “touriga nacional”,
“touriga francesa”, “touriga franca” and “tinta roriz”. To
obtain a free alcohol Red Wine Extract powder (RWE), the wine
was concentrated through a nanofiltration system, which also
allows eliminating the ethanol present in the wine. Next, the
sample was applied on a silica gel C18-reversed phase in order
to remove inorganic salts, sugars and other impurities by
elution with water. Further elution with methanol allows re-
covering polyphenols present initially in the wine. Methanol
was evaporated in a rotary evaporator at 38 °C, and the RWE
sample was freeze-dried until use.

Polyphenols of the RWE were identified and quantified by
several methods previously described.'®”>* The composition of
the RWE is indicated in Table 1. The total phenolic content of
the extract was determined according to the Folin-Ciocalteu
assay adjusted to a microscale*® and expressed as mg catechin
equivalents per gram of RWE (144 mg g™ ).

2.3. Cell culture

HT-29 cell line was purchased from Sigma-Aldrich (St Louis,
MO, USA). The HT-29 cells are a well characterised epithelial
cell line derived from a primary colon tumour, which exhibit
characteristics of normal intestinal epithelium.** Cell cultures
were routinely grown in DMEM medium with FBS (10% vol/
vol) and no antibiotic supplements in 75 cm” flasks and main-
tained at 37 °C, under a humidified atmosphere of 5% CO,.
For the experiments, twenty-four hours before stimulation,
cells were washed and cultured in fresh medium without FBS.

HT-29 cells were stimulated with a cocktail of cytokines
relevant in the context of the intestinal inflammation consist-
ing of 20 ng ml™" TNF-a, 10 ng ml™" IL-1 and 50 ng ml™*
INF-y.

This journal is © The Royal Society of Chemistry 2016
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Table 1 Composition of the red wine extract used in this study

Concentration
(mg g of
Chemical class Compounds extract)
Catechins and B1 6.50
oligomeric B3 0.72
procyanidins B4 1.08
B2 1.94
C1 0.45
B2-Gallate 0.36
(+)-Catechin 0.07
(—)-Epicatechin 0.11
Flavonols® Myricetin glucoside 3.27
Myricetin arabinoside 8.80
Myricetin rhamnoside 3.06
Anthocyanin- Delphinidin-3-glucoside 2.33
3-monoglucosides Petunidin-3-glucoside 2.94
Peonidin-3-glucoside 0.62
Malvidin-3-glucoside 11.67
Delphinidin-3-acetylglucoside ~ 0.38
Cyanidin-3-acetylglucoside 0.19
Petunidin-3-acetylglucoside 0.47
Peonidin-3-acetylglucoside 0.49
Delfinidin-3- 3.60
coumaroylglucoside
Malvidin-3-acetylglucoside 0.45
Malvidin-3-caffeoylglucoside 0.46
Peonidin-3- 0.23
coumaroylglucoside
Malvidin-3- 2.08
coumaroylglucoside
Phenolic acids® Gallic acid 6.52
Syringic acid 7.93
Diethyl fertaric acid 6.40
Ethyl cinnamate 9.37
Condensed tannins 230

“Expressed in equivalents of gallic acid.

Cells were pre-treated with different concentrations of the
RWE (200, 400 and 600 pug ml™') for 30 minutes before
exposure to the cytokines for different time intervals, depend-
ing on the assay.

2.4. Analysis of cell viability

The cell viability was assessed by using the MTT assay,
which is based on the reduction of the dye MTT to forma-
zan, an insoluble intracellular blue product, by cellular
dehydrogenases.?® Briefly, after incubation of the cells for
24 hours with several concentrations of the RWE (200, 400
and 600 pg ml™'), the culture medium was removed, and
the cells were washed twice with PBS. Then MTT was added
to each well at a final concentration of 0.5 mg ml™". Follow-
ing incubation for 1 h at 37 °C, MTT was removed and
1 ml of DMSO was added and mixed thoroughly until for-
mazan crystals were dissolved. The mixture was then col-
lected from each well and the extent of MTT reduction was
measured spectrophotometrically at 540 nm using a Synergy
HT plate reader. Cell viability was expressed as a percentage
of the control cultures.

This journal is © The Royal Society of Chemistry 2016
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2.5. Measurement of the intracellular content of phospho-
JAK1, phospho-STAT1, Nrf2 and HO-1

The intracellular contents of phospho-JAK1 and HO-1 were
assessed by western blot in whole cell lysates. Briefly, to
prepare whole cell lysates, following incubation under the
specified conditions, the cells were washed twice with PBS and
resuspended in an ice-cold lysis buffer [50 mM Hepes pH 7.4,
150 mM NaCl, 2 mM EDTA, 10% (w/v) glycerol, 0.5% (w/v)
sodium deoxycholate, 1% (v/v) Triton X-100] supplemented
with 1 mM NavO,, 5 mM NaF, 1 mM PMSF, and 1/100 (v/v)
protease cocktail inhibitor and left in ice for 20 min. Lysates
were subsequently centrifuged at 14 000 rpm for 10 min at
4 °C and supernatants (whole cell lysates) were then collected
and stored at —80 °C. The phospho-STAT1 and Nrf2 nuclear
contents were analysed by western blot in nuclear fractions.
First it was necessary to prepare cytoplasmic lysates. For this
propose, cells were washed twice with PBS, resuspended in ice
cold buffer [10 mM Tris-HCI pH 7.5, 10 mM NaCl, 3 mM
MgCl,, 0.5%(v/v) Igepal] supplemented with 1 mM NaVO,,
5 mM NaF, 1 mM PMSF, and 1/100 (v/v) protease cocktail
inhibitor, maintained in ice for 5 minutes and centrifuged at
5000 rpm for 5 minutes at 4 °C. The supernatants were cyto-
plasmic lysates. For nuclear cellular protein extracts, the
pellets were resuspended in an ice cold buffer [20 mM Hepes
pH 7.4, 5 mM MgCl,, 0.2 mM EDTA, 1 mM DTT, 300 mM
NaCl, 20% (w/v) glycerol] supplemented with 1 mM NaVO,,
5 mM NaF, 1 mM PMSF, and 1/100 (v/v) protease cocktail
inhibitor, left on ice for 30 min and then subjected to three
rapid cycles of freezing and thawing (N, liquid/37 °C). After
that, the lysates were centrifuged at 14 000 rpm for 20 minutes
at 4 °C. The supernatants (nuclear extracts) were stored at
—80 °C until used.

The cellular protein content was quantified by the Bio-Rad
protein assay dye (Bio-Rad, USA), using bovine serum albumin
as the standard.

Equal amounts of reduced and denatured proteins were
separated by electrophoresis on a 7.5%-12% SDS-polyacryl-
amide gel and transferred onto PVDF membranes using the
Trans-Blot Turbo Transfer System of Bio-Rad (Bio-Rad, USA).
To avoid non-specific binding, membranes were blocked for
1 h at room temperature with 5% (w/v) non-fat dried milk
in TBS-T buffer [25 mM Tris-HCl pH 7.6, 150 mM NacCl,
0.1% (v/v) Tween 20]. The membranes were then incubated
overnight at 4 °C with a primary antibody (anti-phospho-
JAK1, anti-phospho-STAT1, anti-Nrf2 and anti-HO-1). After
3 washes of 10 minutes with TBS-T, the membranes were
incubated with a phosphatase alkaline-labelled secondary
antibody for 2 h at room temperature. Then, the membranes
were washed again 3 times with TBS-T. Immunoreactive
complexes were detected by fluorescence after exposition of
blots to ECF substrate using a Typhoon 9000 scanner (Amer-
sham Biosciences). Bands were analyzed using Image-
Quant™ software from Amersham Biosciences. Actin or
Lamin B1 was used as the internal standard to monitor
protein loading per lane.
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2.6. RNA extraction and quantitative real-time PCR analysis

Following incubation under the specified conditions, total
RNA was extracted from HT-29 cells using the RNA extraction
kit Aurum Total RNA Mini (Bio-Rad, Hercules, CA, USA),
according to the procedure described by the manufacturer.
Extracted RNA was quantified using a NanoDrop ND-1000
spectrophotometer. RNA (1 pg per sample) was transcribed to
first-strand ¢cDNA using the NZY First-Stand ¢cDNA Synthesis
Kit (NZYtech, Portugal), according to the manufacturer’s
protocol.

RT-PCR was performed using a CFX96 Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA). Briefly, first
strand cDNA (2 pL) was amplified in 20 uL PCR reaction
volume containing, 2 pl of each primer (250 nM), 10 pl of the
IQ SYBR Green Supermix (Bio-Rad) and 4 pl RNase/DNase-free
distilled water. The primers for HO-1, the Glutamate Cysteine
Ligase catalytic subunit (GCLc) and hypoxanthine phos-
phoribosyltransferase-1 (HPRT-1) were designed using Beacon
Designer software (PREMIER Biosoft International, Palo Alto,
CA). The sequences of the primers used were as follows:
HO-1 (forward) 5-TCACTGTGTCCCTCTCTC-3' and (reverse)
5-ATTGCCTGGATGTGCTTT-3'; GCLc (forward) 5-ATTCTGAA-
CTCTTACCTTGA-3' and (reverse) 5'-ATCTGGCAACTGTCATTA-3';
HPRT-1 (forward) 5-TGACACTGGCAAAACAATG-3' and (reverse)
5-GGCTTATATCCAACACTT-3'.

PCR conditions were as follows: 1 cycle at 95 °C for 3 min
followed by 45 cycles, each consisting of a denaturation step
(95 °C, 10 seconds), an annealing step (55 °C, 30 seconds) and
an elongation step (72 °C, 30 seconds). The specificity of the
amplification products was verified through the analysis of the
melting curve. The efficiency of the amplification reaction for
each gene was calculated by running a standard curve of seri-
ally diluted cDNA sample. Gene expression was analyzed using
Bio-Rad CFX Manager 3.0 software (Bio-Rad, Hercules, CA,
USA). The results for each gene of interest were normalized
against the housekeeping gene HPRT-1 and expressed as fold
increase above control cells (cells without any treatment).

2.7. Quantification of intracellular levels of reduced
glutathione (GSH)

Intracellular levels of reduced glutathione (GSH) were deter-
mined using a fluorimetric assay as described previously.>®
After the period of incubation, the medium was removed and
cells were scrapped with 500 pl of 100 mM phosphate buffer
containing 5 mM EDTA, pH 8.0 at 4 °C. Then 500 pl of 0.6 M
perchloric acid was added. After a vigorous vortex, the suspen-
sion was centrifuged at 14 000 rpm for 5 min at 4 °C. For the
GSH determination, a volume of 100 pl of the supernatant was
incubated with 100 pl of ortho-phtaldehyde (0.1% w/v in
methanol) and 1.8 ml of 100 mM Na,HPO,, pH 8.0 for 15 min
at room temperature. After that, fluorescence intensity was
read using a Synergy HT plate reader (Bio-Tek Instruments)
using an excitation wavelength of 350 nm and an emission
wavelength of 420 nm. The intracellular GSH content was cal-
culated using the respective standard curves, containing
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known concentrations of GSH (0-2 pg) and expressed as a per-
centage of control cells. The cellular protein content was quan-
tified by the Bio-Rad protein assay dye, using bovine serum
albumin as the standard.

2.8. Statistical analysis

Statistical analyses were performed using GraphPad Prism soft-
ware. All data were expressed as mean + SEM of at least three
independent assays, each one in duplicate or triplicate. Differ-
ences between groups were assessed by one-way analysis of var-
iance (ANOVA). Student’s t-test was used to determine
differences between two groups. A value of p < 0.05 was con-
sidered as statistically significant.

3. Results
3.1. RWE did not affect the viability of the HT-29 cells

In order to assess the cytotoxic profile of the RWE, the viability
of HT-29 cells incubated with several concentrations of the
RWE (200, 400 and 600 pg ml™") for twenty-four hours was
evaluated by the MTT assay as described in the Materials and
methods section. As shown in Fig. 1, RWE did not affect the
viability of HT-29 cells at the concentrations tested.

3.2. RWE decreases the levels of cytokine-induced
phosphorylated STAT1 in the nucleus of HT-29 cells

INF-y, one of the cytokines used in this study as an inflamma-
tory stimulus, is a known activator of the JAK/STAT pathway.>”
Following INF-y stimulation, STAT1 is phosphorylated (Tyr701)
by tyrosine kinases of the JAK family, namely by JAK1.
This phosphorylation induces STAT1 dimerization and sub-
sequent nuclear translocation, regulating the transcription

100+

CELL VIABILITY
(% of control)
[3)]
S

04
200 pg/ml RWE - + - -
400 pg/ml RWE - - + -
600 pg/mlRWE - - - +

Fig. 1 Effect of Red Wine Extract (RWE) on cell viability. Cells were pre-
treated with three different concentrations of RWE (200, 400 and
600 pug ml™). After 24 hours, cell viability was measured by following
the extent of MTT reduction. Data represent the mean + SEM of at least
four independent experiments run in duplicate and are expressed as a
percentage of control cells (100%).
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Fig. 2 Effect of Red Wine Extract (RWE) on the nuclear levels of phos-
phorylated-STAT-1. Cells were pre-treated with three different concen-
trations of RWE (200, 400 and 600 pg ml™) for 30 min and then
stimulated with a mix of cytokines (20 ng ml™ TNF-a; 10 ng mU™* IL-1;
50 ng mU~* INF-y). After 30 min of incubation, nuclear protein extracts
were obtained and analysed by western blot using an anti-phospho-
STAT-1 antibody. In the bar graph, the relative expression of phospho-
STAT-1 normalized to the lamin B1 level represents the mean + SEM
from at least three independent experiments and is expressed as a per-
centage of cells incubated with cytokines (100%). Statistical significance:
**%p < 0.001 and *p < 0.05 as compared to control cells; ¥¥®p < 0.001 as
compared to cells stimulated with cytokines.

of genes that codify pro-inflammatory mediators, including
iNOS among others.

Therefore, the effect of RWE on the nuclear levels of phos-
phorylated (activated) STAT1 was examined by western blot
using a phosphotyrosine STAT1 (Tyr701) antibody. For this
purpose, the activation time course of STAT1 induced by cyto-
kines in HT-29 cells was firstly evaluated. Phospho-STAT1 was
not detectable in the nucleus of unstimulated cells (Fig. 2) but
the phosphorylation and nuclear translocation of STAT1
induced by cytokines was visible after 15 minutes of incu-
bation and became stronger after 30 minutes (data not
shown). Pre-treatment with RWE showed a significant concen-
tration-dependent decrease of the nuclear content of this acti-
vated transcription factor in the cells stimulated with
cytokines for 30 minutes (200 pg RWE per ml - 55.3 + 5.6%;
400 pg RWE per ml - 33.1 + 6.9%; 600 pg RWE per ml - 19.9 +
5.3% of cells incubated with cytokines) as shown in Fig. 1.

3.3. RWE decreases the levels of cytokine-induced
phosphorylated JAK1 in the HT-29 cells

As phosphorylation of STATs is dependent of the JAK acti-
vation, we have examined whether the inhibitory effect of the
RWE on the STAT1 activation is due to the suppression of JAK1

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Effect of Red Wine Extract (RWE) on the total levels of phos-
phorylated-JAK-1. Cells were incubated as described in Fig. 1. After
30 min of incubation, total protein extracts were obtained and analysed
by western blot using an anti-phospho-JAK-1 antibody. In the bar
graph, the relative expression of phospho-JAK-1 normalized to the actin
level represents the mean + SEM from at least three independent experi-
ments and is expressed as a percentage of cells incubated with cyto-
kines (100%). Statistical significance: ***p < 0.001 as compared to

control cells; ®®p < 0.001 as compared to cells stimulated with
cytokines.

activity. For this propose, cells were stimulated with cytokines
in the presence and absence of RWE and the levels of
phospho-JAK1 were evaluated by western blot. As shown in
Fig. 3 phospho-JAK1 was not detectable in unstimulated cells.
However, cytokines induced JAK1 phosphorylation after
15 minutes of incubation, this effect being stronger after
30 minutes (data not shown). Considering the cells treated
only with cytokines for 30 minutes as 100%, we can observe
that the pre-treatment with 200, 400 and 600 pg RWE per ml
significantly decreased the phospho-JAK1 cellular content to
83.3, 32 and 8.7% respectively (Fig. 3).

3.4. RWE induces nuclear Nrf2 translocation

Recent studies have demonstrated that Nrf2 pathway activation
confers protection against inflammation-associated patho-
genesis in several diseases, including IBD."®

Thus, compounds capable of activating this signaling
pathway can be used as therapeutic and preventive agents for
the management of inflammatory diseases,'® such as IBD.
Therefore, the effect of RWE on the Nrf2 pathway activation
was analyzed. For this propose, the nuclear level of Nrf2,
indicative of Nrf2 activation, was evaluated by western blot in
control cells, cells incubated with RWE, cells incubated with
cytokines and cells pre-treated with RWE and then challenged

Toxicol. Res., 2016, 5, 53-65 | 57
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Fig. 4 Effect of Red Wine Extract (RWE) on the Nrf2 nuclear transloca-
tion. Cells were incubated as described in Fig. 1. After 8 hours of incu-
bation, nuclear protein extracts were obtained and then analysed by
western blot using an anti-human Nrf2 antibody. In the bar graph, the
Nrf2 content normalised to the lamin Bl level represents the mean +
SEM from at least six independent experiments and is expressed as a
percentage of control cells (100%). Statistical significance: *p < 0.05,
**p < 0.005 and ***p < 0.001 as compared to control cells; ®p < 0.05,
#8p < 0.005 and #¥®p < 0.001 as compared to cells stimulated with cytokines.

with cytokines. At 8 h, the nuclear Nrf2 level was slightly lower
in cells challenged with cytokines than that of the control cells
(66 + 12% of control levels) (Fig. 4). However, the pre-treatment
with RWE, in a concentration-dependent manner, significantly
increased the Nrf2 nuclear level in cytokine-treated cells
(200 pg RWE per ml - 188.4 + 38%; 400 pg RWE per ml - 225.6 +
21.3%; 600 pg RWE per ml - 295.3 + 49% of control levels)
(Fig. 4), suggesting that RWE could trigger a cellular defence
mechanism under inflammatory conditions via Nrf2. RWE
alone also induced a slight increase of the nuclear Nrf2 levels
compared to control cells (Fig. 4).

3.5. RWE up-regulates the HO-1 expression

Among the enzymes up-regulated by Nrf2, HO-1 has pro-
nounced anti-inflammatory as well as anti-oxidative properties,
modulating the innate immunity and inflammation®® More-
over, up-regulation of HO-1 seems to prevent an inflammatory
response in the colon.>*?° In this context, and because RWE
activated the Nrf2 pathway, next we examined the effect of the
RWE on the cellular HO-1 content by western blot. As shown
in Fig. 5, the pre-treatment with RWE significantly enhanced
the protein levels of HO-1 in cytokine-incubated cells as a func-
tion of concentration (200 pg RWE per ml - 145.3 + 1.9%j;
400 pg RWE per ml - 169.9 + 18%; 600 pg RWE per ml - 186.5 +
23.8% of control levels). Interestingly, the highest concen-
tration of RWE (600 pg ml™") used in this study also signifi-
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Fig. 5 Effect of Red Wine Extract (RWE) on the HO-1 protein (A) and
gene expression (B). (A) Cells were pre-treated with several concen-
trations of RWE (200, 400 and 600 ug ml™) for 30 min and then stimu-
lated with cytokines (20 ng ml™* TNF-q; 10 ng ml™ IL-1; 50 ng ml™* INF-
v). After 24 hours of incubation, total protein extracts were obtained and
analysed by western blot using an anti-human HO-1 antibody. In the bar
graph, the HO-1 content normalised to the actin level represents the
mean + SEM from at least three independent experiments and is
expressed as a percentage of control cells (100%). (B) Cells were pre-
treated with RWE (600 pug ml™?) for 30 min and then stimulated with the
mix of cytokines. After 18 hours of incubation, mMRNA production was
evaluated by qRT-PCR, as described in the "Materials and methods”
section, and expressed as fold increase above control cells. Statistical
significance: *p < 0.05, **p < 0.005 as compared to control cells; 5p <
0.05, #¥p < 0.005 and #%%p < 0.001 as compared to cells stimulated with
cytokines.

cantly increased the HO-1 intracellular levels from a
background in control cells (181.5 + 16.8% of control levels)
(Fig. 5A).

Moreover, HO-1 mRNA concentrations were determined by
real-time quantitative PCR after 18 h of incubation. In this
assay, we only tested the highest concentration of RWE (600 pg
ml™). As expected, pre-treatment with RWE significantly
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increased the HO-1 mRNA levels in both control cells (10 + 0.2
fold increase above control) and cytokine-incubated cells
(a 7.6 £ 0.6 fold increase above the control) (Fig. 5B).

These results are in agreement with the results concerning
to the activation of Nrf2 presented above and show that the
Nrf2 pathway activation by RWE can effectively induce
HO-1 gene expression and consequently increase the protein
levels of HO-1.

3.6. RWE increases the intracellular GSH and the GCLc gene
expression

Besides the HO-1 gene, Nrf2 also regulates genes that codify
glutathione related enzymes which confers on Nrf2 an impor-
tant role in the regulation of cellular GSH levels.*' > Several
studies showed that GSH, a key antioxidant and also an impor-
tant modulator of inflammation and cell death, decreases in
the course of inflammatory disorders,***° namely in IBD.

Firstly we evaluated the effect of the RWE on the GSH intra-
cellular content. At 24 h of incubation, cytokines induced a
significant depletion of intracellular GSH (40.1 + 7.3% of
control levels) but, as shown in Fig. 6, RWE significantly pre-
vented this depletion in a dose dependent manner (200 pg
RWE per ml - 107.4 + 7.9%; 400 pg RWE per ml - 110.5 +
6.4%; 600 pg RWE per ml - 123.3 = 8.8% of control levels).
Also, the highest concentration of RWE (600 pg ml™") used in
this study significantly increased the intracellular GSH levels
from a background in control cells (139.8 + 18% of control
levels) (Fig. 6).

The enzyme glutamate-cysteine ligase (GCL), composed by
a catalytic (GCLc) and a modifier (GCLm) subunit, is the rate-

GSH
(% of control)

Cytokines - - - - + + + +
200 ug/mlRWE - + - - - + - -
400 yggmlRWE - - + - - - + -
600 pg/mlRWE - - - + - - - +

Fig. 6 Effect of Red Wine Extract (RWE) on the GSH intracellular
content. Cells were treated as described in Fig. 1. After 24 hours of incu-
bation, GSH was quantified using a fluorimetric assay as described in the
“Materials and methods” section. The results represent the mean + SEM
of at least 7 independent experiments, run in duplicate, and are
expressed as a percentage of control cells (100%). Statistical signifi-
cance: *p < 0.05, **p < 0.005 and ***p < 0.001, as compared to control

cells; ¥¥%p < 0.001 as compared to cells stimulated with cytokines.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper
&&&
s 512 &&& ®R %
- & L2
wn =
]
[
S 2
<< 6
E 2
g
E5
Q£
o=
=]
O
Cytokines - - + +
600 ug/mlRWE - + - +

Fig. 7 Effect of Red Wine Extract (RWE) on the GCLc gene expression.
Cells were pre-treated with RWE (600 ug ml™) for 30 min and then
stimulated with the mix of cytokines. After 18 hours of incubation, GCLc
mRNA production was evaluated by gRT-PCR, as described in the
“Materials and methods” section, and expressed as fold increase above
control cells. Statistical significance: ***p < 0.001, as compared to

control cells; ®®®p < 0.001 as compared to cells stimulated with
cytokines.

limiting enzyme in the GSH synthesis. So, in this context and
considering that the Nrf2 pathway activation leads to the tran-
scription of the genes that codify the subunits of the GCL, next
we examined the effect of the highest RWE used (600 pg ml™")
in the mRNA levels of the GCLc by real-time quantitative PCR.
RWE significantly increased the GCLc mRNA levels in both
control cells (a 8.6 + 1.3 fold increase above the control) and
cytokine-incubated cells (a 9.8 + 1.2 fold increase above the
control) (Fig. 7). Cytokines had no effect on the GCLc mRNA
levels (Fig. 7).

These results show that the Nrf2 pathway activation by RWE
induces GCLc gene expression, leading to the GSH synthesis
and consequently counteracts the GSH depletion observed in
cells incubated with cytokines.

4. Discussion

Despite intensive research, a specific treatment of IBD is still
not available and the most current drugs used in its treatment
have problems of low efficacy and serious side effects that
limit their use.>” Consequently, a widespread increase in the
use of complementary alternative therapeutic strategies,
including natural products, has been recognized.*"*> However,
the less clear effects of many of the compounds used highlight
the need for a study of their inherent molecular mechanisms.
This is the case with dietary polyphenols (or dietary pro-
ducts containing polyphenols) which are natural compounds
with recognized health benefits and a growing body of evi-
dence suggests their beneficial role for use in IBD.**™** The
main problem is that the molecular mechanisms underlying
the anti-inflammatory effect of these compounds are not com-
pletely understood. Initially, the health benefits of polyphenols
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were exclusively assigned to their well-known in vitro anti-
oxidant properties but now it is becoming evident that many
of the effects of polyphenols rely on the modulation of key sig-
nalling cascades in connection with physiological and patho-
physiological conditions such as inflammatory processes.*®**

Although, most of the research has been focused on the
antioxidant and anti-inflammatory activity of pure poly-
phenols, several studies in the literature also reported the anti-
inflammatory effect of plant polyphenol extracts in several cel-
lular models, including models of intestinal inflammation,
with the final concentrations of polyphenolic extracts used
being widely variable (2-2000 pg ml™).**">> Furthermore, it is
noteworthy that strong evidence indicates that the protective
effect of the polyphenolic extracts may not be due to any one
component, but rather due to a synergic action of various phe-
nolic compounds including catechin, phenolic acids, antho-
cyanins, etc.,>*° suggesting that the use of combinations of
several polyphenols, instead pure polyphenols, might be an
interesting therapeutic approach. Rossetto and colleagues also
reported, in a model of lipid peroxidation, a synergistic anti-
oxidant effect of catechin and malvidin-3-glucoside by a mecha-
nism that involves malvidin-3-glucoside recycling by catechin.””

Previously, in a cellular model of intestinal inflammation
using cytokine-stimulated HT-29 colon epithelial cells, we pre-
sented strong evidence that the non-alcoholic RWE rich in
several different polyphenols (Table 1) (100-600 pg ml™") used
in the present study protects against intestinal inflammation
by attenuating cytokine-dependent expression of interleukin-8
(IL-8), COX-2 and iNOS, in addition to reducing protein
nitration and inhibiting NF-kB pathway activation,'’ the anti-
inflammatory effect of the RWE being likely due to a combined
activity of these polyphenols. Therefore, and given the com-
plexity of cellular inflammatory pathways, in the present work,
we further explore the molecular mechanisms underlying the
anti-inflammatory action of the RWE with special attention to
the JAK/STAT pathway and also to the Nrf2 pathway.

The JAK/STAT pathway plays a crucial role in the patho-
genesis of several inflammatory diseases, including IBD."* In fact,
an inhibitor of JAKs, tofacitinib, has been already approved for
the treatment of rheumatoid arthritis®® and has also been
shown to be effective in the treatment of ulcerative colitis,’®®°
reinforcing the importance of this cellular pathway in the
molecular mechanisms underlying IBD. In this context and
also considering that INF-y, one of the cytokines used as an
inflammatory stimulus in this study, is a well known activator
of the JAK/STAT pathway,>” we explored the potential effects of
the RWE on this cellular pathway. The binding of INF-y to its
receptor induces receptor dimerization and the consequent
activation of associated JAKs (JAK1 and JAK2) by mutual phos-
phorylation. JAKs, in turn, phosphorylate specific tyrosine resi-
dues in the cytoplasmic domain of the receptor, providing
STAT1 as a docking site.®** Once recruited to the receptor,
STAT1 is phosphorylated on conserved tyrosine 701 by JAKs,
and it homo-dimerizes and translocates into the nucleus,
where it regulates the transcription of several genes that
encode pro-inflammatory cytokines, chemokines and
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enzymes, such as cyclooxygenase-2 (COX-2) and iNOS as well
as mediators of cell death.'*'*%3

Therefore, we first determined the effect of RWE on the
nuclear levels of phosphorylated (activated) STAT1. The
observed RWE-dependent reduction in the nuclear levels of
this activated transcription factor (Fig. 2) may contribute to
the anti-inflammatory activity of the RWE against intestinal
inflammation that we observed previously.'* In this context,
Tedeschi and colleagues also showed that both a green tea
polyphenol extract® and an extract from Hypericum perforatum®*
efficiently inhibited STAT1 phosphorylation in colon DLD-1
cells. A cocoa extract enriched in polyphenols showed an anti-
inflammatory effect against ulcerative colitis in mice by the
inhibition of STAT1 and STAT3 phosphorylation.®®

In addition to the important role of STAT1 in inflammation,
this transcription factor is also central in promoting various
forms of cell death (apoptosis, necrosis and autophagic cell
death).'"**"%® Moreover, the activation of STAT1 induced by
INF-y seems to render cells more susceptible to death induced
by other stimuli, such as TNF-a.°*’® The possibility that a
synergism between INF-y and TNF-a in promoting cell death
via activation (phosphorylation) of STAT1 could occur turns
the STAT1 inhibitory effect of RWE more relevant.

With the aim of knowing how RWE reduced the nuclear
levels of phospho-STAT1 in cells stimulated with cytokines, we
further investigated the effect of the RWE upstream of STAT1
phosphorylation on the signaling pathway, more precisely on
the cellular levels of phosphorylated JAK1. The observation
that phosphorylation of JAK1 was significantly suppressed by
RWE in cytokine-challenged HT-29 cells (Fig. 3) suggests that
the RWE effect on the inactivation of STAT1 could, at least par-
tially, probably be via inhibition of JAK1 phosphorylation.

It was previously reported that certain polyphenols sup-
pressed the JAK/STAT pathway via activation of protein tyrosine
phosphatases (PTPs).”"”* Thus, the activation of PTPs by RWE
could be one possible explanation for the decrease of JAK1
phosphorylated levels. The activation of these phosphatases
involves their phosphorylation and consequent attachment to
residues of phosphotyrosine in the JAKs, leading to their
dephosphorylation. PTPs also dephosphorylate activated recep-
tors and STATs.”*>””> Moreover, we cannot exclude a potential
effect of the RWE on the Suppressor of Cytokine Signaling
(SOCS) proteins or on the protein inhibitors of activated STAT
(PIAS) proteins, other key proteins that also negatively regulate
the JAK/STAT pathway.”*”*

Although many targets might be found in future, it is clear
that RWE exerts an inhibitory effect on the JAK/SAT signaling
pathway in cells under inflammatory stimuli, operating at early
steps of the pathway, notably by preventing JAK phosphoryl-
ation. It is also of note that such inhibition is a function of
RWE concentration.

In IBD, as well as in the case of other chronic inflammatory
diseases, occurs an intense immune response that consisted
of nitroxidative stress as well as an overproduction of a myriad
of pro-inflammatory mediators, such as cytokines, chemo-
kines, cell adhesion molecules and inflammatory enzymes,
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notably iNOS and COX-2. Therefore, nitroxidative stress and
inflammation are closely related processes that play a key role
in the pathogenesis of inflammatory diseases and IBD."7¢77°

Nrf2 is a transcription factor responsible for the expression
of many phase II detoxifying or antioxidant enzymes and
related stress-responsive proteins®***®' relieving nitroxidative
stress. Also, Nrf2 protects against inflammation by reducing
the production of several pro-inflammatory mediators and by
enhancing the expression of genes that codify several cyto-
protective agents that are able to fight inflammation.'® These
notions suggest that activators of the Nrf2 pathway may trigger
the development of new therapeutic and preventive strategies
for the management of inflammatory diseases such as IBD.

Therefore, considering that RWE was able to inhibit the
JAK/STAT pro-inflammatory pathway it would be of relevance
to examine whether the anti-inflammatory action of RWE
includes the activation of a detoxifying (Nrf2) pathway. More-
over, studies in the literature show that some plant extracts are
inducers of the Nrf2 pathway.®' %3

In accordance with several studies in the literature, the pro-
inflammatory cytokines suppressed the Nrf2 activation in
colonic epithelial cells by decreasing the translocation of Nrf2
into the nucleus (Fig. 4). In fact, although consistent data
about the Nrf2 expression in the mucosa of IBD patients are
not available, studies using animal models of IBD show that
the Nrf2 pathway activation is impaired in this disease,®"*>
which can justify a decreased expression of antioxidant pro-
teins in the inflamed areas of IBD patients.*® Actually, the Nrf2
pathway is also impaired in other inflammatory disorders.?” %’

The cells pre-treated with RWE rich in polyphenols
increased the Nrf2 nuclear level in the presence and absence
of cytokines (Fig. 4), activating the Nrf2 pathway. However, this
effect was stronger in the cells stimulated with cytokines
(Fig. 4), suggesting that the pre-treatment with RWE is able to
put the cells in a state of alert, preparing cells to efficiently
fight a pro-inflammatory stimulus. This result is in accordance
with the concept of phytohormesis, in which polyphenols may
be beneficial for human health because they can act as “low-
dose stressors”, increasing the expression of cellular defenses
via the Nrf2 pathway and rendering cells tolerant or adaptive
to a subsequent cytotoxic stimulus.”>"

In this context, a study performed by Erlank and colleagues
suggests that polyphenols such as curcumin, resveratrol and
tert-butylhydroquinone activate Nrf2 signaling through the
generation of H,0, and polyphenol-oxidized species, inducing
cell adaptation to oxidative stress.””> Moreover, Lee-Hilz and
colleagues also showed that the pro-oxidant chemistry of flavo-
noids plays a key role in the Nrf2 pathway activation,”® prob-
ably via ROS and/or flavonoid quinone production. In fact,
ROS can both oxidize critical cysteine residues present in
Keapl and activate some specific protein kinases that phos-
phorylate Nrf2, mechanisms that lead to the dissociation of
the Keap1-Nrf2 complex and subsequent nuclear translocation
of Nrf2 followed by its binding to ARE sequences.'>'® Flavo-
noid quinones have electrophilic properties and therefore
rapidly react with cysteine residues of Keap1 to form adducts,
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lowering Keap1 affinity for Nrf2 and consequently leading to
Nrf2 release and nuclear translocation. The direct alkylation of
Keapl by polyphenols with electrophilic properties such as
polyphenols with an a,f-unsaturated carbonyl moiety also acti-
vates the Nrf2 pathway.”"®> Consequently, considering that
RWE is rich in polyphenols with a high structural diversity, it
is likely that a combination of the pro-oxidant and electro-
philic properties of these polyphenols is responsible for the
RWE-induced Nrf2 activation.

It is well known that the Nrf2 pathway activation is a major
trigger for the up-regulation of HO-1 expression, an inducible
enzyme with recognized anti-inflammatory, anti-oxidative and
anti-apoptotic properties. Several studies showed that the up-
regulation of HO-1 expression inhibits the production of pro-
inflammatory cytokines and chemokines and also inhibits the
induction of pro-inflammatory enzymes such as COX-2 and
iNOS.”®® For instance, in the colon, the up-regulation of
HO-1 seems to prevent an inflammatory response.>*>°

HO-1 catalyzes the rate-limiting step of the conversion of
intracellular heme into biliverdin, carbon monoxide and free
iron.”> HO-1 products act as antioxidant, anti-inflammatory
and cytoprotective molecules,'? % mainly in the gastrointes-
tinal tract, having a key role in the protection that HO-1 offers
against nitroxidative stress and inflammation.

Therefore, as expected from Nrf2 activation, RWE increased
the HO-1 mRNA levels and HO-1 protein expression, either in
the presence or absence of cytokines, indicating that the Nrf2
pathway activation induced by RWE resulted in HO-1 up-
regulation.

Besides the HO-1 gene, Nrf2 also regulates genes that codify
glutathione related enzymes, including GCL, which confers on
Nrf2 an important role in maintaining cellular GSH
homeostasis.>* * GSH is not only a vital protective antioxidant
that plays a key role against nitroxidative stress'®® but is also
an important modulator of inflammation'®*'°> and cell
death.'®®1%8 In fact, several studies show that GSH decreases
in the course of inflammatory disorders and that GSH sup-
plementation results in beneficial effects on the treatment of
these diseases.*®™° In this context, several studies have
reported GSH depletion in human and experimental
colitis.’?>1%9111 [t seems that the reduced activity of key
enzymes involved in GSH synthesis, namely of GCL and also
the decreased availability of cysteine/cystine, can be mainly
responsible for the mucosal GSH depletion observed in IBD
patients.'%

Expectedly, pro-inflammatory cytokines induced a signifi-
cant depletion of intracellular GSH content in HT-29 cells but
had no effect on the GCLc mRNA levels, suggesting that GSH
depletion induced by cytokines is not related with an impair-
ment of the GSH synthesis. Given this observation, GSH extru-
sion through specific carriers reported in several studies as
occurring in cells undergoing apoptosis'*>*'* can explain the
GSH depletion induced by the mix of cytokines. Although this
mechanism was not explored (not a major goal of the work),
RWE counteracts GSH depletion via increased GCL mRNA in
both control and cytokine-stimulated cells.
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This result indicates that RWE operates in the prevention of
the inflaimmatory response by positively modulating the
activity of the Nrf2, leading not only to an increase in HO-1
expression but also to the prevention of the GSH depletion
that occurs under inflammatory conditions.

There is considerable evidence supporting a complex and
functional interplay between Nrf2 and NF-kB pathways on
inflammatory signaling. For instance, the NF-kB pathway acti-
vation, by mechanisms not completely understood, could be
attenuated by several Nrf2-activating compounds.'*>™"” Also,
several studies showed that the activation of the NF-xB and the
consequent overproduction of pro-inflammatory mediators is
more intense in Nrf2 knockout mice compared to wild-type
mice."*® In this context, Nrf-2 knockout mice had an increased
susceptibility to DSS-induced colitis,'*® suggesting a protective
role of the Nrf2 pathway in this inflammatory disease.
Recently, it was reported that NF-kB can repress the Nrf2
pathway.'*>**! So, the inhibition of the NF-xB pathway by
RWE that we have observed before'' and the activation of the
Nrf2 pathway shown here suggests a potential cross-talk
between NF-kB and Nrf2 in the presence of RWE.

In conclusion, the data presented here indicate that the
intestinal anti-inflammatory effect of the RWE is complex,
involving several molecular mechanisms. A point of particular
relevance is the complementary action of RWE in JAK/STAT
and Nrf2 pathways. The opposite effects of RWE in the inhi-
bition of a pro-inflammatory pathway (JAK/STAT) and acti-
vation of a detoxifying pathway (Nrf2) are of great relevance for
their potential efficacy against inflammation. Thus, RWE not
only inhibited key inflammatory pathways such as the JAK/
STAT signalling cascade but also activated the Nrf2 pathway,
increasing the expression of cellular defenses.

Considering the increased awareness of alternative
approaches for mitigating intestinal inflammatory disorders,
this study may contribute to the development of an emerging
therapeutic approach in gastrointestinal inflammation,
namely nutritional red wine supplements with well character-
ized anti-inflammatory actions for disease prevention and
treatment.
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INF-y Interferon-y
iNOS Inducible nitric oxide synthase

JAK Janus kinase

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
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