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Abstract

The potential use of polyphenols in the prevention and treatment of chronic inflammatory diseases has been extensively
investigated although the mechanisms involved in cellular signaling need to be further elucidated. Cyanidin-3-glucoside is a
typical anthocyanin of many pigmented fruits and vegetables widespread in the human diet. In the present study, the
protection afforded by cyanidin-3-glucoside against cytokine-triggered inflammatory response was evaluated in the human
intestinal HT-29 cell line, in comparison with 5-aminosalicylic acid, a well-established anti-inflammatory drug, used in
inflammatory bowel disease. For this purpose, some key inflammatory mediators and inflammatory enzymes were
examined. Our data showed that cyanidin-3-glucoside reduced cytokine-induced inflammation in intestinal cells, in terms of
NO, PGE; and IL-8 production and of iNOS and COX-2 expressions, at a much lower concentration than 5-aminosalicylic acid,
suggesting a higher anti-inflammatory efficiency. Interestingly, cyanidin-3-glucoside and 5-aminosalicylic acid neither
prevented |kB-oo degradation nor the activation of NF-kB, but significantly reduced cytokine-induced levels of activated
STAT1 accumulated in the cell nucleus. In addition, we established that phosphorylated p38 MAPK was not involved in the
protective effect of cyanidin-3-glucoside or 5-aminosalicylic acid. Taking into account the high concentrations of dietary
anthocyanins potentially reached in the gastrointestinal tract, cyanidin-3-glucoside may be envisaged as a promising
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nutraceutical giving complementary benefits in the context of inflammatory bowel disease.
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Introduction

Anthocyanins belong to the family of flavonoids and constitute
the largest group of water soluble pigments in nature, responsible
for the blue and purple colours of many fruits and vegetables,
being consequently widespread in the human diet. Due to their
relatively high consumption, the impact of anthocyanins on health
promotion and disease prevention has been extensively investigat-
ed in the last decades [1-7].

Although there is some controversy regarding bioavailability of
polyphenols [8,9], they can reach concentrations up to several
hundred micromolar in the gastrointestinal tract [10]. This is due
in part to their abundance in the diet and also to poor intestinal
absorption.

Recently, it was reported that dietary polyphenols can modulate
intestinal inflammatory response, an important component of
Inflammatory Bowel Disease (IBD) pathogenesis [10,11]. IBD is a
chronic and relapsing inflammatory disorder of gastrointestinal
tract that includes Crohn’s disease (CD) and Ulcerative Colitis
(UQ). In spite of its etiology remains unclear, it is believed that its
occurrence is related to a genetic susceptibility of the patient to
develop an exaggerated immune response to one or more
promoting factors, probably commensal microorganisms present
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in the intestinal flora [12]. Consequently, an uncontrolled
inflammation is triggered leading to tissue destruction. 5-
Aminosalicylic acid (5-ASA) is a well-established drug used in
adults, particularly in the treatment of mild to moderate active UC
or to maintain remission periods of UC. It is known that, in most
cases, 5-ASA is rapidly and extensively absorbed before reaching
the colon [13]. Moreover, 5-ASA is not free of adverse effects,
although it is usually well tolerated [14].

The beneficial effects of polyphenols, including anthocyanins, in
humans were initially attributed to their antioxidant capacity in
the prevention of diseases associated with oxidative stress, such as
atherosclerosis and diabetes. Lately, some authors pointed out that
other action mechanisms could be involved in the pharmacological
activity of polyphenols, namely by interfering with essential
signaling pathways and gene regulation [6,7,15,16].

Abnormal up-regulation of nuclear factor kB (NF-kB) pathway
has been observed in IBD patients and found closely related to the
severity of intestinal inflammation [17]. Activation of NF-kB
promotes the expression of many pro-inflammatory genes, such as
those for INOS and COX-2 [18]. However, beyond NF-kB, other
transcription factors must be taken into account, such as the signal
transducer and activator of transcription 1 (STATI), whose
expression and activation are heightened in IBD patients [19].
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This factor also regulates the transcription of several inflamma-
tion-associated genes, including iNOS and COX-2 [20]. Further-
more, there are many kinase pathways involved in the regulation
of inflammatory response upstream transcription factors, which
may also be important to unveil the mechanisms underlying the
anti-inflammatory effects of polyphenols, namely p38 MAPK
pathway. Actually, it has been reported that the activity of p38
MAPK is increased in patients suffering from IBD [21].

Since increasing evidences support the efficacy of anthocyanins
in modulating inflammatory response [5,11], in the present study
we attempted to scrutinize the mechanisms underlying cell
signaling modulation induced by a typical dietary anthocyanin,
in particular cyanidin-3-glucoside (C3G) -Figure 1A- which is one
of the most abundant anthocyanins in nature, in the presence of an
inflammatory stimulus. Thus, our main goal was to assess the
protection afforded by C3G against cytokine-triggered inflamma-
tory response in the human intestinal HT-29 cell line, used as an
mtestinal cell model, exploring its ability to counteract the
expression of crucial pro-inflammatory enzymes and pro-inflam-
matory mediators, in comparison with 5-ASA (Figure 1B).

Our data evidenced that cell pre-incubation with 25 uM C3G
or 500 uM 5-ASA was effective in down-regulating the production
of NO, PGE, and I1-8 and the expression of iNOS and COX-2 in
cytokine-stimulated HT-29 cells. Interestingly, none of the
compounds affected NF-kB activity. Conversely, they significantly
inhibited STAT1 activation by modulating its phosphorylation.
Since C3G was used in a much lower concentration than 5-ASA,
C3G revealed a higher anti-inflammatory efficiency.

Materials and Methods

Reagents

Cyanidin-3-0-B-glucoside purified from natural sources was
obtained from Extrasynthése (Genay, France). It had purity above
97% as measured by HPLC and was used as a solution in DMSO
(5> mM) and stored in the dark, under nitrogen atmosphere, at
—80°C.

Laboratory chemicals namely dimethylsulfoxide (DMSO), sodi-
um dodecyl sulfate (SDS), 2,3-diaminonaphthalene (DAN), 3-(4,5-
dimethylthiazol-2yl)2,5-diphenyl-tetrazolium bromide (M'TT), phe-
nylmethylsulfonyl fluoride (PMSF), streptomycin/penicillin, prote-
ase inhibitor cocktail and phosphatase inhibitors were purchased
from Sigma-Aldrich Co.

For cell culture, Dulbecco’s modified Eagle’s medium (DMEM),
0.25% trypsin, fetal bovine serum (FBS) and phosphate-buffered
saline (PBS) pH 7.4, were obtained from Gibco-Invitrogen.

Rabbit polyclonal antibody to iINOS and goat polyclonal
antibody to phospho-STAT1 (Tyr701) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA); rabbit polyclonal
antibody to COX-2 was purchased from Abcam (Cambridge, UK);
rabbit polyclonal antibody to IkB-o and rabbit monoclonal

COOH
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Figure 1. Chemical structures of cyanidin-3-glucoside (A) and
5-aminosalicylic acid (B).
doi:10.1371/journal.pone.0073001.g001
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antibody to phospho-p38 MAPK (Thr180/Tyr182) were purchased
from Cell Signaling Technology (MA, USA); mouse monoclonal
antibody to B-actin was purchased from Sigma-Aldrich Co and anti-
rabbit, anti-mouse and anti-goat IgG secondary antibodies were
obtained from Abcam (Cambridge, UK).

IL-1o, TNF-or and IFN-y were purchased from Invitrogen (NY,
USA).

Cell culture

Human colon cancer cell line (HT-29) was obtained from
European Collection of Cell Cultures (Porton Down, Salisbury,
UK). Cells were grown in DMEM supplemented with 10% FBS,
100 U/ml penicillin and 100 pg/ml streptomycin at 37°C in a
humidified atmosphere of 5% CO,. Cells were sub-cultured at
confluence and used between the fourth and the twentieth passage.
Before each experiment, cells at 80% confluence were starved in
serum-free medium for 24 hours. Growth-arrested cultures, in
medium without FBS, were treated according to the various
experimental purposes.

HT-29 cells were stimulated with a cocktail of cytokines
consisting of 10 ng/ml IL-1o, 20 ng/ml TNF-a0 and 60 ng/ml
IFN-y. Each cytokine was previously diluted in PBS with 1% BSA
and then added to cells when convenient. Cells were pre-treated
with C3G, 5-ASA or both for 1 hour before exposure to the
cytokines and then maintained with the inflammatory stimulus for
different time intervals, depending on the assay.

Cell Viability

Cell viability was assessed by the mitochondrial-dependent
reduction of 3-(4,5-dimethylthiazol-2yl) 2,5-diphenyltetrazolium
bromide (MTT) to formazan, which is directly proportional to the
number of living cells. After incubation for 24 hours with C3G
and/or 5-ASA, 0.8x10° cells/well in 6-well plates were washed
with PBS and incubated with MTT (0.5 mg/ml) for 1 hour, at
37°C. Then, the medium was removed and the formazan crystals
were dissolved in DMSO (900 ul). The extent of formazan
formation was recorded at 530 nm in a Synergy H'T plate reader.

Results were expressed as a percentage of control cells, z.e. non-
treated cells.

Measurement of Nitric Oxide Production

Nitric oxide production, in intestinal cells, was determined by
measuring the amount of nitrite accumulated in cell culture
supernatants. Nitrite was measured using a sensitive fluorimetric
assay based upon the reaction of nitrite with 2,3-diaminonaphtha-
lene (DAN), under acidic conditions, to form the fluorescent product
1-(H)-naphthotriazole [22]. Briefly, at the end of the incubation
times, the supernatants were collected and nitrite was evaluated by
adding 200 pl of freshly prepared DAN (0.025 mg/ml in 0.62 M
HCI) to 200 pl of supernatant and mixed immediately. After
10 minutes incubation at room temperature in the dark, the reaction
was stopped with 100 pl of 3 M NaOH. A standard curve was
produced with known concentrations of sodium nitrite. Fluores-
cence intensity was read in a dual wavelength spectrophotofluori-
meter, with excitation and emission at 365 nm and 405 nm,
respectively. The sensitivity of the assay is 10 nM.

Assessment of Prostaglandin E, and IL-8 Production
Confluent HT-29 cells grown on six-well plates (0.8 x10° cells/
well) were treated as above. After 16 hours of incubation,
supernatants were collected and processed for PGE, and IL-8
quantification, by using a competitive immunoassay kit (PGEy EIA
Kit) from Enzo Life Science and an Elisa Kit from RayBiotech,
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Inc, respectively, according to the manufacturer’s instructions.
The values were reported to protein content as measured by the
Bradford assay (Bio-Rad, USA).

Western-blot Analysis

Total, cytoplasmic and nuclear cellular protein extracts from
several experiments were prepared and analyzed by Western-
blotting. For total cellular protein extracts, washed cell pellets were
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, 1 mM PMSF, 1/
100 (v/v) protease inhibitor cocktail) for 20 minutes, on ice. Cell
debris was subsequently removed by centrifugation at 14000 rpm
for 20 minutes at 4°C and supernatants were then collected and
stored at —20°C. Cytoplasmic protein extracts were collected
essentially in the same way. Washed cells were lysed in an ice-cold
buffer containing 10 mM Tris—HCI, 10 mM NaCl, 3 mM MgCl,,
0.5% Nonidet P-40 and 1% protease inhibitor cocktail, pH 7.5,
for 5 minutes on ice. Afterwards, lysates were centrifuged at
5000 rpm for 5 minutes at 4°C and the supernatants (cytoplasmic
extracts) were collected and stored at —20°C. For nuclear cellular
protein extracts, the pellets were collected and resuspended in an
ice-cold buffer with 20 mM Hepes, 5 mM MgCly, 0.2 mM
EDTA, 1 mM DTT, 300 mM NaCl, 20% (w/v) glycerol, and
1% protease inhibitor cocktail, pH 7.5 and left on ice for
30 minutes. Then, lysates were centrifuged at 14000 rpm for
20 minutes at 4°C and the supernatants (nuclear extracts) were
saved at —80°C.

Protein concentration was determined by using the Bio-Rad
protein assay reagent (Bradford assay), according to the manufac-
turer’s specifications (Bio-Rad, USA).

A range of 30-80 micrograms of reduced and denatured
proteins were separated by SDS/PAGE electrophoresis on a
10%—12% (v/v) acrylamide gel and transferred onto polyvinyli-
dene difluoride (PVDF) membranes (Amersham Biosciences, UK)
by electroblotting. To avoid non-specific binding, membranes
were blocked with skimmed milk in TBS buffer supplemented with
0.1% (v/v) Tween 20 (TBS-T: 20 mM Tris—HCI, 150 mM NaCl,
0.1% Tween 20) and then probed with antibodies against iNOS,
COX-2 and IkB-a, overnight at 4°C and against phospho-STAT1
and phospho-p38 MAPK, 3 hours at room temperature, with a
constant low shaking. Membranes were washed three times and
then incubated with alkaline phosphatase-conjugated secondary
antibodies (2 hours, room temperature, constant shaking). Immu-
noreactive complexes were detected by fluorescence in a Typhoon
9000 scanner (Amersham Biosciences). B-Actin was used as control
for protein loading. Bands were analyzed using the ImageQuant
TM software from Amersham Biosciences.

Evaluation of NF-kB (p65) Activity

DNA-binding activity of NF-kB-p65 was measured in nuclear
extracts using the TransAM™ NF-kB-p65 protein assay (Active
Motif, CA, USA), an ELISA-based method with high sensitivity
and reproducibility.

For preparation of nuclear extracts, washed cells were lysed in
an ice-cold buffer containing 10 mM Tris—HCI, 10 mM NaCl,
3 mM MgCly, 0.5% Nonidet P-40 and 1% protease inhibitor
cocktail, pH 7.5, for 5 minutes on ice. Afterwards, lysates were
centrifuged at 5000 rpm for 5 minutes at 4°C and the superna-
tants (cytoplasmic extracts) were collected and stored at —20°C.
The pellets were collected and resuspended in 50 pl of Complete
Lysis Buffer (a solution provided by Active Motif, CA) and left on
ice for 30 minutes. Then, lysates were centrifuged at 14000 rpm
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for 20 minutes at 4°C and the supernatants (nuclear extracts) were
saved at —80°C.

DNA binding activity of p65 was evaluated with 15 pg of
nuclear protein, according to the manufacturer’s protocol and the
results expressed in relative terms.

Statistical Analysis

All data were expressed as means = SEM of at least 3
independent assays, each one in duplicate. Differences between
groups were analyzed by one-way analysis of variance (ANOVA),
Tukey’s was used as appropriate. Values of p<<0.05 were accepted
as statistically significant.

Results

1. C3G and/or 5-ASA did not affect cell viability of HT-29
cells

In order to assess the cytotoxic effect of C3G and 5-ASA, a
MTT assay was performed upon 24 hours of cell incubation with
the compounds. As illustrated in Figure 2, neither C3G, in the
concentration range of 12.5 to 50 uM, nor 500 uM 5-ASA alone,
or in combination with 25 pM C3G, affected the percentage of
cell viability relative to the control (cells without the compounds).
In contrast, the cytokines, at the concentrations used as a cell
stimulus, induced a decrease of cell viability to about 50 per cent
(data not shown).

In the present study, both C3G (25 pM) and 5-ASA (500 uM)
were used at subtoxic concentrations.
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Figure 2. Effects of C3G and 5-ASA on the cell viability of HT-29
cells. HT-29 cells were incubated for 24 hours with different
concentrations of C3G (12.5 to 50 uM), 5-ASA (500 uM) and a
combination of 25 uM C3G and 500 uM 5-ASA. Cell viability was
assessed by MTT reduction and determined as percentage of control
cells (without compounds). Values are mean = SEM of at least three
different experiments, in duplicate.
doi:10.1371/journal.pone.0073001.g002
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2. C3G inhibited secretion of pro-inflammatory mediators
induced by the cytokines more efficiently than 5-ASA, in
HT-29 cells

In order to evaluate the ability of C3G to inhibit pro-
inflammatory mediators production, the levels of NO, PGE, and
IL-8 generated by cytokine-stimulated HT-29 cells were moni-
tored.

As shown in Figure 3A, stimulation of HT-29 cells with
cytokines, for 24 hours, induced a strong cellular nitrite formation
as compared to basal values found in non-stimulated cells.
Treatment with 25 uM C3G, 500 uM 5-ASA or both, for 1 hour,
before cytokine stimulation, significantly reduced the nitrite levels
by about 75%. Although 25 uM C3G seems to be more efficient
than 500 pM 5-ASA, the difference was not significant. Combi-
nation of the two compounds (25 uM C3G and 500 uM 5-ASA)
caused no further effect. Previous studies of time-dependent
release of NO demonstrated that until 16 hours of incubation
there was no significant cellular nitrite formation.

To examine whether CG3G, 5-ASA, or the combination of both,
inhibited PGE; and IL-8 production, cells were treated with/
without the compounds for 1 hour and then treated with the
cytokine mixture (IL-lo, TNF-o0 and IFN-y) for 16 hours. In
Figure 3B, itis clear that PGE, production was enhanced in response
to cytokine treatment and that this increase was strongly inhibited by
C3G by almost 65%, a higher inhibitory effect than that induced by
5-ASA (about 50%). However, no additional significant effect was
observed by the combination of C3G and 5-ASA.

Likewise, IL-8 production was deeply increased by the
cytokines, but only C3G was able to significantly inhibit this
production. In fact, as evidenced in Figure 3C, the presence of 5-
ASA did not suppress the IL-8 production, contrary to C3G,
which led to a decrease in its production by about 20%. The
combination of C3G with 5-ASA did not improve the suppressive
effect, which was similar to that of C3G alone.

3. C3@, like 5-ASA, inhibited cytokine-induced up-

expression of iINOS and COX-2 in HT-29 cells

In order to assess whether the C3G or 5-ASA-induced decrease
in the pro-inflammatory mediators levels, observed into the cell
culture media, was exerted via inhibition of the inducible forms of
NO synthase and cyclooxygenase, protein expressions of these
enzymes were determined by Western-blotting. As shown in
Figure 4, in non-stimulated cells, the expression levels of iINOS
(Figure 4A) and COX-2 (Figure 4B) were very low or undetect-
able. However, in response to cytokine stimulation and after
24 hours or 16 hours, the levels of iINOS and COX-2, respec-
tively, were up-regulated. When cells were pre-treated with the
compounds in study their expression was significantly reduced.
Worth of notice is the difference in the concentrations used in this
work, z.e., 25 uM C3G and 500 uM 5-ASA. These concentrations
were previously tested by some of us, in other studies, either with
anthocyanins or with 5-ASA [6,23]. Thus, as shown in Figure 4A
the inhibitory effect of C3G is slightly smaller than that of 5-ASA,
this is not relevant bearing into consideration the highest
concentration of 5-ASA (20 times).

In regarding to COX-2 expression (Figure 4B), C3G more
efficiently down-regulated COX-2 expression than 5-ASA and the
combination of C3G and 5-ASA afforded a much better
protection than the individual compounds.
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4. C3G and/or 5-ASA did not inhibit cytokine-induced NF-
kB activation in HT-29 cells

In an attempt to clarify the biochemical mechanism underlying
the activation of iNOS, COX-2 and IL-8 observed in cytokine-
stimulated HT-29 and the corresponding protection in pre-treated
cells with G3G and/or 5-ASA, we evaluated the putative effects on
NF-kB activation. As shown in Figure 5, cells stimulation for
30 minutes led to a decrease of cytoplasmic IkB-a by about 70% of
the control, 7. e. non stimulated cells. Some decrease was observed
as soon as 15 minutes (data not shown), but more intensely at
30 minutes. However, cells pre-incubation with C3G and/or 5-
ASA did not hamper cytokine-induced IkB-ot degradation.

Given that p65 accumulation and DNA binding in the cell
nucleus is critical in regulating the expression of target genes, we
decided to determine whether the down-regulation of iNOS and
COX-2 expression and the inhibition of pro-inflammatory
mediators production, by the compounds under study, would be
due to the suppression of NF-kB transcriptional activation. To test
this hypothesis, cells were treated as referred and the DNA binding
activity of p65 was measured, as described in materials and
methods. As shown in Figure 6, although cells stimulation with
cytokines increased the DNA binding activity of p65 up to
approximately 4-fold, neither C3G nor 5-ASA alone or in
combination interfered with p65 transcriptional activity, in our
assay conditions.

5. C3G and/or 5-ASA reduced the levels of cytokine-
induced phosphorylated STAT1 in the nucleus of HT-29
cells

Considering that STAT1 is another important transcription
factor that may be behind the protective effect of C3G and/or 5-
ASA, we further examined the effect of these compounds on the
levels of phosphorylated (activated) STATT, in the cell nucleus.
For this purpose, a Western-blotting analysis was carried out. As
well as in the activation time course of NF-kB, cytokine-induced
phosphorylation of STAT1 started at 15 minutes after the insult
but became much stronger at 30 minutes (data not shown). It is
worthwhile to note that, as illustrated in Figure 7, the pre-
incubation with either C3G, 5-ASA or both led to a decrease in
the nuclear content of this activated transcription factor, in about
50%. As happened with the other targets studied, the combination
of C3G and 5-ASA did not show more benefit than the
compounds alone.

6. C3G, like 5-ASA, did not affect the cytokine-induced
phosphorylation of p38 MAPK, in HT-29 cells

Given that many transcription factors can be phosphorylated
and activated by upstream kinases, like p38 MAPKSs, it became
important to explore whether anti-inflammatory action of CG3G
and 5-ASA was mediated through the p38 MAPK pathway in
HT-29 cells. Thus, we next analyzed the ability of C3G and 5-
ASA to inhibit the cytokine-induced phosphorylation of p38
MAPK. Treatment of cells with the mixture of cytokines
significantly induced the phosphorylation of p38 MAPK at
30 minutes. However, at this time, C3G and/or 5-ASA did not
counteract this process, as it is shown by Western-blotting
technique (Figure 8).

Discussion

In the last years, many studies have been carried out
demonstrating the important role of anthocyanins in the
prevention and treatment of chronic inflammatory diseases [5,7].
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Figure 3. C3G and 5-ASA inhibit the production of pro-inflammatory mediators induced by cytokines in HT-29 cells. Cells were pre-
incubated with 25 uM C3G or 500 uM 5-ASA or both (25 uM C3G plus 500 uM 5-ASA) and then treated with cytokines for a certain period of time. NO
(A), PGE; (B) and IL-8 (C) production by cells were measured as described in “Materials and Methods”. Values are mean * SEM of at least three
different experiments, in duplicate. "“P<<0.001 vs Control, ##P<0.01, ###P<0.001 vs Cytokines. $p20.01, %5p<0.001 vs 5-ASA plus Cytokine
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doi:10.1371/journal.pone.0073001.g003

It is known that health effects of polyphenols depend on the The present study was undertaken to provide new insights into
ingested amount and on the achieved bioavailability which deeply cellular signaling mechanisms underlying the ability of C3G to
differs among the various polyphenols [8]. In what concerns protect intestinal cells (HT-29), against pro-inflammatory stimulus,
anthocyanins, it is believed that their bioavailability is low, but it is in comparison with 5-aminosalicylic acid (5-ASA). A combination
also known that these compounds are unique because they can of cytokines containing IL-1a, TNF-o, and IFN-y was selected as a
exist in many different molecular forms, in a dynamic equilibrium, pro-inflammatory stimulus, since it is known that these cytokines
and the currently used analytical methods underestimate the are rapidly released by injured tissue or infection and are effective
bioavailability data [2,9]. Apart from this, many studies confirm as inducers of the expression of different pro-inflammatory genes,
that anthocyanins can be very active at the intestine level, reaching depending on the cell type [24-26].

high concentrations in the gastrointestinal tract, which may be Thus, in the intestinal cell line used in this work, C3G was able
explained by their abundance in diet and poor absorption [8,9]. to efficiently inhibit the NO production (Figure 3A) counteracting
This fact makes anthocyanins very attractive for exploring their the iNOS expression (Figure 4A) like 5-ASA, but at a much lower
anti-inflammatory potential in IBD context, in particular that of concentration. NO is a free radical produced from the amino acid
cyanidin-3-glucoside (C3G), one of the most abundant anthocy- L-arginine by nitric oxide synthase (NOS) enzyme. Although NO,
anins in nature. in constitutive levels, has a physiological role in maintaining
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doi:10.1371/journal.pone.0073001.9g004

adequate perfusion and regulation of microvascular and epithelial
permeability [27], persistent overproduction of NO via up-
regulation of INOS is associated with inflammatory response
leading to gut barrier injury [28]. The protective effects of C3G,
with respect to iNOS and NO production, are very interesting
because they revealed that this anthocyanin, which is a natural
polyphenol widespread in plants, acted in a very similar way to 5-
ASA, which in turn is a potent anti-inflammatory therapeutic
agent, commonly used in clinical practice. Furthermore, C3G
acted in a concentration 20 times lower than 5-ASA. Nonetheless,
the combination of the two compounds did not provide better
protection over the individual compounds, excluding both additive
or synergistic effects.

In contrast to the effect on iINOS, C3G/5-ASA combination
demonstrated a higher protection for COX-2 expression than that
provided by the individual compounds (Figure 4B). COX-2 is the
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Figure 5. Neither C3G nor 5-ASA prevent the cytokine-induced
IkB-a degradation in HT-29 cells. Cells were pre-incubated with
25 uM C3G or 500 uM 5-ASA or both and then treated with a
combination of cytokines for 30 minutes. lkB-o degradation was
evaluated in cytoplasmic extracts by Western blotting, as described in
“Materials and Methods”. Values are mean * SEM of at least three
different experiments, in duplicate. ""P<<0.001 vs Control.
doi:10.1371/journal.pone.0073001.g005
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inducible form of COX and its expression is up-regulated in the
inflamed gut of IBD patients [29]. Thus, high levels of
prostaglandins have also been found in the mucosa of IBD
patients [29] leading to the perpetuation of inflammation [30]. In
this way, we also proved the ability of C3G to prevent PGE,
biosynthesis and in agreement with COX-2 results, C3G inhibited
PGE; production more significantly than 5-ASA (Figure 3B),
bearing into consideration the much lower concentration of C3G
used to achieve this inhibitory effect. However, the combined
effects of C3G plus 5-ASA on PGE; production were similar to
that of C3G, revealing no advantage in adding 5-ASA over C3G.
Also, of note is that this cell line expresses mRNA for IL-8 and
secretes it after stimulation [31]. Actually, we observed such
overproduction, but only C3G pre-treatment was able to
significantly reduce it (Figure 3C).
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Figure 6. C3G and 5-ASA do not suppress the activation of NF-
kB-p65 in HT-29 cells. Cells were pre-incubated with 25 uM C3G or
500 uM 5-ASA or both and then treated with a combination of
cytokines for 30 minutes. NF-kB activation was evaluated in nuclear
extracts by a DNA-binding activity assay. Values are mean * SEM of at
least three different experiments, in duplicate. "P<0.001 vs Control.
doi:10.1371/journal.pone.0073001.g006
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Figure 7. C3G and 5-ASA reduce the levels of cytokine-induced
STAT1 activation in HT-29 cells. Cells were pre-incubated with
25 UM C3G or 500 uM 5-ASA or both and then treated with a
combination of cytokines for 30 minutes. STAT1 phosphorylation was
evaluated in nuclear extracts by Western blotting, as described in
“Material and Methods”. Values are mean * SEM of at least three
different experiments, in duplicate. ““P<0.001 vs Control, #P<0.05,
##p<0.01 vs Cytokines.

doi:10.1371/journal.pone.0073001.g007

Although it is known that the transcriptional regulation of iNOS
and COX-2 is complex [32,33], the nuclear factor kB is one of the
most important regulators of pro-inflammatory genes expression
and it is well-established that its activation is significantly induced
in intestine of IBD patients [17,34]. So, the effects observed in pre-
treated HT-29 cells with either C3G or 5-ASA could be due to the
suppression of NF-kB activation. This activation process can be
initiated by a wide variety of different stimuli, which lead to the
phosphorylation and degradation of the NF-kB inhibitory
molecules, IkB proteins. [17]. In the present study, we observed
that in our assay conditions the combination of cytokines was able
to induce the degradation of IkB-oo but, unexpectedly, neither
C3G nor 5-ASA inhibited such degradation (Fig. 5). This
degradative process is a crucial step for the activation of NF-kB
with subsequent translocation to the nucleus and binding to DNA,
in the classical pathway of NF-kB activation. However, recent
evidences indicate that transcriptional activity of NF-kB also
requires the direct modification of NF-kB proteins, namely by
phosphorylation and acetylation. The loss of phosphorylation of
p65 interferes with its DNA binding and transactivation activities
[18,35-37]. Taking this into account and considering that other
authors have already reported the inhibitory effect of 5-ASA on
inducible NF-kB-dependent transcription in intestinal epithelial
cells, independent of preventing the IkB-oo degradation [38], we
mvestigated whether C3G or 5-ASA or both could hamper NF-kB
activation, by interfering with its DNA binding. However, in our
assay conditions, in cells pre-treated with the compounds no
prevention of NF-kB activation was observed (Figure 6). Our
findings seem to conflict with those of Min et al [39], who have
reported an inhibitory effect of C3G on LPS-induced NF-kB
activation in RAW 264.7 cells. These contradictory results might
be explained by the differences in the cell type and in the pro-
inflammatory stimulus.

Thus, our belief is that the anti-inflammatory effects of C3G
observed in HT-29 cells, stimulated by a cocktail of cytokines, could
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Figure 8. Failure of C3G and 5-ASA to inhibit cytokine-induced
phosphorylation of p38 MAPK in HT-29 cells. Cells were pre-
incubated with 25 uM C3G or 500 uM 5-ASA or both and then treated
with a combination of cytokines for 30 minutes. Phosphorylation of p38
MAPK was evaluated in total extracts by Western blotting, as described
in “Material and Methods”. Values are mean * SEM of at least three
different experiments, in duplicate. “*P<0.001 vs Control.
doi:10.1371/journal.pone.0073001.g008

be related to the suppression of an alternative cell signaling, other
than NF-kB. This 1s consistent with reports by others showing that
some polyphenols preferentially suppress STAT1 activation rather
than NF-kB activation [40,41]. The JAK-STAT signaling pathway
is a common signaling pathway activated by various stimuli, namely
interferons. The binding of a cytokine to its cell-surface receptor
results in the activation of JAK tyrosine kinases, which in turn
phosphorylate STATSs. Then, STATSs dimerize, translocate into the
nucleus and activate the transcription of STAT-responsive genes,
namely iNOS [42-45]. The present study demonstrated, for the first
time, that pre-incubation of C3G in HT-29 cells decreased the
nuclear levels of this activated transcription factor, to about 50%
(Figure 7). A similar effect was obtained by 5-ASA but at a much
higher concentration than that of C3G. One possible explanation to
such decrease in nuclear activated STAT1 levels could be the
induction of the expression of the SOCS family of proteins by our
compounds. These proteins are in part in charge of the negative
feedback mechanism engaged by STATs. They can block the
recruitment of STATs, bind to JAKSs, or even target STATs for
proteossomal degradation [42,43,46]. On the other hand, another
possible explanation will be that C3G and 5-ASA can induce the
dephosphorylation of STAT1. Actually, it has been described that
tyrosine-phosphorylated STAT1 requires to be dephosphorylated,
by some nuclear phosphatases, in order to leave the nucleus [43,47].

Furthermore, there are many kinase pathways involved in the
regulation of inflammatory response upstream transcription
factors, which may also be important to understand the
mechanisms behind the anti-inflammatory effects of C3G, namely
the p38 MAPK pathway. In fact, this pathway has already been
identified as crucial for induction of iNOS and COX-2 in HT-29
cells by a mixture of cytokines [48]. However, under our
experimental conditions none of the compounds was successful
in inhibiting the phosphorylation (activation) of p38 MAPK,
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revealing that p38 MAPK was not involved in the protective effect
of C3G and 5-ASA.

In conclusion, @ vitro, under our experimental conditions, C3G
showed to be effective in inhibiting cytokine-induced pro-
inflammatory markers, namely NO, PGE, IL-8, iNOS and
COX-2, without affecting the activation of either NF-kB or p38
MAPK but significantly decreasing the amount of activated
STAT1 in the nucleus, in HT-29 cells. Moreover, we demon-
strated, for the first time, that in comparison with 5-ASA, C3G has
a stronger anti-inflammatory activity regarding the studied pro-
inflammatory markers in particular, taking into account the
difference in the concentrations used. However, it is known that, i
viwo, anthocyanins suffer from spontaneous degradation and are
metabolized by the indigenous microbiota population in the colon,
which causes the release of aglycones of their glycosides and
eventually the disruption of the ring [49,50]. Thus, unanswered

References

1. Scalbert A, Manach C, Morand C, Remesy C, Jimenez L (2005) Dietary
polyphenols and the prevention of diseases. Crit Rev Food Sci Nutr 45: 287
306.

2. Prior RL, Wu X (2006) Anthocyanins: structural characteristics that result in
unique metabolic patterns and biological activities. Free Radic Res 40: 1014~
1028.

3. Wang LS, Stoner GD (2008) Anthocyanins and their role in cancer prevention.
Cancer Lett 269: 281-290.

4. He JA, Giusti MM (2010) Anthocyanins: Natural Colorants with Health-
Promoting Properties. Annu Rev Food Sci Technol 1: 163-187.

5. Miguel MG (2011) Anthocyanins: Antioxidant and/or anti-inflammatory
activities. J Appl Pharm Sci 1: 7-15.

6. Paixao J, Dinis TC, Almeida LM (2011) Dietary anthocyanins protect
endothelial cells against peroxynitrite-induced mitochondrial apoptosis pathway
and Bax nuclear translocation: an in vitro approach. Apoptosis 16: 976-989.

7. Paixao J, Dinis TC, Almeida LM (2012) Malvidin-3-glucoside protects
endothelial cells up-regulating endothelial NO synthase and inhibiting
peroxynitrite-induced NF-kB activation. Chem Biol Interact 199: 192-200.

8. Manach C, Scalbert A, Morand C, Remesy C, Jimenez L (2004) Polyphenols:
food sources and bioavailability. Am J Clin Nutr 79: 727-747.

9. McGhie TK, Walton MC (2007) The bioavailability and absorption of
anthocyanins: towards a better understanding. Mol Nutr Food Res 51: 702-713.

10. Romier B, Schneider Y], Larondelle Y, During A (2009) Dietary polyphenols
can modulate the intestinal inflammatory response. Nutr Rev 67: 363-378.

11. Piberger H, Oehme A, Hofmann C, Dreiseitel A, Sand PG, et al. (2011)
Bilberries and their anthocyanins ameliorate experimental colitis. Mol Nutr
Food Res 55: 1724-1729.

12. Khor B, Gardet A, Xavier RJ (2011) Genetics and pathogenesis of inflammatory
bowel disease. Nature 474: 307-317.

13. Crotty B, Jewell DP (1992) Drug therapy of ulcerative colitis. Br J Clin
Pharmacol 34: 189-198.

14. Stein RB, Hanauer SB (2000) Comparative tolerability of treatments for
inflammatory bowel disease. Drug Saf 23: 429-448.

15. Mauray A, Felgines C, Morand C, Mazur A, Scalbert A, et al. (2010)
Nutrigenomic analysis of the protective effects of bilberry anthocyanin-rich
extract in apo E-deficient mice. Genes Nutr 5: 343-353.

16. McCune LM, Kubota C, Stendell-Hollis NR, Thomson CA (2011) Cherries and
health: a review. Crit Rev Food Sci Nutr 51: 1-12.

17. Atreya I, Atreya R, Neurath MF (2008) NF-kappa B in inflammatory bowel
disease. J Intern Med 263: 591-596.

18. Li Q, Verma IM (2002) NF-kappaB regulation in the immune system. Nat Rev
Immunol 2: 725-734.

19. Schreiber S, Rosenstiel P, Hampe J, Nikolaus S, Groessner B, et al. (2002)
Activation of signal transducer and activator of transcription (STAT) 1 in human
chronic inflammatory bowel disease. Gut 51: 379-385.

20. Yoshimura A (2006) Signal transduction of inflammatory cytokines and tumor
development. Cancer Sci 97: 439-447.

21. Feng YJ, Li YY (2011) The role of p38 mitogen-activated protein kinase in the
pathogenesis of inflammatory bowel disease. ] Dig Dis 12: 327-332.

22. Wright K, Ward SG, Kolios G, Westwick J (1997) Activation of phosphatidy-
linositol 3-kinase by interleukin-13. An inhibitory signal for inducible nitric-
oxide synthase expression in epithelial cell line HT-29. J Biol Chem 272: 12626~
12633.

23. Dinis TC, Maderia VM, Almeida LM (1994) Action of phenolic derivatives
(acetaminophen, salicylate, and 5-aminosalicylate) as inhibitors of membrane
lipid peroxidation and as peroxyl radical scavengers. Arch Biochem Biophys
315: 161-169.

24. Nathan C (1992) Nitric oxide as a secretory product of mammalian cells.
FASEB J 6: 3051-3064.

PLOS ONE | www.plosone.org

Anti-Inflammatory Action of C3G vs 5-ASA in HT-29

questions should lead to interesting future research to clarify the
actual molecular structures underlying the protective effects of
C3G and also to investigate the accessibility of them to the
epithelium.

Despite this and considering that current treatment options in
patients with IBD are not curative and patients face lifelong
therapy, CG3G may be envisaged as a promising nutraceutical
giving complementary benefits in attenuating inflammation and
decreasing the risk for the development of colorectal cancer
observed in these patients.
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