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Abstract: The objective of this study was to determine the effect of six chlorogenic acid (CGA)
isomers known to be present in coffee and other plant foods on modulating the inflammatory
response induced by pro-inflammatory cytokines in the Caco-2 human intestinal epithelial cell line.
Compared to caffeoylquinic acids (CQA), dicaffeoylquinic acids (DiCQA) had significantly stronger
(p < 0.05) capacities to reduce phosphorylation of one of mitogen-activated protein kinases (MAPK)
cascades, namely p38. Compared to the control, CQA isomers treatment resulted in around 50%
reduction in an interleukin-8 (IL-8) secretion, whereas DiCQA, at the same concentration, resulted in
a 90% reduction in IL-8 secretion, compared to the control cells. CGA isomer treatment also showed a
significant effect (p < 0.05) on the up-regulation of NFkB subunit p65 nuclear translocation by more
than 1.5 times, compared to the control. We concluded that CGA isomers exert anti-inflammatory
activity in a mixture of interferon gamma (IFNy) and phorbol myristate acetate (PMA)-challenged
Caco-2 cells, by decreasing the phosphorylation of p38 cascade and up-regulating NF«B signaling.
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1. Introduction

Inflammatory bowel diseases (IBDs), such as Crohn'’s disease and ulcerative colitis, represent chronic
disorders of the gastrointestinal tract that are characterized by an abnormal immune response to antigens
which lead to a persistent inflammatory state [1,2]. The cytokine responses are key pathophysiological
elements that govern the initiation, evolution, and ultimately, the resolution of IBDs [3]. Cytokines are
small proteins secreted mainly by immune cells that facilitate communication between cells. IBD patients
have a characteristically low level of anti-inflammatory cytokines, such as interleukin-10, and an increase
in pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNF-«), interferon gamma (IFNYy),
interleukin-6 (IL-6), interleukin-8 (IL-8), and interleukin-12 [1]. The human intestinal Caco-2 cell line has
been widely used over the last twenty years to model the intestinal barrier. Under culture conditions,
cells undergo spontaneous differentiation that lead to the formation of a monolayer of cells which express
several morphological and functional characteristics of the mature enterocyte [4]. Our laboratory used a
mixture of interferon gamma (IFNy) and phorbol myristate acetate (PMA) to stimulate an inflammatory
state in the differentiated Caco-2 cell line for the purposes of using it as an in vitro model of intestinal
inflammation [5].

The transcription factor, NFkB (nuclear factor kappa-light-chain-enhancer of activated B cells)
is a key regulator of inflammation [6,7]. NF«kB is composed of structurally related proteins that
consist of p50, p52, p65, c-RelA, and RelB, in what is known as the Rel family. Activation of
NFkB is mediated through the phosphorylation of its inhibitory subunit IkB kinase complex [8].
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Upon phosphorylation, IkB is degraded, releasing the NF«kB subunit p65, which in turn is translocated
to the nucleus and binds to specific gene promoters that modulate anti- and pro-inflammatory proteins.
Gene knockout studies have shown that the NF«B pathway can have both pro- and anti-inflammatory
roles. Some studies suggest that NF«B has an anti-inflammatory role by directly inhibiting the
expression of genes that encode pro-inflammatory cytokines. For example, an increased p50 subunit of
NF«kB expression was shown to suppress TNFx production. In contrast, some studies report that NF«xB
have a pro-inflammatory role by enabling prolonged macrophage activation [9]. Taken together, it is
possible that NFkB activation has both anti-inflammatory and pro-inflammatory roles in regulating
inflammation responses depending on the physiological context.

Regulation of NF«kB activity is connected with the activation of upstream protein kinases, such as
mitogen-activated protein kinases (MAPKs). MAPKs are a group of serine/threonine kinases which
regulate inflammation, cell survival, differentiation, and apoptosis [10]. To date, at least three MAPK
cascades have been identified, including extracellular signal-regulated kinase 1 and 2 (ERK1/2), c-Jun
N-terminal kinases (JNK), and p38 isomers (p38) [10]. MAPK signaling can be activated through
phosphorylation of particular amino acid sequences in the protein of MAPK components, including
ERK1/2, JNK, and p38. The phosphorylated MAPKSs interact with other downstream components,
including NF«kB, which is mediated through the phosphorylation of its inhibitory subunit I«B, and
subsequent degradation of IkB at the proteasome.

There is an increased interest in identifying food-derived agents that exhibit anti-inflammatory
activity and which can protect the human intestine from chronic inflammation. Chlorogenic acid
(CGA) is a group of phenolic acids with vicinal hydroxyl groups located on aromatic residues that
are derived from esterification of cinnamic acids, including caffeic, ferulic, and p-coumaric acids with
quinic acid. The major CGAs in coffee include mono-caffeoylquinic acids [(e.g., 3-caffeoylquinic acid
(#1 in Figure 1), 4-caffeoylquinic acid (#2 in Figure 1), and 5-caffeoylquinic acid (#3 in Figure 1)] and
di-caffeoylquinic acids [e.g., 3,4-dicaffeoylquinic acid (#5 in Figure 1), 3,5-dicaffeoylquinic acid (#4 in
Figure 1), and 4,5-dicaffeoylquinic acid (#6 in Figure 1)]. Among these CGA isomers, 5-caffeoylquinic
acid is the most abundant CGA isomer present in plants, and possesses in vitro anti-inflammatory
activity [11-15]. Despite the fact that the bioactivity of 5-caffeoylquinic acid has been thoroughly
studied, current knowledge on the anti-inflammatory activities of other CGA isomers that are present
in common foods or beverages is limited.

The objectives of the current study were to examine the potential anti-inflammatory activity
of different CGA isomers and the underlying molecular signaling mechanisms that are linked to
anti-inflammatory activity. Specifically, experiments were conducted to compare the relative affinity of
CGA isomers to influence the secretion of pro-inflammatory cytokine in the PMA + INFy-induced
Caco-2 cells model. The experimental hypothesis tested was that CGA isomers have an isomer-specific
efficacy to ameliorate inflammation. In addition, the mechanisms for this response were related to
isomer-specific affinity to modify NF«kB signaling and phosphorylation of MAPK kinases.
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Figure 1. Chemical structures of chlorogenic acid (CGA) isomers (1, 2, 3, 4, 5, and 6
represent 3-caffeoylquinic acid, 4-caffeoylquinic acid, 5-caffeoylquinic acid, 3,5-dicaffeoylquinic acid,
3,4-dicaffeoylquinic acid, and 4,5-dicaffeoylquinic acid, respectively).

2. Results

2.1. Impact of CGA Isomers on IL-8 Secretion in PMA + INF-y-Challenged Caco-2 Cells

Cellular uptake of CGA isomers by Caco-2 cells were confirmed by Time of Flight-Secondary ion
mass spectrometry in our previous study [16]. To determine the effect of CGA isomers on mitigating
the inflammatory response in Caco-2 cells, experiments were designed to treat cells with different
concentrations of individual CGA isomers for 24 h in the presence of the PMA + IFNYy challenge.
The time duration chosen was based on the observation that maximum IL-8 secretion following the
PMA + IFNY challenge occurred at 24 h [5]. All six CGA isomers significantly (p < 0.05) reduced the
secretion of IL-8 level in PMA + IFNvy-challenged Caco-2 cells (Figure 2). Increasing the concentration
of CQA isomer #1-3 from 0.2 mM to 2 mM resulted in a 18% and 50% reduction in IL-8 secretion,
respectively, compared to the control. Repeating the experiment with diCQA isomers #4, 5, and 6 at
2 mM produced more than 90% inhibition of IL-8 secretion, compared to the controls.
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Figure 2. The effect of CGA isomers at different concentrations (0.2, 1, and 2 mM) on IL-8 secretion in
interferon gamma (IFNy) + phorbol myristate acetate (PMA)-challenged Caco-2 cells at a 24 h time point.
Experiments were performed in triplicate, and results were expressed as mean =+ standard deviation.
The significance of the differences between different treatments was analyzed by a one-way analysis of
variance (ANOVA), using the Bonferroni post-test with Graph Pad Prism software. Superscript with
different alphabets (a, b, ¢, d, e, and f) are significantly different (p < 0.05).

2.2. Transepithelial Electrical Resistance (TEER) Values in Caco-2 Monolayers

We assessed the effects of various concentrations of PMA + IFNy on Caco-2 cells as a functional
test of changes in monolayer integrity. We found that PMA + IFNY altered the integrity of Caco-2 cell
monolayers, as shown by a decreased TEER value. Figure 3a shows that the TEER value declined
from 550 =+ 22 to 341 £ 26 Q)-cm? after 8 h of incubation with PMA (0.1 ug/mL) + IFNy (8000 U/mL),
and then declined further to 181 4= 18 Q)-cm? after 24 h in both apical and basolateral compartments.
This combination of PMA and IFNy produced a maximal (p < 0.05) response in TEER value decline
compared to the control, and was therefore chosen as the optimal condition to test the effect of CGA
on changes in TEER values.

Equimolar concentrations of different CGA isomers produced similar capacities to attenuate
the reduction in TEER values of Caco-2 cells when induced with PMA + IFNy. Therefore, we will
only be presenting the 5-caffeoylquinic acid (5-CQA) data (Figure 3b). For example, a concentration
of 0.2 mM, 5-CQA resulted in a TEER value of Caco-2 cell monolayers that was 37% higher than
monolayers incubated with only PMA + IFNy only after 16 h incubation. Increasing the concentration
of 5-CQA to 1 mM improved TEER values at 8 h. These findings demonstrate that the reduced
inflammatory changes in inflamed Caco-2 cells attributed to the CGAs corresponded to improved
function of intestinal integrity, as assessed by TEER values.
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Figure 3. (a) TEER values of Caco-2 challenged by various concentrations of PMA + IFNY for various
periods. Significance of differences between values at same time point analyzed by ANOVA using
the Bonferroni post-test. Superscript with different alphabets (a, b, ¢, and d) are significantly different
(p < 0.05) at the same treatment time among different treatments. (b) Effects of 5-CQA on paracellular
permeability of Caco-2 cell monolayers induced by PMA (0.1 pg/mL) + IFNy (8000 U/mL) and
incubated with or without 0.2, 1, or 2 mM 5-CQA for various periods. TEER values are shown as means
=+ SD. Significance of differences between values at same time point analyzed by ANOVA using the
Bonferroni post-test. Superscripts with different alphabets (a, b, ¢, and d) are significantly different
(p < 0.05).

2.3. CGA Isomers Up-Regulated the NFxB Signaling Pathway in PMA + INF+y-Challenged Caco-2 Cells

The effect of CGA isomers on the NFkB signaling pathway in Caco-2 cells was examined at 1.5 h
after a PMA + INFy challenge. In a previous study, peak activation of NF«B following treatment of
Caco-2 cells with a PMA + INFy challenge occurred at 1.5 h [17]. Other previous studies reported that
phenolic compounds had the potential to exert anti-inflammatory activity by down-regulating NFxB
signaling [13-15]. However, data presented herein shows that CGA isomers (at 1 mM and 2 mM) were
effective at significantly up-regulating NFkB subunit p65 nuclear translocation by more than 1.5 times
the control values (Figure 4).
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Figure 4. Effect of CGA isomers on p65 nucleus translocation (% of control) in PMA + INFy-induced
Caco-2 cells. Experiments were performed in triplicate, and results were expressed as mean =+ standard
deviation. The significance of the differences between different treatment was analyzed by ANOVA,
using a Bonferroni post-test with Graph Pad Prism software. Value of p < 0.05 was considered to be
statistically significant. Superscript with different alphabets (a, b, ¢, d, and e) are significantly different
(p < 0.05).

2.4. Temporal Effects of the PMA + IFN+y Challenge in MAPK Signaling in Caco-2 Cell

Treating Caco-2 cells with pro-inflammatory cytokines resulted in changes in ERK
1/2 phosphorylation (Figure 5A); p-p38/t-p38 (Figure 5B); and p-JNK/t-JNK (Figure 5C).
The phosphorylation of ERK 1/2 was first observed at 1 h following the PMA + IFNy challenge,
and reached its maximum expression after 2 h. The observed effect on p38 phosphorylation began
early within the first hour and reached maximum expression at 2 h after the PMA + IFNYy challenge,
before gradually decreasing 6 h thereafter. The expression of p-JNK declined slightly during the first
hour of the PMA + IFNYy challenge and reached its highest level at 2 h, showing no further change up
to 6 h. The expression of p-JNK declined to the level observed in normal healthy cells 8 h after the
cytokine challenge.

2.5. Modulation of MAPK Signaling by CGA Isomers

The effect of individual CGA isomers on MAPK signaling was studied in PMA + IFNvy-challenged
Caco-2 cells. Based on the results obtained from the time-course study, we examined the effect of CGA
isomers on the phosphorylation of Erk1/2 at 2 h; p38 at 2 h, and the JNK cascade at 6 h, respectively.
There were no significant changes in REK and JNK phosphorylation with CGA isomer treatment to
Caco-2 cells, compared to controls. However, the CGA isomers treatment produced a concentration
dependent, and isomer independent decrease in p38 phosphorylation when expressed as p-p38/t-p38,
compared with the control group (p < 0.05) at 1-2 mM (Figure 6). No significant differences were
observed for p-p38/t-p38 expression that could be attributed to the six individual CGA isomers when
treated at the same concentration.
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Figure 5. (A) (a) Western Blotting analysis showing the time-dependent effects of PMA + IFNYy (inducer)
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on the expression of ERK1/2 (p = phosphorylated, t = total, ERK1 is 42 kDa, ERK2 is 44 kDa) in
Caco-2. Please see the picture of full gel in Supplementary Figures S1 and S2. (b) Densitometry
analysis determined from western blots. Phosphorylated (p-ERK1/2) relative to total (t-ERK1/2).
Values represent mean &+ SD (n = 3). * represents significant difference compared to 0 h by
student’s t test, p < 0.05. (B) (a) Western Blotting analysis showing the time-dependent effects of
PMA + IFNY (inducer) on the expression of p38 (p = phosphorylated, t = total) in Caco-2. Please see
the picture of full gel in Supplementary Figures S3 and S4. (b) Densitometry analysis determined from
western blots. Phosphorylated (p-p38) relative to total (t-p38). Values represent mean + SD (1 = 3).
* represents significant difference compared to 0 h by student’s ¢ test, p < 0.05. (C) (a) Western Blotting
analysis showing the time-dependent effects of PMA + IFNYy (inducer) on the expression of JNK
(p = phosphorylated, t = total) in Caco-2. Please see the picture of full gel in Supplementary Figures S5
and S6. (b) Densitometry analysis determined from western blots. Phosphorylated (p-JNK) relative to
total (t-JNK). Values represent mean & SD (n = 3). * represents significant difference compared to 0 h
by student’s t test, p < 0.05.
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Figure 6. (a) Representative Western Blotting gel showing the effects of different CGA isomers on the
expression of p38 (p = phosphorylated, t = total) in Caco-2. (b) Densitometry analysis determined from
western blots. Phosphorylated (p-p38) relative to total (t-p38). Values represent mean + SD (n = 3).
The significance of the differences between different treatment was analyzed by one-way analysis of
variance (ANOVA), using the Bonferroni post-test with Graph Pad Prism software. Superscript with
different alphabets (a and b) are significantly different (p < 0.05).

3. Discussion

8 of 16

A wide range of CGA concentrations (e.g., 0.7 mM to 30 mM) are known to exist in different coffee

brews, depending on the source of beans and how it is prepared for consumption [18,19]. Taking into
consideration the dilution of CGAs in luminal fluids, we chose to examine CGA at a concentration

range of 0.2-2 mM, which could still exist in the intestinal lumen after coffee consumption.
The gut epithelium represents an important frontline cellular component of the innate immune

system. Human epithelial cells that are challenged with inflammatory mediators have an important
role in elucidating factors that contribute to inflammatory bowel diseases. For instance, interferon y
(INFy), lipopolysaccharide (LPS), tumor necrosis factor a (TNF«), and PMA are examples of commonly
used inflammatory mediators that trigger inflammation in different intestinal and non-intestinal cell
models. IFNy primarily signals through the JAK-STAT pathway, which involves sequential receptor
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recruitment and activation of kinases that control transcription of target genes via specific response
elements [20]. LPS, which is the major component of the outer membrane of Gram-negative bacteria,
bind to TLR4 and triggers the secretion of pro-inflammatory mediators [21]. TNFw also plays a central
role in triggering inflammation by interacting with receptors such as TNFR1 and TNFR2 [22]. PMA is
a potent activator of protein kinase C (PKC) [23]. In this study, we used a cocktail of IFNy and PMA to
trigger an inflammation response in differentiated Caco-2 cells [5]. In this model, interleukin 8 (IL-8)
was significantly secreted. The amount of other pro-inflammatory cytokines was also measured, but
absolute levels were not significantly different compared to the control. IL-8 is a pro-inflammatory
cytokine that consists of 99 amino acids with a molecular mass of 10 kDa. Clinical studies have
provided evidence to show that mucosal IL-8 protein concentration is not detectable in non-IBD
patients, but is increased in subjects with IBD [24]. Others reported that the lamina propria of the
colon in IBD patients secrete significantly higher levels of IL-8 compared to healthy controls [25].
Using an anti-cytokine approach that targets specific pro-inflammatory cytokines is also an effective
therapy to alleviate clinical symptoms of IBD. In the current study, our goal was to explore the possible
protective effects of a dietary component, such as CGA isomers, on inflamed Caco-2 cells targeted at
an inflammatory biomarker, IL8.

Associations between oxidative stress and changes in tight junction proteins have been explored
in detail. For example, TEER values of Caco-2 and T-84 cell monolayers are both decreased by H,O,
generated by the xanthine/xanthine oxidase system [26]. Furthermore, increased intracellular ROS
induced in Caco-2 cells by the bile acid and cholic acid impairs tight junction proteins, which in
turn decreases the Caco-2 cell monolayer TEER value [27]. Barrier integrity is disrupted with a 25%
decline in TEER values in Caco-2 monolayers incubated in the presence of TNF-« [28]. These findings
show that both ROS and inflammatory cytokines impair the functionality of the epithelial barrier,
which comprises an optimal assembly of tight junction proteins [29]. This explains the declining TEER
values of Caco-2 cells induced by PMA + IFNY in our study. The ability of CGA to protect the barrier
integrity of intestinal epithelial cells is similar to other studies that have tested the capacity of another
polyphenolic compound, quercetin, to protect TEER values of Caco-2 cells [30,31].

CGA isomers were also shown to up-regulate the NF«B signaling pathway in PMA + INFy-
challenged Caco-2 Cells. This result demonstrates that the anti-inflammatory activity of CGAs occurred
in a concentration-dependent manner for all isomers. Moreover, dicaffeoylquinic acids had significantly
(p < 0.05) higher anti-inflammatory activity compared to caffeoylquinic acids, with concentrations of
1 mM and 2 mM, respectively. Our finding supports other studies, where the anti-inflammatory effect
of CQA isomer #3 on TNF-«- and H,O;-induced Caco-2 cells was reported over a concentration range
of 0.5 to 2 mM [24]. Our results also confirm and extend the knowledge that anti-inflammatory activity
for different CGA isomers exists in differentiated, inflamed Caco-2 cells.

Some studies have shown that NFkB activity will increase after exposure to HyO,, which
was linked to the activation of the IkB kinase complex that leads to p65 nucleus translocation [32].
To interpret the present observation, we propose that the effect of CGA isomers to up-regulate NFxB
signaling is linked to an affinity to donate an electron, or electrons, to free radicals that were induced
by the PMA + INFy challenge. The CGA isomers thus become phenoxyl radicals (ArO-), which in turn
act to modulate NF«kB signaling. Support for this explanation comes from the fact that the antioxidant
capacity of plant phenolics is attributed to an affinity to trap the chain-carrying peroxyl radicals
(ROO-), forming a hydroperoxide (ROOH) and derived, resonance-stabilized phenoxyl radicals (ArO-)
(Reaction (1)) [33]. The derived phenoxyl radical has the capacity to react with another peroxyl radical
to form non-radical products, which terminates the reaction (Reaction (2)), or alternatively, reacts again
to produce another peroxyl radical (Reaction (3)) [33]:

ROO- + ArOH — ROOH + ArO- 1)

ROO- + ArO- — nonradical products 2)
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ArO- + RH — ArOH + R- — ROO- 3)

where ROO- represents peroxyl radicals; ROOH represents mono-substituted derivative of hydrogen
peroxide; ArOH represents phenolic acid; ArO- represents phenoxyl radicals; RH represents an
oxidation site adjacent to a double bond in any unsaturated fatty acid; and R- represents the free
radical formed.

In the present study, following the uptake of CGA isomers by Caco-2 cells, the intracellular ROS
induced by a PMA + IFNYy challenge was reduced. This can be attributed to an affinity of CGA isomers
to donate an electron/electrons, thus quenching free radicals, such as hydroxyl (OH-), superoxide (O,-),
nitric oxide (NO-), peroxyl radicals (ROO-), and lipid peroxyl (LOO-). These radicals individually
or collectively contribute to the onset of oxidative stress. To describe the antioxidant activity of
CGA isomers, it is important to recognize that phenoxyl radicals (ArO-) are formed in the reaction
(Reaction 1). Employing electron paramagnetic resonance (EPR) techniques have demonstrated the
existence of phenoxyl CGA radicals by showing the EPR spectra of both a primary and secondary
CGA radical in a HyO, peroxidase reaction [34]. In relative terms, the newly formed CGA phenoxyl
radical is not as active as other ROS species, such as OH:, O;--, NO-, ROO-, and LOO-, but nevertheless
could contribute to modifying cell redox biology. Thus, CGA radicals (ArO-), if not reduced, could
become a low-level pro-oxidant which promotes NF«B activation, before reacting with peroxyl radicals
(ROO-) to form a non-radical product. This explanation supports our observation that an increase in
NF«kB occurred initially when CGAs were incubated with Caco-2 cells that had undergone induced
oxidative stress.

MAPK cascades are activated by a family of dual-specificity kinases that phosphorylate MAPK
cascades at specific Thr and Tyr amino acid residues. A broad range of extracellular stimuli,
including cytokines, mitogens, growth factors, and environmental stressors, are known to activate
the phosphorylation of MAPK cascades in differentiated Caco-2 cells. Activation of MAPKs is
controlled via membrane-associated signaling complexes, and involves a network that includes Ras
proteins(s), the Raf family of serine kinases, and MAPK kinases. Previous work has shown that phorbol
12-myristate 13-acetate (PMA) can activate the ERK1/2 and p38 phosphorylation in differentiated
Caco-2 cells [35]. Another study reported that INFy also activates MAPK signaling in macrophages [36].
In the present study, we demonstrated that the cocktail of PMA + IFNy was effective at triggering the
phosphorylation of ERK1/2, p38, and JNK cascades in differentiated Caco-2 cells.

Solid evidence exists that the modulation of p38 has a critical role in inflammatory responses [37].
A major function of p38 is to control the production of pro-inflammatory cytokines. In IBD
patients, for example, the expression of p-p38 increases [37]. After the phosphorylation of
p38, pro-inflammatory cytokines that include interleukin 13 and TNF-« increase, which leads
to a stimulation in pro-inflammatory cytokine production [37]. This will result in further p38
phosphorylation and ultimately lead to an inflammatory response [38]. Therefore, controlling p38
phosphorylation is an effective strategy to control inflammation. The p38 inhibitory compounds’
efficacy at controlling the secretion of pro-inflammatory cytokines in IBD patients has been attempted.
For example, Docena et al. [39] showed that p38 inhibitory drugs reduce pro-inflammatory cytokines
(TNF-o, IL-13, and IL-6) from lamina propria mononuclear cells and biopsies [39]. The results
presented in Figure 5 show that CGA isomers inhibit p-p38, which leads to a suppression of
cytokines that are involved in inflammation. Other signaling pathways are probably also involved in
these responses.

4. Materials and Methods

4.1. Reagents

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), minimum essential
medium (MEM), IENy, PMA, sodium dodecyl sulfate (SDS), and bovine serum albumin (BSA), were
purchased from Sigma (St. Louis, MO, USA). All CGA isomers, (#1 to #6) were obtained from the
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Cerillian Corporation (Round Rock, TX, USA) and Chengdu Must Bio-Technology Co. (Chengdu,
Sichuan, China). Fetal bovine serum (FBS), penicillin, and streptomycin were purchased from Gibco®
(Grand Island, NY, USA). The Nuclear Extraction Kit and p65 Transcription Factor Assay Kit was
purchased from the Cayman Chemical Company (Ann Arbor, MI, USA).

4.2. Cell Culture

The human colon adenocarcinoma cell line Caco-2 cells (HTB-37, American Type Culture
Collection, Manassas, VA, USA) were cultured with minimum essential medium, containing 10% (v/v)
fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL of streptomycin. Cultures were maintained
at 37 °C in a humidified incubator containing 5% (v/v) CO,, and the medium was changed every two
to three days. For individual experiments, cells were seeded into 6- or 96-well plates at a density of
1 x 10°/cm? for 21 days to allow for spontaneous differentiation.

4.3. In Vitro Model of Intestinal Inflammation

The cells were challenged with a mixture of PMA (0.1 ug/mL) + IFNy (8000 U/mL) (PMA +
IFNYy) for 24 h to trigger inflammation after each differentiation and serve as an in vitro model of
intestinal inflammation [16]. In this model, the secretion of 10 cytokines (interleukin 14, interleukin
1B, interleukin 2, interleukin 4, interleukin 6, interleukin 8, interleukin 10, interleukin 12, interleukin
17A, tumor necrosis factor «) were analyzed; however, only the results of interleukin 8 was found to
be significant and were therefore reported in this study.

4.4. Experiment Treatment

For CGA isomer treatment, Caco-2 cells were cultured to differentiation and were pre-incubated
with MEM containing individual CGA isomers at 0.2, 1, and 2 mM for 24 h. Then, the medium was
replaced with media containing a fresh CGA and PMA + IFNY cocktail. To ensure sterilization, CGA
isomers were dissolved in MEM and sterilized by passage through a 2-um filter before being added to
Caco-2 cells. The controls were cells incubated with PMA + IFNy, but not CGA isomers. The blanks
comprised of Caco-2 cells which were either incubated without CGA isomers or PMA + IFNy.

4.5. Assessment of Cell Viability

Cellular metabolic activity is an indirect measure of viability and was assessed using MTT using
96-well plates, as described previously [16].

4.6. Effect of CGA Isomers on IL-8 Secretion in PMA + INFvy Challenged Cell

Caco-2 cells were treated as described in Section 4.4, and the supernatant was collected at 24 h.
The Human IL-8 Single Analyte ELISA kit (Qiagen, Hilden, Germany) was used to quantify the IL-8
level in the culture medium. Specific protocols were described in the manufacturer’s instruction
booklet. The measurement of each media sample was performed in triplicate.

4.7. TEER Measurement

Caco-2 cells were cultured on semipermeable filter inserts (Falcon® Permeable Support) with
a 0.4 pm translucent, high-density PET Membrane (Corning Life Sciences, Tewksbury, MA, USA)
designed for 24-well plates. PMA + IFNY was added to differentiated Caco-2 cells in both the apical
and basolateral compartments, respectively, and the electrical resistance between the compartments
was then measured using a Millicell® ERS voltammeter (Millipore Ltd., Etobicoke, ON, Canada).
One electrode was placed in each of the upper apical and lower basolateral compartments, which
were separated by the Caco-2 monolayer. The procedure included measuring the resistance (Rpjanik) of
the semipermeable membrane without any cells (blank) and measuring the resistance across the cell
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layer on the semipermeable membrane (Ryt,1). TEER values are reported in units of Q-cm?, and were
calculated as:

(Rrotal — Rplank) () X Marea (sz) 4)

The effects of CGA isomers on the TEER values of Caco-2 cells treated with PMA + IFNy were
also evaluated.

4.8. Analysis of p65 Binding Activity by Transactivation Assay

To study the role of different CGA isomers on modulating NFkB signaling in IFNy + PMA-
challenged Caco-2 cells, the binding efficacy of the nuclear extract with the NF«B consensus binding
site was measured using a NF«B (p65) Transcription Factor Assay Kit (10007889, Cayman Chemical
Company, Ann Arbor, MI, USA). Briefly, Caco-2 cells were first recovered with a rubber spatula into
an ice-cold PBS in the presence of phosphatase inhibitors after treatment with the CGA isomer, as
described in the Experiment treatment section. The cytosolic fraction and nuclear fraction were extracted
and separated using a Nuclear Extraction Kit (10009277, Cayman Chemical Company, Ann Arbor,
MI, USA) according to the manufacturer’s instructions. Purity of the nuclear fraction was confirmed
with the presence of histone, though only in the nuclear fraction and not in the cytoplasm fraction;
GAPHD was present only in the cytoplasm and not in the nuclear fraction. Protein concentrations were
determined using the BCA protein assay, and of all the samples were adjusted to 2 mg/mL. An aliquot
of the cellular protein extract, 10 pL (containing 20 pg of protein), was incubated with immobilized
oligonucleotides containing the NF«B consensus binding site (5'-GGGACTTTCC-3’). The active form
of p65 that bound to the oligonucleotides was detected using an anti-p65 primary antibody (1:1000
dilution) for 1 h, followed by incubation with an HRP-conjugated secondary antibody (1:1000 dilution)
for 1 h at room temperature. Absorbance values were recorded using a microplate reader set at 450 nm.

4.9. Western Blot to Analyze p-Evk 1/2, p-]JNK, p-p38, t-Erk 1/2, t-]NK, and t-p38 (p = Phosphorylated;
t = Total)

MAPK pathways are involved in the regulation of gene expression of several proteins involved
in inflammation. To further investigate the mechanisms underlying the anti-inflammatory effects of
CGA isomers, a western blot analysis was performed to show activation of MAPKs. A time-course
experiment was performed in differentiated Caco-2 cells in the presence of PMA + IFNYy at times
that consisted of 0, 1, 2, 6, 8, and 24 h to monitor MAPK signaling. The expression of different
phosphorylated forms of MAPKSs (p-ERK1/2, p-p38, and p-JNK) and total ERK1/2 (t-ERK), total p38
(t-p38), and total JNK (t-JNK) were analyzed by western blot.

M-PER™ Mammalian Protein Extraction Reagent (Cat. No 78501, Thermo Fisher Scientific,
Waltham, MA, USA) (added phenyl methyl sulphonyl fluoride and protease inhibitor) was used to
extract the Caco-2 cell protein, according to the manufacturer’s instructions. The total protein extracts
(20 pg protein) were subjected to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) using a Mini-PROTEAN® II Multiscreen Apparatus (Bio-Rad Laboratories, Hercules,
CA, USA). Separated proteins were transferred to nitrocellulose membranes (0.2 pm, 7 x 8.4 cm;
Bio-Rad Laboratories, Hercules, CA, USA), and the membranes were incubated with 3% BSA
at 20 °C for 1 h to block unspecific binding sites, before incubating with different antibodies
(for detecting phosphorylated MAPK cascades): anti-phospho-Erk1/2 (phospho Thr202/Tyr204)
(D13.14.4E) XP® Rabbit mAb (1:2000 dilution) (4370S, Cell Signaling Technology, Danvers, MA, USA);
anti-phospho-JNK1 + JNK2+ JNK3 (phospho T183 + T183 + T221) antibody (1:1000 dilution) (ab124956,
Abcam Inc., Ontario, Canada); anti-phospho-p38 MAPK (phospho Thr180/Tyr182) (D3F9) XP® Rabbit
mAb (1:1000 dilution) (4511S, Cell Signaling Technology, Danvers, MA, USA) at a temperature of 4 °C,
overnight. Subsequently, the membranes were washed three times using Tris-buffered-saline-Tween
(TBST) and then incubated with a secondary antibody, a horse-radish peroxidase-conjugated goat
anti-rabbit IgG antibody (1:1000 dilution) (Invitrogen, Carlsbad, CA, USA) for 1 h. The membranes
were then washed three times with TBST, and reacted against a Western ECL substrate (Bio-Rad
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Laboratories Inc., Woodinville, WA, USA) for 3 min. A ChemiDoc™ MP Imaging System (Bio-Rad
Laboratories Inc., Woodinville, WA, USA) was used to detect the proteins. Equal protein loading was
demonstrated by stripping the original blot and re-probing with t-ERK1/2, t-JNK, and t-p38 antibodies.
Specifically, the membrane that was used for the detection of p-Erk1/2 was washed three times with
TBST and incubated in a mixture antibody solution that contained both anti-phospho-Erk1/2 (phospho
Thr202/Tyr204) (D13.14.4E) XP® Rabbit mAb (1:2000 dilution) (4370S, Cell Signaling Technology,
Danvers, MA, USA) and anti-Erk1/2 (137F5) Rabbit mAb (1:1000 dilution) (4695S, Cell Signaling
Technology, Danvers, MA, USA). Similarly, the membrane that was used for the detection of p-JNK
was washed three times with TBST and incubated in a mixture antibody solution that contained
both anti-phospho-JNK1 + JNK2 + JNK3 (phospho T183 + T183 + T221) antibody (1:1000 dilution)
(ab124956, Abcam Inc., Ontario, Canada) and anti-JNK1 + JNK2 + JNK3 antibody (1:2000 dilution)
(ab208035, Abcam Inc., Ontario, Canada). Similarly, the membrane that was used for the detection
of p-p38 was washed three times with TBST and incubated in a mixture antibody solution that
contained both anti-phospho-p38 MAPK (phospho Thr180/Tyr182) (D3F9) XP® Rabbit mAb (1:1000
dilution) (4511S, Cell Signaling Technology, Danvers, MA, USA), and anti-p38 MAPK (D13E1) XP®
Rabbit mAb (1:1000 dilution) (8690S, Cell Signaling Technology, Danvers, MA, USA. Image Lab. 4.1
software (Bio-Rad Laboratories Inc., Woodinville, WA, USA) was used to conduct the densitometry
analysis. The expression of p-ERK1/2 was normalized by calculating the relative density of that
which was phosphorylated (p-ERK1/2) to the total (t-ERK1/2). Similarly, the relative density of the
phosphorylated (p-JNK) to the total (t-JNK), and the relative density of the phosphorylated (p-p38) to
the total (t-p38), were also calculated. The normalized expression was then compared across samples
to detect the impact of CGA isomers on MAPK signaling.

4.10. Statistics

All experiments were performed in triplicate wells for each condition, and repeated at least
three times. Representative data are presented as mean =+ standard deviation (SD). The data
were analyzed by a one-way ANOVA using Graphpad Prism software (San Diego, CA, USA).
Significant differences were compared using Bonferroni post-hoc tests with p < 0.05 representing
a statistically significant difference.

5. Conclusions

We concluded that CGA isomers exerted anti-inflammatory activity in IFNy + PMA-challenged
Caco-2 cells in part, by decreasing the phosphorylation of the p38 MAPK cascade and up-regulating
NF«kB signaling.
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Abbreviations
ANOVA one-way analysis of variance
CGA Chlorogenic acid

CQA caffeoylquinic acids

DiCQA Dicaffeoylquinic acids

ERK1/2 extracellular signal-regulated kinase 1 and 2

FBS fetal bovine serum

JNK c-Jun N-terminal kinases

IFNy interferon gamma

IL-6 interleukin-6

IL-8 interleukin-8

IBD inflammatory bowel diseases

MAPK mitogen-activated protein kinases

MEM minimum essential medium

MTT 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide
NF«kB nuclear factor kappa-light-chain-enhancer of activated B cells
PMA phorbol myristate acetate

P38 p38 isomers

TNF-« tumor necrosis factor alpha

TEER Transepithelial Electrical Resistance

References

10.

11.

12.

13.

Neurath, M.E. Cytokines in inflammatory bowel disease. Nat. Rev. Immunol. 2014, 14, 329-342. [CrossRef]
Xavier, R.J.; Podolsky, D.K. Unravelling the pathogenesis of inflammatory bowel disease. Nature 2007,
448, 427-434. [CrossRef] [PubMed]

Strober, W.; Fuss, 1]J. Proinflammatory cytokines in the pathogenesis of inflammatory bowel disease.
Gastroenterology 2011, 140, 1756-1767. [CrossRef]

Sambuy, Y.; Angelis, I.D.; Ranaldi, G.; Scarino, M.L.; Stammati, A.; Zucco, F. The Caco-2 cell line as a model
of the intestinal barrier: Influence of cell and culture-related factors on Caco-2 cell functional characteristics.
Cell Biol. Toxicol. 2005, 21, 1-26. [CrossRef] [PubMed]

Chen, X.M,; Kitts, D.D. Determining conditions for nitric oxide synthesis in Caco-2 cells using Taguchi and
factorial experimental designs. Anal. Chem. 2008, 381, 185-192. [CrossRef]

Lawrence, T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb. Perspect. Biol. 2009,
1, a001651. [CrossRef] [PubMed]

Wang, T.; Zhang, X.; Li, J.J. The role of NF-kappa B in the regulation of cell stress responses.
Int. Immunopharmacol. 2002, 2, 1509-1520. [CrossRef]

Traenckner, E.B.; Pahl, H.L.; Henkel, T.; Schmidt, K.N.; Wilk, S.; Baeuerle, P.A. Phosphorylation of human
IkB-« on serines 32 and 36 controls IkB-« proteolysis and NF-«kB activation in response to diverse stimuli.
EMBO J. 1995, 14, 2876-2883. [CrossRef]

Moon, ].K.; Yoo, H.S.; Shibamoto, T. Role of roasting conditions in the level of chlorogenic acid content in
coffee beans: Correlation with coffee acidity. . Agric. Food Chem. 2009, 57, 5365-5369. [CrossRef]

Coskun, M.; Olsen, J.; Seidelin, ]J.B.; Nielsen, O.H. MAP kinases in inflammatory bowel disease.
Clin. Chim. Acta 2011, 412, 513-520. [CrossRef]

Shin, H.S.; Satsu, H.; Bae, M.].; Zhao, Z.; Ogiwara, H.; Totsuka, M.; Shimizu, M. Anti-inflammatory effect of
CGA on the IL-8 production in Caco-2 cells and the dextran sulphate sodium-induced colitis symptoms in
C57BL/6 mice. Food Chem. 2015, 168, 167-175. [CrossRef]

De Magalhaes, PM.; Dupont, I; Hendrickx, A.; Raas, T, Dessy, S.; Sergent, T.; Schneider, Y.J.
Anti-inflammatory effect and modulation of cytochrome P450 activities by Artemisia annua tea infusions in
human intestinal Caco-2 cells. Food Chem. 2012, 134, 864-871. [CrossRef] [PubMed]

Hwang, S.J.; Kim, YW.,; Park, Y.; Lee, H.]J.; Kim, K.W. Anti-inflammatory effects of chlorogenic acid in
lipopolysaccharide-stimulated RAW 264.7 cells. Inflamm. Res. 2014, 63, 81-90. [CrossRef]


http://dx.doi.org/10.1038/nri3661
http://dx.doi.org/10.1038/nature06005
http://www.ncbi.nlm.nih.gov/pubmed/17653185
http://dx.doi.org/10.1053/j.gastro.2011.02.016
http://dx.doi.org/10.1007/s10565-005-0085-6
http://www.ncbi.nlm.nih.gov/pubmed/15868485
http://dx.doi.org/10.1016/j.ab.2008.07.013
http://dx.doi.org/10.1101/cshperspect.a001651
http://www.ncbi.nlm.nih.gov/pubmed/20457564
http://dx.doi.org/10.1016/S1567-5769(02)00058-9
http://dx.doi.org/10.1002/j.1460-2075.1995.tb07287.x
http://dx.doi.org/10.1021/jf900012b
http://dx.doi.org/10.1016/j.cca.2010.12.020
http://dx.doi.org/10.1016/j.foodchem.2014.06.100
http://dx.doi.org/10.1016/j.foodchem.2012.02.195
http://www.ncbi.nlm.nih.gov/pubmed/23107701
http://dx.doi.org/10.1007/s00011-013-0674-4

Int. ]. Mol. Sci. 2018, 19, 3873 150f 16

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Zatorski, H.; Sataga, M.; Zieliriska, M.; Piechota-Polariczyk, A.; Owczarek, K.; Kordek, R.; Lewandowska, U.;
Chen, C.; Fichna, J. Experimental colitis in mice is attenuated by topical administration of chlorogenic acid.
Naunyn-Schmiedebergs Arch. Pharmacol. 2015, 388, 643-651. [CrossRef]

Chauhan, PS.; Satti, N.K.; Sharma, V.K,; Dutt, P; Suri, K.A.; Bani, S. Amelioration of inflammatory responses
by chlorogenic acid via suppression of pro-inflammatory mediators. J. Appl. Pharm. Sci 2011, 1, 67-75.
Liang, N.; Kitts, D.D. Amelioration of oxidative stress in Caco-2 cells treated with pro-inflammaotry proteins
by chlorogenic acid isomers via activation of the Nrf2-Keap 1-ARE-signaling pathway. J. Agric. Food Chem.
2018, 66, 11008-11017. [CrossRef]

Elisia, I.; Kitts, D.D. Tocopherol isoforms («-, y-, and 8-) show distinct capacities to control Nrf2 and NF«B
signaling pathways that modulate inflammatory response in Caco-2 intestinal cells. Mol. Cell. Biochem. 2015,
404, 123-131. [CrossRef] [PubMed]

Tfouni, S.A.V.; Carreiro, L.B.; Teles, C.R.A.; Furlani, R.P; Cipolli, KM.; Camargo, M.C. Caffeine and
chlorogenic acids intake from coffee brew: Influence of roasting degree and brewing procedure. Int. J.
Food Sci. Technol. 2014, 49, 747-752. [CrossRef]

Ludwig, .A.; Mena, P; Calani, L.; Cid, C.; Del Rio, D.; Lean, M.E.; Crozier, A. Variations in caffeine and
chlorogenic acid contents of coffees: What are we drinking? Food Funct. 2014, 5, 1718-1726. [CrossRef]
[PubMed]

Schroder, K.; Hertzog, PJ.; Ravasi, T.; Hume, D.A. Interferon-gamma: An overview of signals, mechanimss
and functions. J. Leukocyte Biol. 2004, 75, 163-189. [CrossRef] [PubMed]

Im, E.; Riegler, E; Pothoulakis, C.; Rhee, S. Elevated lipopolysaccharide in the colon evokes intestineal
inflammation, aggraveted in immue modulaotr-imparied mice. Am. . Physiol. Gastrointest. Liver Physiol.
2012, 303, G490-G497. [CrossRef] [PubMed]

Dube, PE.; Punit, S.; Polk, D.B. Redeeming an old foe: Protective as well as pathophysiological roles for tumor
nerosis factor in inflammatory bowel disease. Am. J. Physiol. Gastrointest. Liver Physiol. 2015, 308, G161-G170.
[CrossRef] [PubMed]

Goel, G.; Makkar, P.S.; Francis, G.; Becker, K. Phorbol esters: Structure, biological activity, and toxicity in
animals. Int. ]. Toxicol. 2007, 26, 279-288. [CrossRef]

Nielsen, O.H.; Rudiger, N.; Gaustadnes, M.; Horn, T. Intestinal interleukin-8 concentration and gene
expression in inflammatory bowel disease. Scand. J. Gastroenterol. 2009, 32, 1028-1034. [CrossRef]

Daig, R.; Andus, T.; Aschenbrenner, E.; Falk, W.; Scholmerich, J.; Gross, V. Increased interleukin 8 expression
in the colon mucosa of patients with inflammatory bowel disease. Gut 1996, 38, 216-222. [CrossRef]
[PubMed]

Sido, B.; Hack, V.; Hochlehnert, A.; Lipps, H.; Herfarth, C.; Droge, W. Impairment of intestinal glutathione
synthesis in patients with inflammaotry bowel disease. Gut 1998, 42, 485-492. [CrossRef] [PubMed]
Tsuchiya, T.; Suzuki, O.; Igarashi, K. Protective Effects of chlorogenic acid on paraquat-induced oxidative
stress in rats. Biosci. Biotechnol. Biochem. 1996, 60, 765-768. [CrossRef]

Piegholdt, S.; Pallauf, K.; Esatbeyoglu, T.; Speck, N.; Reiss, K.; Ruddigkeit, L.; Stocker, A.; Huebbe, P;
Rimbach, G. Biochanin A and prunetin improve epiethlial barrier function in intestinal Caco-2 cells via
downregulation of ERK, NF-«B, and tyrosine phosphorylation. Free Radic. Res. 2014, 70, 255-264. [CrossRef]
Capaldo, C.T.; Nusrat, A. Cytokine regulation of tight junctions. Biochim. Biophy. Acta 2009, 1788, 864-871.
[CrossRef]

Carrasco-Pozo, C.; Morales, P.; Gotteland, M. Polyphenols protect the epithelial barrier function of Caco-2
cells exposed to indomethancin through the modulation of occludin and zonula occludens-1 expression.
J. Agric. Food Chem. 2013, 61, 5291-5297. [CrossRef]

Ruan, Z.; Liu, S.; Zhou, Y.; Mi, S.; Liu, G.; Wu, X,; Yao, K.; Assaad, H.; Deng, Z.; Hou, Y.; et al. Chlorogenic
acid decreases intestinal permeability and increase expression of intestinal tight junction proteins in weaned
rats challenged with LPS. PLoS ONE 2014, 9, €97815. [CrossRef] [PubMed]

Kamata, H.; Manabe, T.; Oka, S.; Kamata, K.; Hirata, H. Hydrogen peroxide activates IkB kinases through
phosphorylation of serine residues in the activation loops. FEBS Lett. 2002, 519, 231-237. [CrossRef]

Foti, M.; Ingold, K.U.; Lusztyk, J. The surprising high reactivity of phenoxyl radical. ]. Am. Chem. Soc. 1994,
116, 9440-9447. [CrossRef]


http://dx.doi.org/10.1007/s00210-015-1110-9
http://dx.doi.org/10.1021/acs.jafc.8b03983
http://dx.doi.org/10.1007/s11010-015-2372-8
http://www.ncbi.nlm.nih.gov/pubmed/25724683
http://dx.doi.org/10.1111/ijfs.12361
http://dx.doi.org/10.1039/C4FO00290C
http://www.ncbi.nlm.nih.gov/pubmed/25014672
http://dx.doi.org/10.1189/jlb.0603252
http://www.ncbi.nlm.nih.gov/pubmed/14525967
http://dx.doi.org/10.1152/ajpgi.00120.2012
http://www.ncbi.nlm.nih.gov/pubmed/22723263
http://dx.doi.org/10.1152/ajpgi.00142.2014
http://www.ncbi.nlm.nih.gov/pubmed/25477373
http://dx.doi.org/10.1080/10915810701464641
http://dx.doi.org/10.3109/00365529709011220
http://dx.doi.org/10.1136/gut.38.2.216
http://www.ncbi.nlm.nih.gov/pubmed/8801200
http://dx.doi.org/10.1136/gut.42.4.485
http://www.ncbi.nlm.nih.gov/pubmed/9616308
http://dx.doi.org/10.1271/bbb.60.765
http://dx.doi.org/10.1016/j.freeradbiomed.2014.02.025
http://dx.doi.org/10.1016/j.bbamem.2008.08.027
http://dx.doi.org/10.1021/jf400150p
http://dx.doi.org/10.1371/journal.pone.0097815
http://www.ncbi.nlm.nih.gov/pubmed/24887396
http://dx.doi.org/10.1016/S0014-5793(02)02712-6
http://dx.doi.org/10.1021/ja00100a005

Int. ]. Mol. Sci. 2018, 19, 3873 16 of 16

34.

35.

36.

37.

38.

39.

Yamasaki, H.; Grace, S.C. EPR detection of phytophenoxyl radicals stablized by zinc ions; evidence for
the redox coupling of plant phenolics with ascorbate in the HyO,-peroxidase system. FEBS Lett. 1998,
422,377-380. [CrossRef]

Jiang, Y.; Fleet, J.C. Effect of phorbol 12-myristate 13-acetate activated signaling pathways on 1«,
25 dihydroxyvitamine D3 regulated human 25-hydroxyvitaime D3 24-hydroxylase gene expression in
differentiated Caco-2 cells. J. Cell. Biochem. 2012, 113, 1599-1607. [PubMed]

Valledor, A.E; Sanchez-Tillo, E.; Arpa, L.; Park, ].M.; Caelles, C.; Lloberas, J.; Celada, A. Selective roles of
MAPKSs during the macrophage response to INF-y. J. Immunol. 2008, 180, 4523-4529. [CrossRef] [PubMed]
Hommes, D.; van den Blink, B.; Plasse, T.; Bartelsman, J.; Xu, C.; Macpherson, B.; Tytgat, G.;
Peppelenbosch, M.; Van Deventer, S. Inhibition of stress-activated MAP kinases induces clinical improvement
in moderate to severe Crohn’s disease. Gastroenterology 2002, 122, 7-14. [CrossRef]

Li, J.; Campanale, N.V.; Liang, R.J.; Deane, J.A.; Bertram, ].F; Ricardo, S.D. Inhibition of p38 mitogen-activated
protein kinase and transforming growth factor-betal /Smad signaling pathways modulates the development
of fibrosis in adriamycin-induced nephropathy. Am. J. Pathol. 2006, 169, 1527-1540. [CrossRef]

Docena, G.; Rovedatti, L.; Kruidenier, L.; Fanning, A.; Leakey, N.A.B.; Knowles, C.H.; Lee, K.; Shanahan, F;
Nally, K.; McLean, P.G.; et al. Down-regulation of p38 mitogen-activated protein kinase activation and
proinflammatory cytokine production by mitogen-activated protein kinase inhibitors in inflammatory bowel
disease. Clin. Exp. Immunol. 2010, 162, 108-115. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0014-5793(98)00048-9
http://www.ncbi.nlm.nih.gov/pubmed/22174178
http://dx.doi.org/10.4049/jimmunol.180.7.4523
http://www.ncbi.nlm.nih.gov/pubmed/18354174
http://dx.doi.org/10.1053/gast.2002.30770
http://dx.doi.org/10.2353/ajpath.2006.060169
http://dx.doi.org/10.1111/j.1365-2249.2010.04203.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Impact of CGA Isomers on IL-8 Secretion in PMA + INF-Challenged Caco-2 Cells 
	Transepithelial Electrical Resistance (TEER) Values in Caco-2 Monolayers 
	CGA Isomers Up-Regulated the NFB Signaling Pathway in PMA + INF-Challenged Caco-2 Cells 
	Temporal Effects of the PMA + IFN Challenge in MAPK Signaling in Caco-2 Cell 
	Modulation of MAPK Signaling by CGA Isomers 

	Discussion 
	Materials and Methods 
	Reagents 
	Cell Culture 
	In Vitro Model of Intestinal Inflammation 
	Experiment Treatment 
	Assessment of Cell Viability 
	Effect of CGA Isomers on IL-8 Secretion in PMA + INF Challenged Cell 
	TEER Measurement 
	Analysis of p65 Binding Activity by Transactivation Assay 
	Western Blot to Analyze p-Erk 1/2, p-JNK, p-p38, t-Erk 1/2, t-JNK, and t-p38 (p = Phosphorylated; t = Total) 
	Statistics 

	Conclusions 
	References

