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Green Tea Polyphenols Mitigate Gliadin-Mediated
Inflammation and Permeability in Vitro

Charlene B. Van Buiten, Joshua D. Lambert, and Ryan J. Elias*

Scope: Green tea, a polyphenol-rich beverage, has been reported to mitigate a
number of inflammatory and hypersensitivity disorders in laboratory models,
and has been shown to moderate pathways related to food allergies in vitro.
The present study investigates the impact of decaffeinated green tea extract
(GTE) on the digestion of gliadin protein in vitro and the effect of physical
interactions with GTE on the ability of gliadin to stimulate celiac
disease-related symptoms in vitro.
Methods and results: Complexation of GTE and gliadin in vitro is confirmed
by monitoring increases in turbidity upon titration of GTE into a gliadin
solution. This phenomenon is also observed during in vitro digestion when
gliadin is exposed to the digestive proteases pepsin and trypsin. SDS-PAGE
and enzymatic assays reveal that GTE inhibits digestive protease activity and
gliadin digestion. In differentiated Caco-2 cell monolayers as a model of the
small intestinal epithelium, complexation of gliadin with GTE reduces
gliadin-stimulated monolayer permeability and the release of interleukin (IL)-6
and IL-8.
Conclusion: There are potential beneficial effects of GTE as an adjuvant
therapy for celiac disease through direct interaction between gliadin proteins
and green tea polyphenols.

1. Introduction

Celiac disease (CD) is an autoimmune enteropathy which affects
approximately 1% of the world’s population and is triggered by
ingestion of gluten, a protein found inwheat, barley, and rye. Rich
in glutamine and proline residues, gluten comprises two main
subunits, glutenins and gliadins.[1] CD is characterized by forma-
tion of lesions in the small intestinal mucosa, hyperplasia of the
intestinal crypts, and villous atrophy. Impaired nutrient absorp-
tion as a result of CD can lead to malnutrition and extraintestinal
manifestations including anemia and reduced bone density.[2]
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CD pathogenesis begins with incom-
plete digestion of gluten proteins in the
small intestine, which triggers an in-
crease in intestinal permeability via the
enterocytic release of zonulin, an endoge-
nous tight junction inhibitor.[3] Increased
permeability of the intestinal epithelium
allows paracellular transport of gliadin
across the brush border in addition to
transcellular transport, creating an in-
flux of undigested gliadins to the lamina
propria.[4,5]

The influx of gliadin to the lamina pro-
pria stimulates monocytes to release in-
terleukin (IL)-15, a proinflammatory cy-
tokine that signals the infiltration of in-
traepithelial lymphocytes (IELs) to the
submucosa. IELs kill the epithelial cells
producing stress signals, leading to the
macroscopic changes in the small in-
testinal mucosa described previously as
well as the secretion of tissue trans-
glutaminase (TG2) by epithelial cells.
This enzyme is normally associated with
wound healing; however, in the context

of CD, TG2 deamidates glutamine residues on the gliadin frag-
ments in the lamina propria, increasing their affinity to bind
with CD-specific antigen presenting cells.[6,7] Antigen presenta-
tion of gliadin and gliadin bound to TG2 results in the activa-
tion of CD4+ T cells, which produce inflammatory cytokines and
stimulate plasma cells to produce anti-gliadin and anti-TG2 anti-
bodies, propagating the immune response.[8]

The only reliable treatment currently available to patients is
lifelong adherence to a gluten-free diet, which is both expen-
sive and difficult to maintain.[9–12] For this reason, there is an ur-
gent need for development of adjuvant therapies for CD. Among
the proposed therapies are enzyme supplements that can be
taken orally to further digest immunostimulatory epitopes,[13] an-
tagonists of intestinal permeability[14] and a synthetic polymer
that binds to gluten in the lumen.[15–17] The polymer, composed
of hydroxyethyl methacrylate and sodium-4-styrene sulfonate
(poly(HEMA-co-SS)), has been shown to be a potentially effective
strategy for mitigating CD symptoms. Poly(HEMA-co-SS) binds
to gluten proteins in the lumen, making them resistant to diges-
tion and absorption. This prevents the initiation of the CD symp-
toms and the previously described immune response, supporting
gliadin sequestration as a possible adjuvant therapy for CD.[15–17]

Polyphenols are secondary metabolites produced by a
wide variety of plants, and have been demonstrated to bind
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proteins with varying affinity. Protein-polyphenol interactions
have been studied in terms of their role in the tactile oral
sensation of astringency. Protein structure has been shown to be
critical to these interactions, with proline-rich proteins favoring
interactions with polyphenols via hydrogen bonding and van der
Waals interaction.[18] Protein-polyphenol interactions can affect
digestibility and bioavailability of proteins directly by sequester-
ing proteins, making them inaccessible to digestive proteases,
and indirectly by inhibiting digestive protease activity.[19–21]

A number of laboratory and epidemiological studies have
suggested that green tea (Camellia sinensis, Theaceae) and
its major polyphenolic component, (-)-epigallocatechin-3-gallate
(EGCG) may prevent chronic inflammatory conditions includ-
ing metabolic syndrome and inflammatory bowel diseases
(IBD).[22,23] Animal model studies have shown that green
tea polyphenols can mitigate damage to the small intestinal
mucosa,[23,24] and reduce production of inflammatory cytokines,
decreasing oxidative stress in epithelial cells.[25–27]

IBD shares a number of pathologies with CD.[22,28] However,
CD is unique in its requirement for exposure to gluten antigens,
the specific environmental trigger for the disease.[1] Given the
overlap in inflammatory signaling between these two conditions,
the putative anti-inflammatory effects of green tea polyphenols,
and the ability of green tea polyphenols to bind to and sequester
dietary proteins, we hypothesized that green tea catechins can
ameliorate the inflammatory pathologies associated with CD.
In the present study, our objectives were to characterize the for-

mation of gliadin-green tea polyphenol complexes in vitro, to de-
termine the impact of green tea polyphenols on gliadin digestion
and the activity of small intestinal protease function, and to deter-
mine the efficacy of green tea extract (GTE) in reducing gliadin-
mediated increases in intestinal permeability and inflammation.

2. Experimental Section

Gliadin, pepsin, trypsin, and Folin–Ciocalteu reagent were ob-
tained from Sigma-Aldrich (St. Louis, MO). Decaffeinated GTE
was kindly donated by Nature’s Sunshine Products, Inc. (Span-
ish Fork, UT). The GTE used in this study contained 806 mg g−1

total polyphenols, 653 mg g−1 of which were catechins including
413 mg g−1 EGCG, as reported by the manufacturer based on
HPLC analysis. Pepsin/trypsin-digested gliadin (PT-gliadin) was
prepared as described previously.[29] In brief, gliadin (0.1 g mL−1)
was suspended in 0.2 N HCl and stirred continuously at 37 °C.
Pepsin (2.0 g L−1) was added to the suspension after 10 min, and
the solution was stirred for 2 h, at which point, the pH was ad-
justed to 7.4 and trypsin (2.0 g L−1) was added. Following an ad-
ditional 4 h of continuous stirring at 37 °C, the enzymes were
inactivated by boiling (30 min) and the solution was lyophilized.

2.1. In Vitro Digestion

The impact of GTE on the small intestinal digestion process was
tested by dissolving gliadin in 0.2 N HCl (final concentration =
20 mg mL−1) to which GTE was added. Pepsin was added (final
concentration = 0.3 mg mL−1) and the samples were digested at

37 °C for 2 h with stirring. The pH of the reaction was subse-
quently adjusted to 7.4 with 2 N NaOH, trypsin (final concentra-
tion = 0.3 mg mL−1) was added, and the reaction was incubated
at 37 °C for 4 h with stirring. At the end of the incubation, the
reaction was boiled for 30 min. In order to evaluate the extent
of digestion and the degree of gliadin precipitation in the pres-
ence of GTE, the samples were separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). In brief,
aliquots were mixed with Laemmli sample buffer (Bio-Rad, Her-
cules, CA) and electrophoresed on 4–20% polyacrylamide gels
using a constant voltage of 80 V for 15 min followed by 100 V
for 45 min. Gels were stained with Coomassie R-250 dye (Sigma-
Aldrich, St. Louis, MO) and imaged using an Odyssey Infrared
Imaging System (LI-COR Biosciences, Lincoln, NE).

2.2. Digestive Protease Activity

Inhibition of pepsin byGTEwasmeasured using a commercially-
available fluorimetric method (Molecular Probes, Eugene, OR).
Pepsin (final concentration = 2.7 μg mL−1 in 10 mm HCl, pH
2.0) was combined with GTE (final concentrations = 0–500 μg
mL−1). The reaction was started by addition of a fluorogenic sub-
strate (BODIPY FL casein, final concentration = 10 μg mL−1).
After incubation at ambient temperature in the dark for 1 h, the
fluorescence of the reaction was measured (λex = 485 nm and
λem = 530 nm) using a Fluoroskan Ascent FL (Thermo Scien-
tific, Ashville, NC).
The inhibitory activity of GTE against trypsin was measured

using a modified version of the method of Liu and Markakis.[30]

In brief, N-α-benzoyl-DL-arginine 4-nitroanilide hydrochloride
(BAPNA, 40 mg mL−1 in DMSO) was diluted to a final concen-
tration of 400 μg mL−1 in pre-warmed assay buffer (50 mm Tris
buffer, pH 8.2, 10 mm CaCl2). Two volumes of GTE were then
added to four volumes of the BAPNA solution to final GTE con-
centrations of 0–500μgmL−1. The enzyme reaction was initiated
by addition of trypsin (stock solution= 0.2mgmL−1 in 1mmHCl
containing 2.5mmCaCl2, pH 2.5) to achieve a final concentration
of 2.7 μg mL−1 trypsin. The reaction was incubated for 10 min
at 37 °C before being stopped by the addition of one volume of
30% acetic acid. The trypsin-mediated release of p-nitroanaline
was determined by measuring the absorbance at 385 nm using a
Multiskan Go UV/Vis plate reader (Thermo Scientific, Ashville,
NC).
Mechanisms of pepsin and trypsin inhibition by GTE were

measured by performing experiments analogous to those previ-
ously described, but withmodifications. GTE was held at concen-
trations of 0, 50, or 100 μg mL−1 while substrate concentrations
were varied from 0 to 2 μM BODIPY FL casein for pepsin and
from 0 to 2 mm BAPNA for trypsin.

2.3. Co-precipitation Profiling

Samples in the following experiments were prepared in 10 mm
phosphate buffered saline (PBS) at pH 6.8. All experiments were
completed in triplicate. PBS, PT-gliadin or native gliadin, and
GTE were all used as controls.
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To analyze the precipitation of gliadins byGTE, gliadin (PT and
native gliadin, final concentrations of 0–4mgmL−1) was added to
GTE (0–1.5 mg mL−1). Samples were prepared in 96-well plates
and shaken at 300 rpm for 2 h prior to analysis.
Turbidity was measured at 400 nm using a Multiskan Go

UV/Vis Plate Reader (Thermo Scientific, Ashville, NC). Control
absorbencies were subtracted from each corresponding turbid-
ity reading as a blank. After turbidity readings, samples were re-
moved from wells and centrifuged (10 min at 1300 × g). The su-
pernatant was used for further analysis.
Percent precipitation of total polyphenols was measured using

the Folin-Ciocalteumethod. Soluble protein remaining in the su-
pernatant was measured using the EZQ protein quantitation kit
(Life Technologies, Grand Island, NY). Percent protein precipi-
tated was calculated by comparing the soluble protein content of
the controls to the protein content of each supernatant.

2.4. Cell Culture

Caco-2 cells from the BBE subclone line (C2BBE1, ATCC CRL-
2102; American Type Tissue Collection, Rockville, MD) were
kindly donated by Lankenau Institute for Medical Research
(Wynnewood, PA). Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with sodium pyruvate supplemented
with 10% fetal bovine serum, 1% non-essential amino acids, and
50UmL−1 penicillin and 50μgmL−1 streptomycin (Corning Life
Sciences, Corning, NY). Cells were maintained at 37 °C in a 5%
CO2, 95% air humidified atmosphere. Cells were passaged twice
weekly at 70% confluence. Passages 54–64 were used for the fol-
lowing experiments. The cytotoxicity of the treatments used in
the following experiments was assessed as described in Support-
ing Information.

2.4.1. In Vitro Intestinal Permeability

A transwell monolayer model was used to measure paracellu-
lar permeability as a function of transepithelial electrical resis-
tance (TEER). Cells were seeded on polycarbonate Transwells
(0.33 cm2, 0.4μMpore size; Corning Life Sciences, Corning, NY)
at a density of 2 × 105 cells mL−1. Media was refreshed every
2–3 days after confluence for 21 days until cells were fully dif-
ferentiated and TEER values, measured every 2 days for the last
week of growth, were stabilized.[31] Only monolayers with TEER
values above 300�•cm2 were used for permeability experiments.
On day 21, cells were treated with 1 mg mL−1 PT-gliadin, 1 mg
mL−1 GTE or a combination of the two treatments, delivering
1mgmL−1 of each. Treatment concentrations were chosen based
on previous studies using in vitro models of celiac disease[29] and
a physiologically relevant dose of GTE, as calculated by a stomach
volume of 0.25–1.7 L in a fasted versus fed state[32] and a 250 mL
cup of tea delivering approximately 900 mg of water extractable
solids.[33] This results in a concentration of 500–1000 mg mL−1

in the stomach. DMEM was used as a negative control. TEER
was measured using a Millicell ERS-2 Epithelial Volt-OhmMeter
(Millipore Corp, Billerica, MA) prior to, and immediately after,
treatment as well as 1, 3, 4, and 24 h after treatment.

2.4.2. Inflammatory Markers

Cells were plated in 24-well plates at 4 × 104 cells per well and
allowed to attach for 48 h. Cells were then treated with 1 mg
mL−1 PT-gliadin, 1 mg mL−1 GTE or the combination. DMEM
was used as a negative control. Media was aliquoted at 30 min,
1 h, 4 h, and 24 h, then stored at −80 °C until analysis. Levels of
IL-6 and IL-8 were assayed in duplicate by electrochemilumines-
cence using a multiplex V-Plex kit from Meso Scale Discovery
(MSD; Meso Scale Discovery, Rockville, MD). Sample concen-
trations were determined based on a standard curve generated
by MSD Workbench software. After 24 h of the aforementioned
treatments, cells were trypsinized and counted using a hemocy-
tometer to determine the impact of each treatment on the num-
ber of viable cells over the 24 h period.

2.5. Statistical Analysis

All data are presented as the mean ± standard error of the mean
(SEM) and completed in triplicate unless otherwise indicated.
One-way analysis of variance (ANOVA) was used for protease in-
hibition assays and two-way ANOVA was used for cell culture ex-
periments, each with Tukey’s Multiple Comparison Test to com-
pare samples. Values of p < 0.05 were considered significant.

3. Results

3.1. Gliadin Digestion is Inhibited by GTE

In the absence of GTE, pepsin and trypsin hydrolyze gliadin,
resulting in the formation of lower molecular weight peptides
(Figure 1A). GTE inhibits pepsin/trypsin-mediated digestion in
vitro as indicated by the greater levels of higher molecular weight
gliadins present in incubations containing increasing amounts
of GTE relative to gliadin (Figure 1B). We hypothesized that in-
hibition of gliadin digestion resulted from physical interaction
between GTE and gliadin, leading to precipitation and decreased
digestibility of gliadin, direct inhibition of the digestive proteases
pepsin and trypsin, or a combination of these mechanisms.
Using in vitro enzyme activity assays, we found that GTE in-

hibits both pepsin (IC50 = 29μgmL−1) and trypsin (IC50 = 88μg
mL−1) in a dose-dependent manner (Figure 2A,B). Kinetic anal-
ysis revealed that GTE exerts mixed mode of inhibition against
pepsin with respect to substrate concentration, and uncompeti-
tive mode of inhibition against trypsin with respect to substrate
concentration (Figure 2B,C, Table 1).

3.2. GTE Binds to Native Gliadin and PT-Gliadin

The ability of GTE to bind to and precipitate gliadin was mea-
sured by examining the turbidity of gliadin solutions in combi-
nation with various amounts of GTE (Figure 3). Both native and
PT-gliadin interact with GTE, resulting in the formation of insol-
uble aggregates. Infrared imaging of the GTE/gliadin complexes
indicated that while GTE/native gliadin formed large, dense
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Figure 1. Molecular weight profiles of native and pepsin-trypsin digested
(PT) gliadin. Dose-dependent inhibition of gliadin digestion. Control
gliadin shows complete digestion of the protein. Supplementation of GTE
caused decreased formation of low MW digestion products.

aggregates (Figure 3A), GTE/PT-gliadin resulted in the forma-
tion of haze (Figure 3B). These conformational differences con-
tribute to the differences inmeasured turbidities of the solutions.
The turbidity of GTE/native gliadin increases as a function of
GTE concentration regardless of gliadin concentration (Figure
3C), while the turbidity of GTE/PT-gliadin depends on the con-
centrations of both GTE and PT-gliadin (Figure 3D).
As expected, soluble GTE polyphenols were also reduced

in the co-incubations with gliadin and PT-gliadin. In the
GTE/native gliadin samples, maximum polyphenolic precipita-
tion was achieved at a 1:1.5 ratio of GTE:gliadin (w/w), with
33.35% of total polyphenols being removed from solution (Fig-
ure 3E). This is in contrast to GTE/PT-gliadin samples, where
phenolic precipitation was greatest at the lowest GTE concentra-
tion, with 72.53% of total polyphenols precipitated when the sam-
ple contained a ratio of 0.05:1 GTE:PT-gliadin (w/w) (Figure 3F).
Analysis of the supernatant showed that GTE is an effective se-
questrant of PT-gliadin, precipitating 93.4% ± 9.2 of protein at
an addition ratio of 1:1. (Figure 3G).

3.3. GTE Exerts a Protective Effect on Intestinal Epithelial Cells

GTE exerts a protective effect against gliadin-mediated intestinal
permeability and inflammation (Figure 4 and 5). The treatments
used were found to have no significant effect on cell viability un-
der the experimental conditions used based on the MTT assay
(Figure S1, Supporting Information).[34]

The protective effect of GTE against gliadin-mediated intesti-
nal permeability was observed as the preservation of TEER
(Figure 4). This effect can be observed as early as 1 h into the treat-
ment, with both the GTE and combination treatments demon-
strating similar increases in TEER, approximately 12% greater
than baseline. Gliadin-mediated permeability appears at the 1 h
time point and is maintained through 24 h, but the protective
effects of GTE are sustained.
Secretion of proinflammatory cytokines IL-6 and IL-8 by Caco-

2 cells was also mitigated by GTE (Figure 5). Over the course of
4 h, PT-gliadin stimulated a significant increase in IL-6 produc-
tion, which has been mediated by the addition of GTE at a 1:1
ratio. The protective effects of GTE against IL-6 production are
sustained over 24 h, even as IL-6 production by the control cells
increases to similar levels as those treated with PT-gliadin. IL-8
production, which is elevated by PT-gliadin within the first 0.5 h
of treatment, was suppressed in the presence of GTE throughout
the course of the experiment. The PT:GTE-treated cells produced
significantly less IL-8 than the PT-gliadin and control treatments.
The protective effect of GTE alone is apparent as well, based
on similarly suppressed IL-8 production throughout the 24 h
experiment.
With respect to the elevated levels of IL-6 and IL-8 in the con-

trol samples, it is important to note that each of the applied treat-
ments affects cell proliferation and, thus, the apparent concen-
trations of inflammatory cytokines shown are likely affected by
the number of cells. Cell proliferation experiments demonstrated
that cell growth rate was modified by the presence of the treat-
ment groups; however, the cell counts at the time of the exper-
iment were not different from one another, validating compar-
isons between experimental groups (Figure 6).

4. Discussion

Adherence to a gluten-free diet is currently the only widely ac-
cepted therapy for individuals with CD; however, many indi-
viduals are exposed to gluten proteins inadvertently. For this

Table 1. Kinetic analysis of GTE inhibition of digestive proteases.

Pepsin Trypsin

GTE [μg mL−1] Km [μmol L−1] Vmax [pmol min−1 μg−1 protein] Km [mmol L−1] Vmax [μmol min−1 mg−1 protein]

0 0.49 ± 0.07a 6.48 ± 0.33a 4.15 ± 0.30a 15.93 ± 0.87a

50 0.74 ± 0.14b 4.59 ± 0.36b 0.61 ± 0.07b 3.04 ± 0.15b

100 0.82 ± 0.16b 3.15 ± 0.27c 0.57 ± 0.08b 2.12 ± 0.12c

Concentration of GTE is expressed as micrograms per milliliter. The units of Km are expressed as millimole per liter N-α-benzoyl-dl-arginine for trypsin and micromole per
liter BODIPY FL casein for pepsin. The units of Vmax are expressed as micromole p-nitroaniline per minute per milligram protein for trypsin and pmol BODIPY FL per minute
per microgram protein for pepsin. Values are expressed as mean ± the standard deviation of the mean of three independent experiments and were analyzed using one-way
ANOVA. Values in the same column not sharing common letters are significantly different (p < 0.05).
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Figure 2. GTE dose dependently inhibits pepsin and trypsin in vitro. A) Pepsin is inhibited by GTE with an IC50 of 29μgmL−1 while B) trypsin is inhibited
with an IC50 of 88μg mL−1. Mechanisms of inhibition were determined usingMichaelis-Menten analysis, showing GTE as C) a mixed inhibitor of pepsin
and D) an uncompetitive inhibitor of trypsin. All values are expressed as mean ± SEM from three independent experiments.

reason, adjuvant therapies are needed to protect individuals with
CD from the deleterious effects of gluten exposure. Data sug-
gest that sequestration of gliadin may be an effective prevention
strategy for CD by inhibiting digestion and absorption of the pro-
tein. Oral administration of the synthetic polymer poly(HEMA-
co-SS) prevents gliadin-mediated toxicity in vivo.[16] Green tea
polyphenols have been shown to interact with a number of pro-
teins, and to mitigate inflammation and oxidative stress asso-
ciated with IBD, a condition that has pathologic similarities to
CD.[25–27] The present study explored the potential protective ef-
fect of GTE in CD through physical interaction with gliadin, in-
hibition of gliadin digestion, and prevention of gliadin-mediated
damage in an in vitro model of the small intestine.
CD pathogenesis begins when partially digested gliadin

peptide crosses the brush border as a result of protected
transcytosis[5] or paracellular transport, which is increased as a
result of zonulin-mediated intestinal permeability.[4,35] Gliadin
molecular weights fall within the range 28–55 kDa,[36] but hydrol-
ysis by pepsin and trypsin yields lowermolecular weight digestive
products (Figure 1). Upon addition of GTE to the in vitro diges-
tion, the production of lowmolecular weight digestive products is
decreased. Our findings suggest two separate mechanisms of di-
gestion inhibition: 1) direct inhibition of digestive proteases and
2) substrate sequestration, wherein gliadins bound by GTE are
protected from enzymatic hydrolysis.
Pepsin and trypsin were both dose-dependently inhibited by

GTE by mixed and uncompetitive mechanisms, respectively. The
inhibition of digestive proteases by dietary polyphenols has been
studied with respect to the impact on digestibility and accessibil-
ity of proteins in the human diet, and this inhibition has been
shown to occur primarily through non-covalent interactions.[37]

The structure of the polyphenols has been shown to play an im-
portant role with respect to inhibitory activity, with greater affin-
ity between polyphenols and trypsin observed as a function of
increasing hydroxyl groups on the phenolic rings.[38] As a re-
sult, dietary polyphenols are likely to exhibit varying degrees of
inhibitory activity due to variability in polyphenolic profile (i.e.,
hydroxyl group substitution). In general, GTE is associated with
trypsin inhibitory activity,[20,21] although conflicting data exist as
to whether GTE inhibits or activates pepsin activity.[21,39]

While GTE formed insoluble complexes with both native and
PT-gliadins, physical differences were observed in the particles
formed via the measured turbidity and infrared imaging of sam-
ples, as GTE/native gliadin complexes demonstrated lower over-
all turbidity and larger, more dense particles in comparison to
GTE/PT-gliadin, where greater overall turbidity was observed in
combination with the formation of haze rather than aggregates.
These conformation differences are likely due to the differences
in the molecular weight and particle size of the protein in solu-
tion prior to the addition of GTE, as turbidity measurements are
affected by concentration and geometry of particles. Although the
overall mass protein concentration is the same between samples,
PT-gliadin features a greater number of individual molecules per
milligram as a result of enzymatic hydrolysis.[40]

CD is characterized by intestinal barrier permeability and the
formation of mucosal lesions upon exposure to gliadin.[1] During
the initial stages of pathogenesis, gliadin causes the disruption of
tight junction proteins and polymerization of cytoskeletal actin in
the intestinal epithelium, resulting in permeability of the brush
border.[3] When plated on Transwells and grown into a confluent
monolayer, Caco-2 cells serve as a simple model for the intestinal
brush border. The biological implications of complexation with
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Figure 3. GTE interacts with gliadins both before and after enzymatic hydrolysis. Precipitation profiles of A–C) native gliadin and D–F) PT-gliadin with
GTE. Native gliadin was precipitated by GTE to form A) larger dense particles compared to D) the haze formed by PT-gliadin, resulting in lower overall
turbidity (B vs. E). GTE interaction with PT-gliadin results in C, F, G) co-precipitation of both the protein and polyphenols.

Figure 4. Changes in TEER as a result of gliadin andGTE addition. Gliadin-
mediated permeability is demonstrated by decreases in TEER. GTE supple-
mentation increases TEER in the presence and absence of gliadin, suggest-
ing an improvement in barrier integrity. Values are expressed as mean ±
SEM from two independent experiments with three replications per treat-
ment. Values in the same time point not sharing common letters are sig-
nificantly different (p < 0.05).

GTE on gliadin-mediated permeability and inflammation of the
small intestine were tested using pre-digested PT-gliadin mixed
with GTE at a 1:1 (w/w) ratio and the Caco-2 cell line. Previous
studies have shown that inhibiting the formation of immunos-

timulatory and cytotoxic digestive fragments of gliadin may be
an effective strategy for preventing CD symptoms[16,17]; therefore,
we chose to investigate the system from the perspective of toxic
gliadin fragments having already been produced by digestive en-
zymes and GTE administered as a therapy post-ingestion.
In the absence of GTE, PT-gliadin elicited an increase in

permeability, as demonstrated by decreasing TEER. The pre-
treatment of PT-gliadin with GTE at a 1:1 (w/w) ratio prevented
this gliadin-mediated permeability, instead promoting barrier
integrity as noted by increasing TEER. GTE and its polyphenolic
components have previously been associated with improved
barrier function in non-CD gastrointestinal diseases. EGCG,
the most prominent catechin in green tea, has been shown
to improve barrier function in DSS-induced colitis in vivo via
upregulation of GLP-2, a peptide hormone associated with
protection against mucosal injury.[27] In addition to preventing
gliadin-mediated permeability, GTE mitigated the production
of proinflammatory cytokines IL-6 and IL-8 by Caco-2 cells.
IL-6 is associated with the aforementioned intestinal perme-
ability observed upon gliadin challenge in CD, and it has been
found to be expressed in both acute and chronic inflammatory
processes.[26] IL-8, stimulated in CD pathogenesis by the binding
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Figure 5. A) Gliadin-mediated IL-6 production is downregulated by GTE.
Experiments completed in duplicate, expressed as mean ± standard devi-
ation. Values in the same time point not sharing common letters are signif-
icantly different (p < 0.05). B) IL-8 production is downregulated by GTE in
the presence and absence of gliadin. Values are expressed asmean± SEM
from two independent experiments with three replications per treatment.
Values in the same time point not sharing common letters are significantly
different (p < 0.05).

Figure 6. PT-gliadin and GTE modify cell growth rates over the course of
24 h in comparison to the untreated control. Cells were initially plated with
a seeding density of 2 × 105 cells mL−1. Values are expressed as mean ±
SEM from three independent experiments. Values in the same time point
not sharing common letters are significantly different (p < 0.05).

of PT-gliadin to the CXCR3 receptor, is the cytokine responsible
for the recruitment and activation of IELs in the small intestinal
mucosa, a diagnostic characteristic of the disease.[1,41]

Mediation of proinflammatory cytokines such as IL-6 and IL-8
has been investigated as a treatment for IBD. Green tea polyphe-
nols and purified EGCG have been shown to mediate TNF-α-
stimulated IL-8 release by IEC-6 cells[42] as well as prevent IL-6
and TNF-α secretion, and ameliorate colonic lesions in a murine
model of ulcerative colitis.[24] Our findings suggest that similar
benefits may exist in the application of green tea polyphenols as
a treatment for CD via similarmechanisms of direct influence on
cytokine production by intestinal cells as observed in IBD mod-
els, or by our demonstrated mechanism of gliadin sequestration.
Further studies are required to determine the extent of each of

these contributingmechanisms to the observed protective effects
of GTE against gliadin-mediated inflammation and permeability.
The results of this study support the potential for GTE as an ad-

juvant therapy for controlling CD. The therapeuticmechanism of
GTE appears to be similar to that of poly(HEMA-co-SS), in that
both can sequester gliadin. We have shown that GTE may also
confer protection against gliadin by preventing protein digestion
through protease inhibition and can mitigate gliadin-mediated
inflammatory responses. Though the in vitro model used in this
study simplifies the reaction conditions for digestion and CD
pathogenesis, the findings provide proof of the concept that inhi-
bition of gliadin digestion may be beneficial in ameliorating CD-
related intestinal permeability and inflammation. One limitation
of the model used is the absence of non-gliadin proteins which
would likely also bind to polyphenols in vivo.[43] However, dietary
polyphenols have previously been shown to inhibit protein diges-
tion in vivo and it has also been determined that proteins with
high frequencies of proline have increased likelihood to interact
with polyphenols.[44] Future studies should focus on the transla-
tion of this treatment approach to a more complex in vitro or ex
vivo system in order to determine the impact of GTE/gliadin in-
teractions on the CD response to gliadin as a whole, including
the activation of gluten-sensitive immune cells.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Supporting Information

The MTT assay was used to test the cytotoxicity of each treatment on Caco-2 cells after 4
hours of exposure. Cells were seeded in 96-well plates at 10 x 103 cells per well using the culture
methods described in the manuscript and allowed to grow to confluence. On the day of
experiments, medium was aspirated and 100 L of new medium containing 1 mg/mL PT-gliadin,
1 mg/mL GTE or 1 mg/mL PT:GTE (1:1) was added to the wells. The control was treated with
the DMEM culture medium. The MTT assay was carried out as described in previously
published literature [1]. Viability of treated cells was normalized to that of the control. It was
determined that the treatments had no significant impact on metabolic activity.

Figure S1. Viability of Caco-2 cells after 4 h of exposure to 1 mg/ml PT-gliadin, 1 mg/ml
PT:GTE (1:1) or 1 mg/ml GTE. Values are expressed as mean ± SD. No statistically significant
differences were detected between groups using one-way ANOVA with a Tukey’s multiple
comparisons post-test.

[1] van de Loosdrecht, A.A., Beelen, R.H.J., Ossenkoppele, G.J., Broekhoven, M.G., et al., A
tetrazolium-based colorimetric MTT assay to quantitate human monocyte mediated
cytotoxicity against leukemic cells from cell lines and patients with acute myeloid
leukemia. J. Immunol. Methods 1994, 174, 311–320.
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