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Background:  Gliadins  are  involved  in gluten-related  disorders  and  are  responsible  for  the  alteration  of
the  cellular  redox  balance.  It is  not  clear  if the  gliadin-related  oxidative  stress  can  induce  DNA  damage
in  enterocytes.
Aim: To  investigate  any  possible  genotoxicity  caused  by gliadin  and  to assess  its  relationship  with  oxida-
tive  stress  in  vitro  and  ex  vivo.
Methods:  Caco-2  cells  were  exposed  for 6–12–24  h  to increasing  concentrations  (250  �g/mL–1000  �g/mL)
of  digested  gliadin.  We  investigated:  cytotoxicity,  oxidative  balance  (reactive  oxygen  species,  ROS),  DNA
damage  (comet  assay  and  �-H2AX  detection),  transglutaminase  type  2 (TG2)  activity  and  annexin  V
expression.  H2AX  and  8-OHG  immunohistochemistry  has  been  evaluated  on  duodenal  biopsies  of  celiac
subjects  and controls.
Results: Gliadin  induced  a significant  increase  (+50%)  of  ROS  after  12  h of exposition  starting  with  a
500  �g/mL dose  of  gliadin.  Comet  assay  and  �-H2AX  demonstrated  DNA  damage,  evident  at  the  gliadin

concentration  of 500  �g/mL after  24  h.  TG2  activity  increased  in chromatin  and  cytoskeleton  cellular
compartments  at different  gliadin  doses  (250/500/1000  �g/mL).  The  �-H2AX  and  8-OHG  immunohisto-
chemistry  was  altered  in  the  duodenal  biopsies  of  celiac  patients.
Conclusions:  Gliadin  induces  cellular  oxidative  stress,  DNA damage  and  pro-apoptotic  stimulation  in Caco-
2  cells  and in  the  duodenal  mucosa  of  celiac  patients.

©  2018  Editrice  Gastroenterologica  Italiana  S.r.l.  Published  by Elsevier  Ltd.  All  rights  reserved.
. Introduction

Gluten is the major structural protein of wheat, composed
y two main fractions: gliadins (alcohol-soluble) and glutenins
acid and alkali-soluble). Recently, wheat components, especially

liadins, have been considered as the environmental factors
nderpinning different diseases and syndromes, the so-called

∗ Corresponding author at: Center for the Prevention and Diagnosis of Celiac
isease, IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Via F. Sforza, 35 Milano,

taly.
E-mail address: luca.elli@policlinico.mi.it (L. Elli).

ttps://doi.org/10.1016/j.dld.2018.06.020
590-8658/© 2018 Editrice Gastroenterologica Italiana S.r.l. Published by Elsevier Ltd. All
“gluten-related disorders” (GRDs), celiac disease (CD), wheat
allergy and non-celiac gluten sensitivity (NCGS) [1–3].

CD is characterized by a chronic duodenal inflammation in
which the increased secretion of inflammatory cytokines may  in
turn derange intestinal permeability and produce large amounts
of reactive oxygen species (ROS), altering the redox state at the
cellular level thus reducing the cellular antioxidant capability [4–7].

Oxidative stress is defined as the imbalance between the pro-
duction of ROS and the antioxidant defenses of the cells in favor of
the oxidants, leading to potential damage. ROS production occurs

during the cellular metabolic processes; if the production of ROS
overwhelms a cell’s antioxidant (AO) capability, a condition known
as oxidative stress occurs [8].

 rights reserved.
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The association between small-intestinal inflammation and
xidative stress is well known; in fact, the inflammatory response
an lead to the recruitment of activated leukocytes, which may  lead
o an increased O2 uptake, called “respiratory burst,” inducing the
elease of high quantities of ROS [9,10].

Previous studies have showed that oxidative stress is one of the
ajor mechanisms involved in the pathology of many diseases,

ncluding a number of gastrointestinal ones [11,12]. Particularly,
ome gliadin peptides (13-mer) are able to penetrate the cells,
ccumulate into the lysosomes and lead to the activation of trans-
uction pathways with an increase of free radicals levels (ROS
nd reactive nitrogen species, RNS) [5]. Increased levels of ROS
educe the transglutaminase type 2 (TG2) degradation by the
biquitin–proteasome system, thus leading to increased TG2 pro-
ein levels. TG2 is implicated in different biological functions,
ncluding signal transduction, survival, apoptosis and differentia-
ion: TG2 plays an important role in CD [13–15].

Furthermore, the impairment of redox equilibrium proved to
ause severe damage in proteins, lipids and DNA. Several studies
howed that gluten exposure results in an intracellular oxidative
mbalance, characterized by increased levels of lipid peroxidation
roducts [4-hydroxy-2(E)-nonenal (4-HNE)], increased oxidized
GSSG)/reduced (GSH) glutathione ratio and decreased number of
rotein-bound sulfhydryl groups [16,17].

Finally, ROS can induce the formation of oxidative DNA lesion
roducts (8-oxodG), which is considered as a mutagenicity marker.
xidative damage can lead to single or double-strand breaks,
oint and frameshift mutations and chromosome abnormalities
18]. There is a considerable amount of circumstantial evidence
hat oxidative DNA damage may  play an important role not only
n carcinogenesis, being used as a predictive marker of cancer
evelopment [19,20], but also in aging [21]. Nowadays, no studies
oncerning oxidative damage on DNA have developed with regard
o CD or GRDs.

In the present study, we have investigated the possible gliadin-
nduced genotoxic damage and its correlation with oxidative stress
n vitro; moreover, we have evaluated the DNA damage in the duo-
enal biopsies of celiac patients.

. Methods

.1. Cell culture

The human colon carcinoma Caco-2 cell line was grown in
ulbecco’s modified Eagle’s medium (DMEM, Euroclone) supple-
ented with 0.2 mM l-glutamine, 1% non-essential amino acids

Hy-, Euroclone), 5 U/mL penicillin, 5 �g streptomycin and 10% (v/v)
oetal bovine serum (Euroclone), maintained in a humidified incu-
ator with 5% CO2 at 37 ◦C.

In all the experiments, the cells were exposed to different con-
entrations of digested gliadin (from 125 �g/mL to 1000 �g/mL) for
4 h.

.2. Enzymatic digestion of gliadin

The enzymatic digestion of gliadin developed as described by
riis et al. [22]. Briefly, 1 g gliadin was dissolved in 10.0 mL  0.1 mol/L
CI, 20 mg  pepsin was added and after digestion (2 h, 37 ◦C) the pH
as adjusted to 8 by 5.0 mol/L NaOH. The gliadin was then digested

urther with 20 mg  trypsin (4 h, 37 ◦C) with constant stirring. The

nactivation of trypsin was achieved by heating (90 ◦C, 3 min). Insol-
ble material was removed by centrifugation (10,000 × g, 30 min)
nd the supernatant was sterilized by filtering through a 20-mm
ore membrane.
ver Disease 51 (2019) 47–54

2.3. Cytotoxicity assay

Caco-2 cells were seeded in 96-well plates by adding
200 �L/well of a suspension of 3 × 104 cells/well and they
were treated with different concentrations of digested gliadin
(250 �g/mL to 1000 �g/mL). The medium was  removed and 50 �L
MTT  (5 mg  MTT  with 1 mL  PBS) was  added. After incubating for 4 h
the medium was removed and 150 �L DMSO was added to each
well. The spectrophotometric absorbance of each well was ana-
lyzed by means of a microplate reader at 550 nm (Perkin Elmer
Wallac Victor Multi-label Counter 1420).

2.4. Reactive oxygen species

Cells were cultured in black 96-well plates; at 80% confluence
the medium was removed and the cells were treated by proto-
col. The medium was  removed and the cells were incubated with
100 �L DCFH-DA (2′,7′-dichlorofluorescin diacetate) 20 �M in the
loading medium in 5% CO2 at 37 ◦C for 30 min. The cells were
washed with 100 �L PBS into each well; fluorescence was mea-
sured at excitation and emission wavelengths of respectively 485
and 530 nm with a Wallac Victor 1420 Multi-label Counter [23]. The
ROS formed were normalized to the protein content in each well
for statistical analysis. The protein concentration was  measured
according to the Lowry et al. method [24].

2.5. Alkaline comet assay

DNA damage was estimated by alkaline single cell gel elec-
trophoresis (comet assay) according to the method of Collins et al.
[25].

Briefly, 2 × 104 cell/mL were re-suspended in 200 �L 0.5% low-
melting agarose (LMA) and the suspension was pipetted onto the
precoated 1% of normal melting agarose on microscope slides.
Slides were immersed in cold lysis solution (2.5 M NaCl, 100 mM
Na EDTA, 10 mM TRIS, 250 mM NaOH, 10% DMSO, 1% Triton X-
100 pH 10) for 30 min  at 4 ◦C. To allow DNA denaturation, the slides
were kept in alkaline electrophoresis buffer (pH = 13) for approx-
imately 20 min. Then electrophoresis started at 25 V, 300 mA  for
20 min. Slides were neutralized and stained with ethidium bromide
(20 �g/mL). Observations were made using a fluorescence micro-
scope (Axioplan, Zeiss) attached to a digital camera connected to a
personal computer. Images were analysed by TriTek CometScoreTM

software.

2.6. Enzyme-modified comet assay

Three slides per sample were prepared, one enzyme buffer
control, one with FPG and one with Endonuclease III. This
assay is based on the alkaline comet assay, but after cell
lysis, the gels were rinsed three times with an enzyme buffer
(40 mM Hepes, 100 mM KCl, 0.5 mM  Na2 EDTA, 0.2 mg/mL  BSA,
pH 8.0), and incubated with the enzymes FPG (100 mU per
gel; 25 �L; 30 min; 37 ◦C), or Endonuclease III (100 mU per
gel, 25 �L, 30 min, 37 ◦C). Endonuclease III detects the oxidized
pyrimidines and FPG recognizes the common oxidized purine 8-
oxo-7,8-dihydroguanine. After enzyme treatment the slides were
placed in a horizontal electrophoresis chamber for DNA unwind-

ing.

This kind of comet assay is able to show the genotoxic damage
induced only by oxidative stress, calculated as the � tail moment
between samples treated with and without enzymes [26].



E. Monguzzi et al. / Digestive and Liver Disease 51 (2019) 47–54 49

Fig. 1. Effect of the digested gliadin (PT gliadin) treatment on ROS production. Cells were incubated with different concentrations and levels of ROS  measured after each
endpoint (6/12/24 h). The ROS formed were normalized to the protein content in each well. *p < 0.05, **p < 0.01, ***p < 0.001. Results are shown as UF/mg protein% compared
to  the control.

Fig. 2. DNA damage detected by means of comet assay. Panels A, B, C show the distribution of Caco-2 cells referring to each class of damage. Panel D reports the induction of
DNA  damage (relative% DNA in tail, assessed in the in-vitro alkaline Comet assay). Panel E shows the induction of DNA strand breaks with ENDO III enzyme as assessed in the
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nzyme-modified Comet assay. Panel F shows the Nucleoids classification: (a) und
ghost).
aco-2  cell treated with PT digested gliadin (250–1000 �g/mL) for 24 h. *p < 0.05; **

.7. Detection of �-H2AX

After the 24 h-long treatment the Caco-2 cells grown on glass
lides were fixed in cold methanol for 10 min. The cells were rehy-
rated in PBS (3 × 5 min) and permeabilized in PBS containing 0.5%
riton X-100 for 20 min. After blocking for 30 min  with 3% BSA
n PBS, the cells were incubated with mouse anti-�-H2AX (Mil-
ipore, 1:150 in 1% BSA) for 2 h at room temperature after PBS

ashing (3 × 5 min) with a secondary anti-mouse Alexa Fluor 488
ntibody (1:500 Life Technology) for 1 h at room temperature. The
uclei were counterstained with DAPI (VECTASHIELD Mounting

edium). Images were acquired (60×) utilizing a Nikon Eclipse

600 equipped with a DXM1200 digital camera (Nikon, Tokyo,
apan). The number of �-H2AX foci/nucleus was determined using
d, (b) lowly damaged, (c) moderately damaged, (d) damaged, (e) highly damaged

1, ***p < 0.001 vs.  CTRL.

the ImageJ software and the cells were classified in three groups:
0–5, 6–10, >10 foci/nucleus.

2.8. Annexin V

After 24 h some supernatant samples were picked up and cells
were washed with PBS, detached with trypsin and finally col-
lected with their supernatant. The cells were centrifuged for 5 min
at 2000 rpm and re-suspended in 1 mL  PBS + 5% FBS, counted by
the trypan blue method (1 × 106 cells/mL) and centrifuged again.
The supernatant was discarded and 100 �L Annexin Binding Buffer

(1:10 in 0.1% sodium citrate) was added to each sample (except for
the control cells and only PI stained cells). The Caco-2 cells were
double-stained with 5 �L Alexa Fluor 488 Annexin V and 1 �L PI
(100 �g/mL) and kept for 15 min  at room temperature in the dark.
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Fig. 3. DNA damage detected by means of immunofluorescence. Panel A shows the
DNA damage (Double breaks) detected by �-H2AX immunofluorescence staining.
0 E. Monguzzi et al. / Digestive 

fter incubation, 400 �L Annexin Binding Buffer 5× (1:10 in 0.1%
odium citrate) was added to each sample and the samples were
nalyzed by flow cytometry (BD FACScalibur, Becton Dickinson) at
n excitation wavelength of 496 nm and an emission wavelength
f 516 nm.

.9. Western blot analysis of transglutaminase type 2 in the total
ellular lysate

The cells were washed in PBS, scraped and homogenized.
liquots of homogenate (each containing 40 �g of protein) were
oiled for 5 min  and electrophoresed on a 10% SDS polyacrylamide
el. The resolved proteins were then transferred to polyvinylidene
uoride (PVDF) membranes. The membranes were blocked by incu-
ation in 4% non-fat milk in TBS at room temperature for 1 h, and
hen incubated overnight with primary antibody (transglutami-
ase 2 antibody, CUB7402 Life Technologies 1:500) at 4 ◦C, followed
y an alkaline phosphatase-conjugated secondary antibody (GE
ealthcare) for 1 h at room temperature. Antibody binding was
etected using an enhanced chemiluminescence Western blotting
etection kit (ECL Star, Euroclone). The blots were analyzed by
eans of image analysis software: the results were shown as the

ercentage of the optical densities relative to the expression in
ntreated Caco-2 cells normalized to 100%.

.10. Transglutaminase type 2 activity in different cellular
ompartments

Caco-2 cells were treated with digested gliadin (250 �g/mL to
000 �g/mL) for 24 h. The cells were washed with PBS and they
ere detached with cold PBS. We  used the Sub-cellular Protein

ractionation Kit for cultured cells (Thermo Scientific 78840) fol-

owing the manufacturer’s instruction. Subsequently, TG2 activity

as evaluated in the different cellular compartments by means
f the transglutaminase Colorimetric Micro-assay kit (opr0001,
BCAM) according to the manufacturer’s instructions.

Number of foci: 0–5, 6–10, >10 in control cells and treated with PT gliadin. Panel
B  shows (i) untreated Caco-2 cells and (ii) PT digested gliadin 1000 �g/mL treated
cells. *p < 0.05; **p < 0.01, ***p < 0.001 vs. CTRL.

Fig. 4. Evaluation of apoptosis in Caco-2 cells after different treatments with PT digested gliadin. *p < 0.05; **p < 0.01, ***p < 0.001 vs. CTRL.
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Fig. 5. Panel A shows the TG2 expressions (western blot) after treatment (24 h) with PT digested gliadin. The band intensities were quantified by densitometry, normalized
to  the level of �-actin which was used as an internal control and calculated as percentage of the basal response. All data are shown as mean + SD of at least three independent
experiments performed in triplicates. Panel B shows the TG2 activity percentage (versus the total activity of the same sample) in Caco-2 cells after treatment (24 h) with PT
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igested gliadin at 250, 500, 1000 �g/mL doses.
p < 0.05; **p < 0.01, ***p < 0.001 vs.  CTRL.

.11. Patients and immunohistochemical analysis

Twelve patients with a histologically proven CD (three males,
ean age 42 years) and eleven non-CD controls (two male, mean

ge 50 years) with a normal duodenal mucosa and negative CD-
pecific serology, were enrolled at the Center for Prevention and
iagnosis of Celiac Disease of the Fondazione IRCCS Ca’ Granda
spedale Maggiore Policlinico (Milan, Italy) between 2013 and
014. Paraffin-embedded sections from duodenal biopsies of the CD
nd non-CD patients were used for immunohistochemical analysis.
he study was approved by the Ethics Committee of the Fondazione
RCCS Ca’ Granda.

The immunoreactivity of the duodenal biopsies for phospho-
ylated histone H2AX Ser139 (�-H2AX, Abcam, Cambridge, UK), or
-hydroxy-2′-deoxyguanosine (8-OHG) (8HG; clone N45.1, Abcam,
ambridge, UK) was analyzed in order to evaluate the DNA damage
y immunohistochemistry.

Immunohistochemistry was performed using the BenchMark
LTRA automatic system (Ventana Medical Systems) and reac-

ions were revealed using the UltraView Universal DAB, (Ventana
edical Systems). Immunoreactivity for �-H2AX or 8-OHG was

alculated as the percentage of positive cells out of the total num-
er of cells separately for the epithelial (MUC) and lamina propria
ompartments (LP).

.12. Statistical analysis

The data were analyzed using the statistics and graphic func-
ions of the GraphPad Prism statistical software package rel. 6.0

GraphPad Prism Software, Inc., California, USA). For the analy-
is of the results different statistical tests were used. The Anova
est differences were considered as statistically significant when

 ≤ 0.05.
3. Results

3.1. Cytotoxicity and reactive oxygen species analysis

After a 24 h-long exposure to different concentrations of PT
digested gliadin (from 125 �g/mL to 1000 �g/mL), the MTT assay
did not show a significantly decreased viability of Caco-2 cells (data
shown in Supplementary materials). Conversely, ROS production
significantly increased (Fig. 1).

The results demonstrated that the high production of oxidizing
species was induced by the different concentrations of PT digested
gliadin and exposure times in a dose-dependent fashion. A sig-
nificant increase in ROS production was found after the 12 h-long
incubation with 500 �g/mL and 1000 �g/mL PT digested gliadin.

3.2. DNA damage

The potential effect of gliadin to induce single/double-strand
DNA breaks was  assessed with the comet assay. The cells were
exposed to different concentrations of PT digested gliadin (from
250 �g/mL to 1000 �g/mL) for 24 h. The alkaline comet analysis
showed DNA damage after exposure to 500 �g/mL PT digested
gliadin for 24 h. In particular, the data obtained highlighted a sig-
nificant increase of the DNA percentage in the tail at 500 �g/mL
(p < 0.05) and 1000 �g/mL (p < 0.001) PT digested gliadin doses
(Fig. 2D). The nucleoids were graded according to the degree of
damage into 5 classes (from A to E): the number of nucleoids
undamaged (A) decreased starting with the 250 �g/mL dose
(p < 0.001) while the number of nucleoids with maximum dam-

age (E) increased in a dose-dependent manner, at concentrations
of 250 �g/mL, 500 �g/mL (p < 0.05) and 1000 �g/mL (p < 0.01). The
number of nucleoids with some DNA damage (B, C and D) increased
at a concentration of 250 �g/mL (p < 0.01) (Fig. 2A, B and C).
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Fig. 6. Detection of DNA damage in the duodenal biopsies of celiac patients. Panel A and B show the immunohistochemical analysis of �-H2AX and 8-OHG in the duodenal
mucosa of celiac patients and non-celiac controls. The percentage of positive cells out of the total number of cells in the epithelial (MUC) and laminutesa propria compartments
( istics. 
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LP)  is reported. Panel C provides the patients’ clinical and demographic character
on-celiac control; 8-OHG celiac disease; �-H2AX non-celiac control; �-H2AX celia
*p  < 0.0047; ***p < 0.0003, ****p < 0.0001 vs.  CTRL.

We  also performed an enzyme-modified alkaline comet assay to
etect DNA modifications related to oxidative stress. In this case,
he addition of Endonuclease III resulted in a significant induction
f DNA breaks, in a dose-dependent manner. After 24 h-long treat-
ent with PT digested gliadin at 1000 �g/mL, a significant increase

n the � tail moment (p < 0.01) was noted (Fig. 2E). Panel F shows
he Nucleoids classification: (a) undamaged, (b) lowly damaged, (c)

oderately damaged, (d) damaged, (e) highly damaged (ghost).
DNA damaged was confirmed by �-H2AX analysis. Fig. 3 shows

he induction of foci after 24 h-long exposure to PT digested gliadin
xpressed as% number of cells with a different number of foci. We
bserved a low number of foci (0–5) in the controls (untreated
ells). At 500 �g/mL and 1000 �g/mL doses we observed an increase

n the number of foci >10 foci/cell (p < 0.05).
Panel D and E report immunohistochemical images (5× magnification) of: 8-OHG
ase.

3.3. Apoptosis

An apoptotic effect, detected by means of annexin V, was
clearly observed. After 24 h-long incubation, the PT digested gliadin
induced an increased number of apoptotic cells (Fig. 4).

Moreover, after cells homogenization and electrophoresis in
10% SDS polyacrylamide gel, we observed a significant increase
of TG2 expression after treatment with 1000 �g/mL PT digested
gliadin, compared to the controls (Fig. 5A). In cellular compart-
ments, the treatment with PT digested gliadin increased TG2
activity in chromatin and cytoskeleton compared to controls
(Fig. 5B).



and Li

3
w

p
c
s
o

d
a
j

4

a
o
p
t
s

t
i
a
p
f
(

C
m
1
i
w
e
c
e
R
t
l
d
c
a
i
a

P
r
c
n
fi

t
w
t
i
g
d

a
l
t
T
i
m

E. Monguzzi et al. / Digestive 

.4. Detection of DNA damage in the duodenal mucosa of patients
ith celiac disease

We  evaluated the DNA damage in the duodenal biopsies of 12
atients with a histologically proven CD (untreated, on a gluten
ontaining diet) and 11 non-CD controls (Fig. 6). Results showed a
ignificant increase in H2AX (p = 0.0047) in the duodenal mucosa
f celiac patients compared to non-celiac subjects (Fig. 6A).

Oxidative damage significantly increased in celiac patients as
emonstrated by 8-OHG levels (p < 0.0001) in the epithelial (MUC)
nd lamina propria compartments (LP) compared to non-CD sub-
ects (Fig. 6B).

. Discussion

The present study demonstrates that digested gliadin induces
n increase of ROS production in Caco-2 cells with an alteration
f the cellular redox state. Moreover, ROS concentration induces a
ro-apoptotic process and DNA damage, as demonstrated here for
he first time. This mechanism seems present also in vivo as demon-
trated by the findings on the duodenal mucosa of CD patients.

ROS production usually occurs in a regulated manner in order
o maintain the cellular homeostasis in healthy tissues. Free rad-
cals play an important role as signaling molecules and they can
ct as second messengers to modulate signaling pathways [27]. In
articular, free radicals are implicated in the pathogenesis of CD; in
act, CD patients present a severe reduction of antioxidant capacity
including antioxidant vitamins) [28].

Our results have demonstrated an increase of ROS production in
aco-2 cells induced by the PT digested gliadin in a dose-dependent
anner. Interestingly, the highest concentration was  reached after

2 h-long exposure, showing a mild reduction after 24 h, suggest-
ng a premature oxidative event (Fig. 1). This phenomenon, together

ith the excessive amount of free radicals, may  contribute to sev-
ral cellular mechanisms, potentially leading to cell injury and/or
ellular death. The ROS levels decrease after 24 h could be the
xpression of a defensive mechanisms induced by Caco-2 cells. The
OS and redox alteration, induced by gliadin treatment, potentially
rigger an “oxidative stress” response in the Caco-2 intestinal cell
ine. This mechanism is linked to toxic effects driven by the pro-
uction of peroxides and free radicals that damage different cell
omponents, including proteins, lipids and DNA. Free radicals can
ttack the DNA and cause the formation of a large number of pyrim-
dine and purine lesions [29]. For such a reason, we decided to
nalyze the effect of PT digested gliadin on the DNA strings.

The present study shows that DNA damage occurs during
T digested gliadin treatment (500 �g/mL and 1000 �g/mL) as
evealed by the standard alkaline comet assay. Interestingly, the
lassification of nucleotids has showed an increase of type-E
ucleoids and suggests an apoptotic/necrotic phenomenon (as con-
rmed by the TG2 and annexin V findings).

In order to identify the subtype of DNA damage, the incuba-
ion of cells with enzymes recognizing specifically damaged bases,
ould help [30,31]. For this reason, we incubated Caco-2 cells with

he DNA Endonucleases III, demonstrating a significant increase
n � tail moment after treatment with 1000 �g/mL PT digested
liadin. This finding supports the conclusion that the observed
amage is provoked by oxidative stress at the pyrimidine level.

The intracellular ROS accumulation has a number of direct
nd indirect consequences: it can interfere with gene expression,
eading to changes in the post-translational protein modifica-

ion. Specifically, an association between oxidative stress and
G2 up-regulation has been suggested. TG2 enzyme is localized
n multiple cellular compartments, including nucleus, cytosol,

itochondria, endosomes, plasma membrane, cell surface and
ver Disease 51 (2019) 47–54 53

extracellular matrix; it interacts with a distinct subset of proteins
and/or substrates and performs different tasks depending on its
subcellular location [13,32]. Our study has showed an increased
expression of TG2 in the cytoskeleton and chromatin, thus sug-
gesting a probable apoptotic stimuli, highlighted by annexin V. The
activation of intracellular TG2, which is mostly quiescent except
during extreme stress conditions, may  depend on the level of cal-
cium influx. When various stimuli increase cytosolic [Ca2+] above
a certain threshold, the transamidating activity of TG2 is no longer
inhibited by GTP and facilitates cell death processes. Multiple stud-
ies on cell death induced by oxidative stress have shown that high
levels of ROS trigger Ca2+ influx resulting in TG2 activation and,
subsequently, cell death [33,34].

In our study, the in-vitro findings seem confirmed by the pre-
liminutesary results obtained from the duodenal biopsies of celiac
patients. The expression of 8-OHG and H2AX (which becomes
phosphorylated on serine 139 as a reaction on DNA double-strand
breaks) in celiac subjects, suggests that some mechanisms simi-
lar to those observed in Caco-2 cells are possibly present in the
duodenal mucosa.

In conclusion, these findings add novel information about the
biological properties of gliadin and the interaction between gliadin
and enterocytes.

The alteration of the redox balance, the increase of ROS and
apoptosis, and the DNA damage can be part of the initial steps of
the CD pathomechanism and moreover, these findings suggest the
potential use of antioxidant therapies in GRD.
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