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Background and Aims:Wheat gluten is a critical trigger for celiac disease, often causing
inflammatory lesions and oxidative stress damage in the intestines of patients. In daily life,
it is difficult for celiac disease patients to strictly avoid the dietary intake of gluten, which
makes complementary preventive therapy particularly urgent. As such, we investigated
the alleviating effects of resveratrol in vivo and in vitro models of celiac disease.

Methods: We established in vivo and in vitro models of gluten protein-induced celiac
disease. The intervention effect of resveratrol was defined well based on relevant
indicators of inflammation, immunity and oxidative stress, and its possible involvement
in signaling pathways and genes were also identified.

Results: Resveratrol was effective in reducing intestinal oxidative stress and inflammatory
damage induced by wheat gluten in both cell and mouse models for celiac disease. We
identified correlations between the genes (Fgf15, Nr0b2, Aire and Ubd) and signaling
pathways (PPAR, AMPK and FoxO) in which resveratrol performed critical roles.

Conclusions: Resveratrol contributed to regulate development of autoimmunity through
up-regulation of Aire and Ubd genes and promote nutrient absorption in intestine through
down-regulation of Fgf15 and Nr0b2 genes, as well as played a role in regulating complex
response system of oxidative stress, inflammatory response and immune response in
intestine by activating PPAR, AMPK and FoxO signaling pathways, thus effectively
alleviating the intestinal symptoms of celiac disease.

Keywords: celiac disease, gliadin, intestinal inflammation, oxidative damage, resveratrol, nutritional intervention
org April 2022 | Volume 13 | Article 8781861

https://www.frontiersin.org/articles/10.3389/fimmu.2022.878186/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.878186/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.878186/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.878186/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.878186/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:chenhongbing@ncu.edu.cn
mailto:ericyo918@hotmail.com
https://doi.org/10.3389/fimmu.2022.878186
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.878186
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.878186&domain=pdf&date_stamp=2022-04-05


Yu et al. Resveratrol Intervenes in Celiac Disease
INTRODUCTION

Celiac disease (CD) is a complex multifactorial disorder involved
genetic and environmental factors (1). CD arises from an
autoimmune response in which gluten stimulate immune system
T cells of genetically susceptible individuals (individuals with
human leukocyte antigen DQ2/DQ8) (2). By the activation of
tissue transglutaminase (TG2) in intestinal, different glutamine
residues in gliadin immunodominant peptides (such as p57-68
and 33-mer) were deamidated into glutamate, which facilitated the
formation of immune stimulating epitopes and produces strong
binding affinitywithHLA-DQ2/DQ8class IImolecules onantigen-
presenting cells (3). These peptides triggered the adaptive immune
response mediated by CD4+Th1 cells and the innate immune
response mediated by intraepithelial lymphocytes, which caused
intestinal epithelial inflammatory cell infiltration, villus atrophy
and crypt hyperplasia (4, 5).

The molecular mechanism of CD involved in inflammation
and oxidative stress caused by increased reactive oxygen species
and reduced antioxidant defenses (6). Gliadin not only exerted
cytotoxic and immunomodulatory activities in the pathogenesis
of CD, but also triggered oxidative stress and induced the release
of pro-inflammatory factors (7). Toxic gliadin peptides p31-43 in
enterocytes could induce tight junction dysfunction and some
cytotoxic effects (8), such as apoptosis (such as thymocytes and
Th2 cells) and differentiation of T cell (such as Th1, Th17 and
regulatory T cells) (9, 10), most of which were mediated by
increased oxidative stress. Luciani (11) found that toxic gliadin
peptides p31-43 clustered in lysosomes lead to uncontrolled
activation of signal transduction pathways including NF-kB
and sustained increase in the levels of reactive oxygen species
and reactive nitrogen species radicals.

The most effective way to treat CD was that patients must
adhere to a gluten-free diet throughout their lives (12). However,
it was difficult that patients have to maintain a gluten-free diet for
a long time as gluten-containing foods were one of the main
patterns of modern diet (13). It was essential to explore new
methods of prevention or nutritional intervention for improving
intestinal symptoms of CD. The intestinal inflammation and
immune response were often associated with oxidative stress
(14), and natural antioxidants were effective in inhibiting the
oxidative response of free radicals, thereby alleviating oxidative
stress and slowing down the inflammatory response (7).
Accordingly, we speculated that the use of natural antioxidants
supplements could alleviate CD or will be an important addition
to the classical treatment of CD.

Resveratrol (3,4,5-trihydroxy-trans-stilbene) was a natural
polyphenol found in a variety of medicinal plants, grapes and
red wine (15). It was shown to prevent and treat chronic
inflammatory diseases by scavenging free radicals and
regulating various enzymes (such as COX and iNOS) involved
in the inflammatory response (16). In addition, resveratrol not
only inhibited inflammatory gene expression, but also suppresses
Abbreviations: CD, Celiac disease; TG2, the tissue transglutaminase; Gli, gliadin;
ATI, a-amylase/trypsin inhibitors; Poly : IC, Polyinosinic:polycytidylic acid;
Re, resveratrol.
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T cell activation and reduced cytokine production, which had
a positive effect on the treatment of autoimmune diseases (17). In
our study, we established in vivo and in vitro models for CD
involving oxidative stress response. Subsequently, we used these
models to explore the effects of nutritional interventions with
resveratrol on celiac disease-related conditions as well as the
genes/pathways that may be involved. These findings would
provide a new solution for the prevention and treatment of
celiac disease.
MATERIALS AND METHODS

Reagents
Resveratrol (98%) was bought from FUJIFILM Wako (Osaka,
Japan). The p31-43 peptides (LGQQQPFPPQQPY) were
synthesized by Sangon Biotech (Shanghai) Co., Ltd. Extraction
and purification of ATI were prepared as described by Zevallos
(18). Gliadin from wheat was purchased from Sigma-Aldrich
(Sigma, Missouri, USA).

Cell Model
Caco-2 cells were purchased from American type culture
collection (ATCC) Cell Lines and stimulated with the gluten
protein-derived peptide p31-43. The solvent of p31-43 was PBS
in which the PBS group acted as a blank control. Establishment
of celiac disease oxidative stress model was detailed in
Supplementary Methods. The model cells were stimulated by
5 mmol/L resveratrol for 3 h.

Mouse Model
The second generation of female C57BL/6N mice (6 weeks old)
were used as experiment animals and co-stimulated by gliadin,
a-amylase/trypsin inhibitors (ATI) and Polyinosinic:
polycytidylic acid (Poly : IC) (Supplemental Materials). The
model mice were gavaged with 100 mg/kg resveratrol as
described by Singh (19).

Determination of Oxidative Stress Indexes
Mice jejunum tissue were lysed to determine the protein
concentration, with subsequent determination of NO content,
GSH content, MDA content and SOD enzyme activity using the
kit. Others were shown in Supplemental Methods.

Quantitative PCR
RNA was extracted from Caco-2 cells with TRIzol and its
concentration was determined by Nanodrop (Thermo Fisher,
Massachusetts, USA). The reverse transcribed cNDA samples
were subjected to quantitative polymerase chain reaction by
StepOnePlus Real-Time PCR instrument (Bio-Rad, California,
USA). The relative mRNA expression of the tested gene was
calculated using the 2-△△Ct method.

Trans Epithelial Electrical Resistance
of Cells
Before measuring the trans epithelial electrical resistance
(TEER), the electrodes of the resistivity meter (Millipore,
April 2022 | Volume 13 | Article 878186

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Yu et al. Resveratrol Intervenes in Celiac Disease
Massachusetts, USA) were disinfected by soaking in 70% alcohol
for 30 min. The electrodes were washed with PBS buffer and left
to dry at room temperature. The resistance values were measured
by inserting the ends of the resistivity meter into the upper and
lower chambers of each well of the Transwell culture plate, with
the short pole on the inside and the long pole on the outside.
Each well was measured three times by taking points in different
directions. The results were recorded (Rt) and the resistance
value (R0) of the blank well was also determined. TEER=(Rt-R0)
*S (S means the effective membrane area, 1.12cm2).

Monolayer Permeability of Cells
The Caco-2 cells were cultured in the upper chamber of
Transwell plates for 2 h using sodium fluorescein, and the cell
solution in the lower chamber was collected for absorbance value
detection at 490nm. The apparent permeability coefficient was
calculated from the standard curve.

Western Blot Analysis
The samples of Caco-2 cell were lysed on ice. 30 µg protein
samples were loaded onto a 10% SDS-PAGE and electrophoresed
at constant voltage of 100 V for 1.5 h. The proteins were
transferred onto polyvinylidene fluoride membranes and
blocked with 5% skimmed milk for 1 h at room temperature
and washed with Tris Buffered Saline with 0.1% Tween (TBST),
followed by incubation with the TG2 (clone NO. CUB 7402),
Occludin (clone NO. OC-3F10) and b-actin (clone NO.
15G5A11/E2) monoclonal antibodies (1:200, 1:1,000 and
1:5,000, respectively, Mouse/IgG1, Thermo Fisher scientific,
Massachusetts, USA) at 4°C overnight. After washing with
TBST, the membranes were incubated with horseradish-
peroxidase conjugated secondary antibodies (1:3,000, Sigma,
Missouri, USA) for 1 h at room temperature. Finally, the
membranes were visualized using ChemiDocTM Touch (Bio-
Rad Laboratories, Inc. California, USA) and quantified by using
ImageJ software (NIH, Bethesda, MD).

RNA-Sequencing
The total RNA frommice jejunal tissue was extracted by Trizol. The
RNA was purified, fragmented, reverse transcribed and amplified.
The library fragments were enriched using PCR and performed
quality control, and then sequenced on Illumina platform. The
mouse reference gene (Mus musculus.GRCm38.dna.primary
assembly.fa) was searched using Genome in NCBI (its Path was
ftp://ftp.ensembl.org/pub/release-101/fasta/mus_musculus/dna/),
and the genome database was referenced to Ensembl. Filtered Reads
were compared to the C57BL/6 mouse reference genome using
HISAT2 software. Differential statistical analysis of gene expression
was performed by DESeq. Volcano maps of differentially expressed
genes were drawn using the R language ggplots2 package to show
gene distribution, gene expression ploidy differences and
significance results. Two-way clustering analysis of the
concatenated sets and samples of differential genes was
performed using the R language Pheatmap package, and the
Euclidean method was used to calculate the distance and the
Complete Linkage was used for clustering. GO enrichment
analyses were performed with the database established by the
Frontiers in Immunology | www.frontiersin.org 3
Gene Ontology Consortium (http://geneontology.org/). KEGG
enrichment analyses were performed with the database of Kyoto
Encyclopedia of Genes and Genomes (http://www.kegg.jp/).
Sequencing service were provided by Personal Biotechnology Co.,
Ltd. Shanghai, China. The data were analyzed by using the free
online platform Personalbio GenesCloud (https://www.
genescloud.cn).

Statistical Analysis
Experimental results were expressed as the mean ± standard
deviation (M ± SD) of data. Other values were analyzed by
independent samples t-test in IBM SPSS Statistics 24 software
with two-tailed analysis, and probability values of p < 0.05 were
considered significantly different. Additional methods are shown
in the Supplementary Material.
RESULTS

Protective Effect of Resveratrol Against
Oxidative Damage in Caco-2 Cells
Firstly, we established a model of celiac oxidative stress induced
by the gluten protein-derived peptide p31-43 in Caco-2 cells. The
action of 125 mg/mL p31-43 for 3 h induced up to 30% cell loss of
viability compared to the control group (Supplementary
Figure 1A). Peptide p31-43 at 25 mg/mL and 125 mg/mL
concentrations stimulated cells for 24 h increased the
intracellular ROS content (Supplementary Figure 1B). Then,
cells were stimulated with p31-43 peptide fragments for 24 h
to detect changes in intracellular SOD, MDA and GSH
(Supplementary Figures 1C-E). According to the results of
SOD, GSH and MDA, the best oxidative stress model for celiac
disease was obtained by stimulation with 125 mg/mL p31-43
peptide for 24 h. Meanwhile, stimulation for 3 h at this
concentration of peptide was the best working parameter to
detect changes in cell viability of this model.

Subsequently, the concentration and treatment time of
resveratrol were investigated. Concentrations of resveratrol
below 15 mM didn’t cause a decrease in cell viability of Caco-2
cells treated with resveratrol for 24 h (Supplementary Figure 2A).
Moreover, Caco-2 cells were treated with resveratrol below 15 mM
for 3 h, followed by being stimulated with p31-43 peptide at a
concentration of 125 mg/mL for 3 h. 5 mmol/L of resveratrol
provided optimal recovery of cell viability (Supplementary
Figure 2B). Then, treatment of cells incubated with 5 mmol/L
resveratrol for 3 h reduced intracellular ROS levels, and reduction
reached 46% when compared with control (Supplementary
Figure 2C). Incubation of cells with 5 mmol/L resveratrol for
3 h was the optimal action condition.

The effects of resveratrol on the disruption of redox system in
Caco-2 cells were further verified. We found that the stimulated
cells with 5 mmol/L resveratrol for 3h could restore the levels of
GSH, SOD and MDA in cells (Figures 1A–C). Moreover, three
signaling pathways related to antioxidant function, Nrf2-
ARE (20), PI3K-AKT-mTOR (21) and SIRT (22), were used to
investigate critical genes of resveratrol intervention (Figure 1D).
April 2022 | Volume 13 | Article 878186
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Treatment of the p31-43 peptide fragment in the blank
group caused a decrease in the expression of sirt1 and sirt3
genes in Caco-2 cells, while the expression of these two
antioxidant genes was enhanced by resveratrol. Together, all
these results suggested that resveratrol could effectively alleviate
oxidative damage caused by toxic gliadin peptides in Caco-2
cells, which may be associated with the sirt1/sirt3-related SIRT
signaling pathway.

Alleviative Effect of Resveratrol on the
Celiac Toxicity in Caco-2 Cells
Caco-2 cells as a model exposed to gluten in vitro could simulate
many of the celiac toxic features, such as activation and
overexpression of intracellular TG2, inter-enterocyte’s tight
junction dysfunction and expression of pro-inflammatory
cytokines (23). The p31-43 peptide increased intracellular
expression of TG2 gene by 80% and elevated intracellular
content of TG2 protein relative to the blank group, while
intracellular TG2 gene and protein expression were reduced
under resveratrol intervention (Figures 2A, B). Similarly,
intracellular expression of iNOS and COX-2 genes was surged
by stimulation of p31-43, and resveratrol reduced expression of
Frontiers in Immunology | www.frontiersin.org 4
iNOS to 69% of p31-43 group and COX-2 to 75% of p31-43
group (Figure 2C). The results of expression of tight junction
proteins in Caco-2 cells showed that the p31-43 disrupted the
tight junctions between Caco-2 monolayers, leading to a decrease
in expression of occludin, while resveratrol could effectively
inhibit the hypo-expression of occludin (Figure 2D).
Moreover, the TEER values of Caco-2 cells were elevated and
the monolayer permeability coefficients of Caco-2 cell were
reduced after the cells were treated with resveratrol when
compared with p31-43 group (Figures 2E, F). Collectively,
these findings indicated that resveratrol could effectively
mitigate the celiac toxicity actions on Caco-2 cells caused by
the p31-43 peptide.

Intervention Effect of Resveratrol on
Clinical Symptoms in the Mice
With Celiac Disease
At first, according to the mouse model of Zevallos et al. (18), we
established a mouse model for celiac disease. The results and
details of this model were shown in Supplementary Figure 3A.
Celiac disease, as an autoimmune-mediated intestinal
inflammation, mostly presented with symptoms associated with
A

D

CB

FIGURE 1 | Resveratrol mitigated damage from oxidative stress in cell model for celiac disease. (A) GSH content. (B) Enzymatic activity of SOD. (C) MDA content.
(D) Expression of antioxidant gene. #Indicated statistically significant differences when compared to the PBS group. #P < 0.05; ###P < 0.001. * Indicated statistically
significant differences when compared to the p31-43 group. *P < 0.05; **P < 0.01; ***P < 0.001.
April 2022 | Volume 13 | Article 878186
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intestinal malabsorption, which included (severe) chronic diarrhea
and weight loss (24). In our research, the body weight of ATI+Poly :
IC+Gliadin group and ATI+DSS+Gliadin group were gradually
decreased from the 3 day when compared to control group
(Supplementary Figure 3B). Water consumption in mice with
DSS in their drinking water was higher in the first three days than
that in the control group, and the ATI+Gliadin and ATI+CT
groups showed an increase in water consumption after the 7th day
(Supplementary Figure 3C). Moreover, patients with celiac
disease often developed symptoms of extraintestinal related
diseases, such as the common herpes-like dermatitis, because of
the spread of adaptive immune responses outside mucosal tissues
of intestine (25). So, the experimental mice were scored for
symptoms during the 4 h excitation phase (Supplementary
Figures 3D, E). 5 mice in the ATI+Gliadin group exhibited
diarrhea or reduced activity. Symptoms of tremor or cramp in
mice in the ATI+Poly : IC group increased from 2 to 4 mice after
the addition of gliadin to their diet, and the number of scratches
appeared to decrease. In the ATI+DSS group, 4 mice exhibited
tremor and 1 exhibited tremor/blood in stool, whereas after the
addition of gliadin, all mice exhibited tremor/blood in stool, along
with increased scratching.

Celiac disease was an inflammatory disease of the intestine
which occurred mainly in the small intestine, and sections of ileal
and jejunal tissue were selected for HE sections. The ATI+Poly :
IC group with the addition of Poly : IC showed more atrophy and
damage to the villi than that in the ATI group, and the ATI+Poly
: IC+Gliadin group with the addition of gliadin showed further
atrophy and damage to the intestinal villi as well as inflammatory
Frontiers in Immunology | www.frontiersin.org 5
cell infiltration (Supplementary Figure 4A). The ATI+Poly : IC+
Gliadin group showed the most severe structural damage of the
intestinal villi in both ileum and jejunum of mice.

In the small intestinal tissues of celiac disease patients, a
subpopulation of Th1 cells rises dramatically and predominates
in the onset of the disease, which eventually progresses to
intestinal inflammation mediated by Th1 immune cells (26).
As shown by the ratio of Th1/Th2 type immune cells in the
mesenteric lymph nodes of mouse, the Th1/Th2 ratio in the
MLN of mice in the Gliadin group, ATI+Gliadin group and ATI
+Poly : IC+Gliadin group was higher only after stimulation with
Gliadin in the diet (Supplementary Figure 4B). Moreover, the
Th1/Th2 ratio was decreased in the ATI+DSS+Gliadin group
after addition of gliadin. The expression levels of relevant
inflammatory factors secreted by Th1 and Th2 type immune
cells in the jejunum of mice were further determined. The ATI+
Poly : IC+Gliadin group had the highest expression levels of IL-
1b, IL-2 and TNF-a among all groups containing gliadin, while
IL-1b and TNF-a were increased in this group when compared
to normal mouse (Supplementary Figure 4C). The expression of
IL-2 and TNF-a in the ATI+CT+Gliadin group were elevated
after addition of gliadin but was far from that in the ATI+Poly :
IC+Gliadin group. However, Th2 related inflammatory factors
mostly showed inhibition of expression after adding gliadin. The
expression of IL-4 and IL-6 were reduced in the ATI+Poly : IC+
Gliadin group after stimulation with gliadin, while the ATI+CT+
Gliadin group showed the opposite trend (Supplementary
Figure 4D). The expression level of IL-10, which showed a
similar trend to that of Th2, was lower in the ATI+Poly : IC+
A B C

D E F

FIGURE 2 | Resveratrol regulated celiac disease-related indicators in Caco-2 cells. (A) The expression of TG2 gene. (B) The expression of TG2 protein. (C) The
expression of iNOS/COX-2 gene. (D) The content of Occludin protein. (E) Monolayer resistance values of Caco-2 cells. (F) Monolayer permeability of Caco-2 cells.
#Indicated statistically significant differences when compared to the PBS group. #P < 0.05; ##P < 0.01; ###P < 0.001. * Indicated statistically significant differences
when compared to the p31-43 group. *P < 0.05; **P < 0.01; ***P < 0.001.
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Gliadin group after addition of gliadin. Among them, the
expression of IL-10 was decreased in the ATI+Poly : IC+
Gliadin group when compared with the Gliadin group and
ATI+Gliadin group.

These results indicated that the use of CT and DSS didn’t
produce symptoms associated with celiac disease in mice under
the gliadin stimulation. The TG2 played unique features in the
pathogenesis of celiac disease by modifying gluten peptides,
which in turn exacerbated the inflammation (27). The AOD
values of TG2 in jejunal tissues of mice in both ATI+Gliadin and
ATI+Poly : IC+Gliadin groups were found to be higher than
those in the Gliadin group, and the highest values were found in
the ATI+Poly : IC+Gliadin group (Supplementary Figure 4E).
In summary, the symptoms and indices of mice in the ATI+Poly
: IC+Gliadin group (APG group) were the closest to those of
celiac disease, and it could be considered as an animal model of
celiac disease for subsequent experiments.

Then, we conducted the resveratrol intervention study in this
mice model (Figure 3A). The body weights of the APG+Re
Frontiers in Immunology | www.frontiersin.org 6
group were higher than those of the APG group starting from 5
day under resveratrol (Figure 3B). The water consumption of
mice in the APG+Re group decreased only at 3 day, and there
were no significant differences between the groups at other days
(Figure 3C). Five of the eight mice in the APG group exhibited
tremors relative to control group, and scratches were higher.
However, after the dietary intervention with resveratrol, the mice
in APG+Re group exhibited scratching only and scratches were
lower (Figures 3D, E). Together, all these results evidenced that
resveratrol could alleviate the clinical symptoms of celiac disease
in mice with intestinal inflammation.

Protective Effect of Resveratrol on
Oxidative Damage in the Intestine of the
Mice With Celiac Disease
We found that NO and MDA content in supernatant of jejunal
tissue lysates were increased in mice after treatment with ATI+
Poly : IC+Gliadin, while intervention with resveratrol could
reduce it (Figures 4A, B). In contrast, GSH content and
A

B D

C E

FIGURE 3 | Resveratrol intervenes in the clinical symptoms of the mice with celiac disease. (A) Nutritional intervention of resveratrol in the mice with celiac disease.
(B) Weight of mice. (C) Water consumption of mice. (D) Clinical symptoms of mice. (E) Number of scratches in mice. #Indicated statistically significant differences
when compared to the control group. ###P < 0.001. * Indicated statistically significant differences when compared to the APG group. **P < 0.01. Symptom scoring:
(0) No symptoms; (1) Scratching nose and mouth; (2) Swelling around the eyes and mouth, diarrhea, reduced activity or walking in place, higher breathing rate; (3)
Shortness of breath, wheezing, blue rash around the mouth and tail; (4) Loss of consciousness, tremors or cramps, blood in stool; (5) Death by shock.
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activity of SOD in supernatant of jejunal tissue lysate were
reduced after ATI+Poly : IC+Gliadin action in mice, while it
was increased by intervention of resveratrol (Figures 4C, D).
Moreover, the jejunum of mice didn’t show severe villi damage,
while crypt hyperplasia and inflammatory cell infiltration were
similar to the APG group after resveratrol dietary intervention
(Figure 4E). Collectively, resveratrol could effectively alleviate
oxidative stress and protect damage of the intestine in the mice
with celiac disease.

Alleviative Effect of Resveratrol on Toxic
Signs in the Mice With Celiac Disease
We further determined by subpopulation of Th cells in MLN,
and the Th1/Th2 ratio in MLN of mouse in APG group was
significantly increased after co-stimulation with ATI+Poly : IC+
Gliadin, while the Th1/Th2 ratio in MLN of APG+Re group was
decreased after intervention with resveratrol when compared to
APG group (Figure 5A). From the perspective of nutritional
intervention, resveratrol should act through inhibiting the
overexpression of Th1 cell function and slowing down the
depression of Th2 cell function, which would promote a state
of dynamic balance between Th1 and Th2 subpopulations. The
expression of IL-1b and TNF-a were both elevated in the
intestine APG group when compared to the control group,
which was consistent with the previous results. In contrast, the
Frontiers in Immunology | www.frontiersin.org 7
expression of IL-1b and TNF-a were both lower in the APG+Re
group compared to the APG group after intervention with
resveratrol (IL-1b and TNF-a, Figure 5B). The APG and
control groups didn’t show differences that were consistent
with the previous result of IL-4. Moreover, the APG+Re group
showed higher expression of IL-4 after addition of resveratrol
(IL-4, Figure 5B). Similarly, dietary intervention with resveratrol
could increase the expression of IL-6 and IL-10 in the APG group
(Figure 5B). Additionally, the content of TG2 in the jejunal
tissue of mice of APG group was higher than that of control
group, which was consistent with the previous results. The values
were lower after intervention with resveratrol when compared
with the APG group (Figure 5C and Supplementary Figure 5).
Together, above results indicated that resveratrol could
effectively reduce the celiac toxicity in the model mice.

Regulatory Role of Resveratrol on
Characteristic Genes and Pathways
in the Mice With Celiac Disease
Finally, we aimed to determine why a dietary intervention with
resveratrol alleviates the occurrence of celiac disease. We
analyzed changes in signature genes and related pathways after
resveratrol intervention. After quality control and expression
analysis, we mapped volcanoes for differential genes and selected
six down-regulated genes (Orm1, Nr0b2, Fbxo27, Fgf15, Fabp4
A B

C D

E

FIGURE 4 | Resveratrol mitigated damage from oxidative stress in the mice with celiac disease. (A) NO content in jejunal tissue. (B) MDA content in jejunal tissue.
(C) GSH content in jejunal tissue. (D) Enzymatic activity of SOD in jejunal tissue. (E) Intestine histological sections of jejunum stained with hematoxylin and eosin stain
from mice. #Indicated statistically significant differences when compared to the control group. #P < 0.05; ##P < 0.01; ###P < 0.001. * Indicated statistically significant
differences when compared to the APG group. *P < 0.05; **P < 0.01; ***P < 0.001. (E) are the fields of view at 200x lens.
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and Amy1) and three up-regulated genes (Ubd, Lat, and Aire)
(Figure 6A). Further plotting the variability of these nine genes
as a heatmap, the Fgf15 and Nr0b2, Aire and Ubd showed the
most significant performance in the up-regulated and down-
regulated genes, respectively (Figure 6B). Meanwhile, the
differentially expressed genes after intervention with resveratrol
were classified. By GO enrichment analysis, the differential genes
were mainly involved in biological processes such as reactions
with oxygenated compounds, phylogeny and reactions with
organic nitrogen compounds (Figure 6C). KEGG enrichment
analysis indicated that the differential genes were mainly related
to PPAR signaling pathway, nitrogen metabolism, AMPK
signaling pathway and FoxO signaling pathway (Figure 6D).
DISCUSSION

Impairment of antioxidant defenses would lead to oxidative
stress and damage in the intestinal and extraintestinal tissues
of patients with celiac disease (28). In our cell model
experiments, it was found that the ingestion of gluten peptide
p31-43 or gluten not only lead to an increased oxidative stress
response, but also aggravate intestinal inflammation. However,
resveratrol, as a natural antioxidant, had efficient antioxidant
Frontiers in Immunology | www.frontiersin.org 8
activity and was able to modulate oxidative stress damage in the
intestine (29). Meanwhile, Mayangsari et al. (30) discovered that
resveratrol reduced the inflammatory factor formation in the
intestine and improved intestinal barrier damage in a mouse
model of colitis and an intestinal epithelial cell model. We
speculated that resveratrol may inhibit oxidative stress to
ameliorate inflammatory damage of intestine and thus alleviate
the symptoms associated with celiac disease. The work in the
Caco-2 cell model supported that nutritional intervention with
resveratrol significantly improved cell viability and mitigates
oxidative damage. Resveratrol abrogated the adverse effects of
the gluten protein-derived peptide p31-43 and inhibited the
overexpression of TG2 and inflammatory mediators iNOS and
COX-2, thereby ameliorating dysfunction of cell barriers. This
was consistent with Alharris’ study (31) that resveratrol could
directly enhance the solidity of the epithelial barrier against the
LPS-induced barrier disruption by increasing the expression of
tight junction proteins. We identified an association of oxidative
stress damage with the pathogenesis of celiac disease, where
barrier function of the intestinal epithelium was disrupted by the
upregulated oxidative stress in the tissues, which in turn
promoted the development of the disease. Accordingly, this
work indicated that resveratrol could play an efficient
protective role in the cell model for celiac disease.
A

B

C

FIGURE 5 | Resveratrol modified T cell function in mesenteric lymph nodes and jejunum of celiac mice and inhibited expression of characteristic autoantigens in the
jejunum. (A) The ratios of Th1/Th2 cells in mesenteric lymph nodes of mice. (B) The expression level of Th1 related inflammatory factors (IL-1b and TNF-a), Th2
related inflammatory factors (IL-4 and IL-6) and IL-10 in the lysate of jejunum tissue. (C) Immunohistochemistry analysis of tissue transglutaminase in jejunum tissue
sections. #Indicated statistically significant differences when compared to the control group. #P < 0.05; ###P < 0.001. * Indicated statistically significant differences
when compared to the APG group. *P < 0.05. (C) were the fields of view at 200x lens. ns, no significant differences.
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FIGURE 6 | Resveratrol effectively acted by altering characteristic genes and pathways in the jejunal tissue of mice. (A) Volcano plot of differential g
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Resveratrol could provide multitargeted treatment for
multiple chronic diseases (32) and autoimmune diseases (33),
including the modulation of multiple cell signaling molecules,
such as cytokines, NF-kB, intercellular adhesion molecule,
protein kinase, sirtuin-type-1, cyclooxygenase-2, and so on. In
the C57BL/6 mouse model of celiac disease, our study supported
that nutritional intervention with resveratrol significantly
improved clinical symptoms and reduced oxidative damage in
mice, while regulating Th cell subpopulation toward Th2
differentiation which in turn inhibited Th1 immune cell
function overexpression and relieved Th2 immune cell
function under-expression, as well as decreasing TG2 content
in jejunal tissue. Here, resveratrol plays a critical role in
alleviating celiac disease not only by inhibiting the occurrence
of oxidative stress to improve intestinal damage in celiac mice,
but also by effectively modulating the immune response
of organism.

Resveratrol was able to confer apoptotic resistance to
oxidative stress through regulation of SIRT (34) and improve
mitochondrial function to prevent metabolic diseases (35). Our
work in cells model demonstrated that resveratrol could inhibit
the overexpression of iNOS and COX-2 by upregulating the sirt1
and sirt3 genes. The iNOS and COX-2 genes could directly
regulate the balance of intracellular nitrogen and oxygen to
maintain the progression of oxidative stress and inflammatory
responses, which were usually influenced by NF-kB and PPAR-g
signaling pathways. The NF-kB signaling pathway has an
important role in inflammatory bowel disease, which induces
the secretion of inflammatory cytokines (TNF-a, IL-1b, IL-12)
and upregulates the expression levels of pro-inflammatory
factors COX2 and oxidative stress markers (36). Numerous
cellular models and animal experiments have shown that
resveratrol can reduce expression levels of COX2 and
significantly inhibit NF-kB signaling pathway activity (37).
Singh et al. (19) demonstrated that resveratrol could abrogate
DSS-induced colitis by down-regulating the activation of NF-kB,
reducing the levels of associated inflammatory factors, and
inhibiting the expression of COX-2.

Moreover, nutritional intervention of resveratrol could affect
the differential expression of Aire, Ubd, Fgf15 and Nr0b2 genes
in the intestine of the mice with celiac disease. Here, we
elaborated a resveratrol-mediated association between
differentially expressed genes and their specific roles. Aire
(autoimmune regulator) is a modulator of the body ’s
autoimmunity and its disruption of function (such as Aire
deficiency or disabled) can lead to autoimmune diseases in
humans and mice (38). Most studies on Aire focused on
thymus and peripheral lymphocytes, while our study indicated
significant upregulation of the Aire gene in mouse jejunum after
the intervention of resveratrol. Aire may induce mixed
expression of tissue-specific antigens (TSA) to induce
autoimmune tolerance for celiac disease (39). In addition, Aire
could physically bind to sirt1, which deacetylated its lysine
residues, thereby activating Aire transcription (40). In contrast,
Ubd (Ubiquitin-binding domain) was used as a ubiquitin-like
protein modifier to target proteins for proteasomal degradation,
Frontiers in Immunology | www.frontiersin.org 10
regulation of immune signaling pathways and DNA repair (41).
The significant rise of Ubd gene in mouse intestine after
resveratrol intervention will specifically inhibit PPAR-related
proteins from proteasomal degradation and thus functionally
regulate PPAR signaling. Moreover, Fgf15 (Fibroblast growth
factor 15) was a gut-derived hormone that acted on the liver to
inhibit the synthesis of bile acids and to facilitate the distribution
of nutrients after meals (42). Bile acids (BAs) were essential in
absorption of dietary lipids and metabolism of cholesterol
catabolism (43). Huang et al. (44) found that theabrownin
could reduce hepatic cholesterol and decrease adipogenesis by
inhibiting FXR-FGF15 signaling in the intestine. Chen et al. (45)
found that resveratrol modulated atherosclerosis (AS) through
remodeling of the gut microbiota and downregulating the
enterohepatic FXR-FGF15 axis. The nuclear receptor subfamily
0 group B member 2 (NR0B2, also called SHP) was normally
highly expressed in the liver and intestine, having intestinal
functions that inhibit cholesterol absorption and acting as a
regulator of bile acids (46). Fgf15/19 and Fgf15/19-activated
Nr0b2 play a suppressive role in the transcription of
adipogenesis that could act as nutrient signals to regulate
nutrient uptake (47). The intervention of resveratrol in this
study significantly reduced the expression of Fgf15 and Nr0b2
genes in the intestine of mice, which may restore intestinal
absorption of nutrients by regulating the secretion of bile acids.
Together, it may be postulated that resveratrol could alleviate the
overreaction caused by autoimmunity through up-regulation of
Aire and Ubd genes and promote intestinal absorption of
nutrients through down-regulation of Fgf15 and Nr0b2 genes,
ultimately alleviating the intestinal damage caused by
wheat gluten.

Furthermore, we have explored associations of resveratrol-
activated related pathways and its role in recovery from intestinal
damage (Figure 7). PPAR is the peroxisome proliferator-activated
receptors that promoted the regulation of energy production, lipid
metabolism, cell differentiation and ligand-dependent transcription
of inflammation-targeted genes (48). In intestinal epithelial cells,
accumulation of the wheat gluten peptide p31-43 lead to elevate
level of reactive oxygen species (ROS) and downregulate level of
tissue transglutaminase-mediated PPAR-g (11). PPAR-g was
expressed not only in intestinal epithelial cells (IEL) but also in
intestinal macrophages and T cells, where it inhibited NF-kB
signaling and COX-2 production and thus restored mucosal
damage (49). Among them, NF-kB (nuclear factor-kB) was a
commonly expressed transcription factor involved in the
regulation of innate immunology, inflammation and metabolic
stress, being a key transcription factor for the pro-inflammatory
factor TNF-a (50). In addition, PPAR-a and PPAR-b inhibited
macrophage activation and suppress NF-kB signaling, thereby
reducing the production of inflammatory factors (TNF-a, IL-1b
and IFN-g) (51). PPAR-a could promote expression of IL-10 and
inhibit expression of pro-inflammatory factors, which in turn
inhibited Th1/Th17 differentiation (52), which was consistent
with intervention results of resveratrol in this study. Similarly,
PPAR-b altered differentiation of the T cell population, resulting
in suppression of Th1/Th17 cell subpopulation (decreases
April 2022 | Volume 13 | Article 878186
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expression of inflammatory factors such as IFN-g, IL-17, and IL-12)
and polarization toward Th2 cell subpopulation (elevates
expression of IL-4 and IL-10) (53). Activation of PPAR-b also
elevated SOD and catalase activities and reduced thioredoxin levels,
which consequently antagonizes multiple pro-inflammatory
pathways (54). Moreover, binding of ligand effectively prevented
degradation of ubiquitination-induced PPAR-b, and Ubd gene
which was significantly upregulated by resveratrol will help to
regulate protein levels of PPAR-b (55). AMPK acted as a sensor
of energy conservation and often played a key role in antioxidant
defense of cells and in regulating cellular activities such as cell
proliferation, cycle progression and apoptosis (56). Activation of
AMPK in macrophages decreased accumulation of ROS, NO and
COX-2, while inhibiting NF-kB activity, which in turn regulated
inflammatory responses (such as upregulation of IL-10 levels and
downregulation of TNF-a and IL-1b levels) and process of T cell
activation (such as development of Th1/Th17 cells) (57, 58). In their
Frontiers in Immunology | www.frontiersin.org 11
study of resveratrol intervention in Acute Respiratory Distress
Syndrome (ARDS), Alghetaa et al. (59) found that resveratrol
could lead to a decrease in effector T cells by increasing apoptosis
of T cells. In the pseudo-starvation view, AMPK activators could
alter program of metabolic involvement in inflammatory signaling,
allowing AMPK to efficiently regulate catabolic pathways of energy
and thus limit inflammatory responses (60). We speculated that
activation of AMPK by resveratrol in intestine of mice was
compliant with pseudo-starvation-restricted inflammatory
metabolism. In addition, pattern recognition receptors (such as
Toll-like receptor) that were stimulated in intestinal epithelial cells
could activate IL-1b and lead to inactivation of AMPK to induce
death of inflammatory cells and consequently impair barrier
function of intestine (61). ATI exerted these effects in the
intestine via TLR4-MD2-CD14, which further exacerbated the
toxic effects caused by gluten (62). The intervention of resveratrol
then made activation of TLR4 to re-encode macrophages for an
FIGURE 7 | The mechanism of resveratrol intervention on intestinal damage of celiac disease.
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anti-inflammatory phenotype, while exerting an anti-inflammatory
effect of diet. In addition, cancer cells will downregulate AMPK by
ubiquitinating degradation of AMPKa1 (63), and thus we
speculated that Ubd gene also had a protective effect on AMPK
signaling. Forkhead box transcription factor O (FoxO) was involved
in a variety of biological processes in vivo that could modulate
intestinal mucosal immunity by inhibiting expression of
inflammatory cytokines (such as down-regulation of TNF-a and
IFN-g) and restore intestinal function by inhibiting NF-kB (64).
Furthermore, AMPK directly regulated activation of FoxO, which
decreased expression of ROS and increased expression of SOD,
catalase and sestrin in order to increase resistance to oxidative stress
(65). Taken together, these results provided strong evidence that
resveratrol could regulate oxidative stress, inflammation and
immune responses in intestine by activating PPAR, AMPK and
FoxO signaling pathways, thereby alleviating intestinal damage in
celiac disease mice.

In summary, we demonstrated the association between
oxidative stress and inflammatory response in the pathogenesis
of celiac disease from current in vivo and in vitro models.
Moreover, using resveratrol as an entry point for intervention,
we demonstrated that resveratrol could regulate development of
autoimmunity through up-regulation of Aire and Ubd genes and
promote nutrient absorption in intestine through down-
regulation of Fgf15 and Nr0b2 genes, as well as play a role in
regulating complex response system of oxidative stress,
inflammatory response and immune response in intestine by
activating PPAR, AMPK and FoxO signaling pathways, thus
effectively alleviating the intestinal symptoms of celiac disease. It
should be interesting to determine whether other natural
antioxidants or activators have similar effects and mechanisms
to resveratrol. In conclusion, our data supported that dietary
intake of resveratrol could serve as a novel approach to prevent
the development of celiac disease.
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Supplementary Figure 1 | Gluten protein-derived peptide p31-43 induced
Caco-2 cells to construct a celiac oxidative stress model. (A) Changes of caco-2
cells activity. (B) The accumulation of intracellular ROS. Changes in SOD enzyme
activity (C), GSH content (D) and MDA content (E) in Caco-2 cells after 24 h of P31-
43 peptide stimulation. * indicated statistically significant differences when
compared to the PBS group. *P < 0.05; **P < 0.01; ***P < 0.001.

Supplementary Figure 2 | Determination of resveratrol concentration and
pretreatment time. (A) Safety concentrations of resveratrol in Caco-2 cells.
* indicated statistically significant differences when compared to the PBS group. *P
< 0.05; ***P < 0.001. (B) Effects of resveratrol on cell viability loss induced by p31-
43. (C) Regulation of resveratrol on intracellular ROS accumulation in Caco-2 cells.
# indicated statistically significant differences compared to the PBS group. ##P <
0.01; ###P < 0.001. * indicated statistically significant differences when compared
to the control group. *P < 0.05; **P < 0.01; ***P < 0.001.

Supplementary Figure 3 | Construction of a mouse model for celiac disease. (A)
Experimental protocol for model construction. (B) Weight of mice. (C) Water
consumption of mice. (D) Clinical symptoms of mice. (E) Number of scratches in
mice. *P < 0.05; **P < 0.01; ***P < 0.001. Symptom scoring: (0) No symptoms; (1)
Scratching nose and mouth; (2) Swelling around the eyes and mouth, diarrhea,
reduced activity or walking in place, higher breathing rate; (3) Shortness of breath,
wheezing, blue rash around the mouth and tail; (4) Loss of consciousness, tremors
or cramps, blood in stool; (5) Death by shock.

Supplementary Figure 4 | Characteristic indicators of the mouse model for
celiac disease. (A) Intestine histological sections of ileum (above) and jejunum
(below) stained with hematoxylin and eosin stain from mice. (B) The ratios of Th1/
Th2 cells in mesenteric lymph nodes of mouse. (C) The expression level of Th1
related inflammatory factors (IFN-g, IL-1b, IL-2, TNF-a), (D) Th2 related
inflammatory factors (IL-4, IL-6) and IL-10 in the lysate of jejunum tissue. (E)
Immunohistochemistry analysis of tissue transglutaminase in jejunum tissue
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sections. Different alphabets of a-e indicated statistically significant differences (p <
0.05). (A) were the fields of view at 200x lens. I: Control group; II: Gliadin group; III;:
ATI group; IV: ATI+Gliadin group; V: ATI+CT group; VI: ATI+CT+Gliadin group; VII:
ATI+Poly : IC group; VIII: ATI+Poly: IC+Gliadin group; IX: ATI+DSS group; X: ATI+
DSS+Gliadin group. Figure E were the fields of view at 200x lens. i: Control group; ii:
Frontiers in Immunology | www.frontiersin.org 13
Gliadin group; iii: ATI group; iv: ATI+Gliadin group; v: ATI+Poly : IC group; vi: ATI+
Poly : IC+Gliadin group.

Supplementary Figure 5 | Average optical density analysis of tissue
transglutaminase in jejunum tissue sections.
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