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Introduction

Cyanidin and delphinidin inhibit transglutaminase 2
and mitigate inflammatory effects of IFN-y and
TNF-a by molecular interaction

Andrea Diers, (2 *2® Silvia Rudloff,>® Heike Hausmann,? Anika E. Wagner ) ®< and
Sebastian Stricker®

Enzymatic modification of gliadin peptides by calcium-dependent transglutaminase 2 (TG2) plays a
central role in the pathogenesis of celiac disease (CD) and is considered a potential therapeutic target.
Recently, anthocyanins (ACN) such as cyanidin-3-glucoside (C3G) and delphinidin-3-glucoside (D3G)
have gained attention in CD research for their anti-inflammatory, antioxidant and gliadin-binding pro-
perties. This study examined whether C3G and D3G modulate TG2 activity and cytokine-induced inflam-
mation in human intestinal cells. TG2 activity was analyzed using gliadin substrates and TG2 expression
was assessed after IFN-y and TNF-a stimulation. Cell viability after ACN, IFN-y and TNF-a incubation was
tested with a resazurin-based fluorometric assay. Docking and STD-NMR experiments were conducted to
explore the molecular interactions involved. D3G significantly reduced TG2-mediated crosslinking of
gliadin and C3G of 5-biotinamidopentylamine as a synthetic substrate of TG2. STD-NMR and in silico
docking experiments revealed a molecular interaction of ACN with calcium binding sites of TG2 which
are essential for its enzymatic function. In addition, C3G and D3G improved cell viability under IFN-y and
TNF-a exposure and D3G reduced upregulation of TG2 mRNA under IFN-y stimulation. Here, in silico
docking experiments suggested that both ACN may interact with the assembly of cytokines and their
corresponding cellular receptors. In conclusion, our data indicates that C3G and D3G reduce TG2-activity
and mitigate cytokine-mediated inflammatory effects by a direct molecular interaction. This supports
their potential as natural modulators of TG2 in the context of CD.

in the gastrointestinal tract. The resulting gliadin peptides
cross the intestinal epithelium into the lamina propria via

Celiac disease (CD) represents a chronic, systemic auto-
immune disorder, triggered by the ingestion of gliadin and
related prolamines in genetically predisposed (HLA-DQ2/
DQ8 genotype) individuals." The disease is associated with
diverse intestinal symptoms such as diarrhea or abdominal
bloating and extraintestinal symptoms, e.g., failure to thrive or
anemia as well as an increased mortality.>* On a molecular
basis, gluten, the main protein fraction in wheat, rye and
barley, is only partially digested by intestinal endopeptidases
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transcellular and paracellular pathways.* Within the extracellu-
lar matrix of the lamina propria, gliadin peptides such as the
specific 33-mer a-gliadin peptide (P56-88) are modified by the
calcium-dependent enzyme transglutaminase 2 (TG2) through
deamidation and transamidation (crosslinking). This mecha-
nism significantly enhances the immunogenicity of P56-88 by
increasing its affinity for the HLA-DQ2 receptor on antigen-pre-
senting cells.>” In addition, TG2 is expressed by intestinal epi-
thelial cells and is considered to facilitate the uptake of
gliadin peptides.®** The final immune cascade is character-
ized by the production of CD-specific anti-TG2-IgA-autoanti-
bodies and the release of the Thi-cytokines IFN-y and TNF-a.
Ultimately, this process results in the destruction of the intesti-
nal mucosa leading to malabsorption and diverse extraintest-
inal symptoms. In contrast, the peptide P31-49 mediates
direct inflammatory effects mainly via the innate immune
system."'?

Currently, the only effective treatment for CD is a strict life-
long gluten-free diet, which involves the rigorous elimination
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of gluten-containing food. While this approach can alleviate
symptoms and promote intestinal healing, it represents a sig-
nificant challenge for patients and their families due to the
dietary restrictions and the related social and economic
burden.'»"® This contributes to a significantly impaired
quality of life in CD patients and reduced rates of dietary
adherence (about 75% of patients), especially in adolescents
and patients with subtle symptoms.’®'” These facts under-
score the high need for supplementary therapeutic options
apart from the gluten-free diet.

Recent research has indicated that anthocyanins (ACN),
certain naturally occurring secondary plant compounds might
have a positive influence in the context of CD due to their anti-
inflammatory and antioxidant properties and their ability to
bind gliadin peptides.'®>* ACN are water-soluble vacuolar pig-
ments found in fruits and vegetables, giving them their charac-
teristic red to blue color. In edible plants, cyanidin-3-glucoside
(C3G) and delphinidin-3-glucoside (D3G) are the most
common ACN.** There is some evidence from cell culture-
based studies that ACN mitigate CD-associated inflam-
mation.”>>” However, functional studies exploring the poss-
ible molecular background in an inflammatory setting are
scarce. In this study, we aimed to investigate effects of the ACN
C3G and D3G on TG2-mediated crosslinking of gliadin and on
IFN-y- and TNF-a-mediated inflammatory effects in human
intestinal cells.

Materials and methods

Anthocyanin preparation

The anthocyanins (ACN) cyanidin-3-glucoside (C3G; 1201-3)
and delphinidin-3-glucoside (D3G; 1401-3) were obtained from
Polyphenols AS (Sandnes, Norway). The lyophilized extract was
prepared as a stock solution in Tris-buffer containing 50 mmol
L™ Tris, 1 mmol L™! EDTA, 5 mmol L™ calcium chloride, and
10 mmol L™ dithiothreitol (DTT) (pH 7.5) or in cell culture
medium immediately before use. To ensure complete dis-
solution, the stock solution was subjected to ultrasonic treat-
ment in an ice-cooled bath for 3 minutes. The stock solution
was subsequently diluted to the working concentrations for
experimental use. The ACN concentrations of 50 umol L™" and
100 pumol L~ were selected to reflect physiological achievable
intestinal luminal exposure following consumption of ACN-
rich food.

TG2-mediated crosslinking of gliadin peptides

For in vitro crosslinking experiments, a 96-well microplate was
coated with 10 nmol L' transglutaminase 2 (TG2; T022,
Zedira, Darmstadt, Germany) in Tris-buffer with 10 mmol L™
DTT (99%, Sigma-Aldrich, Darmstadt, Germany) for 1 hour at
37 °C. Then, the wells were washed three times with PBS and
subsequently blocked with 2% bovine serum albumin (BSA) in
PBS for 30 minutes at room temperature. After blocking, the
wells were incubated for 1 hour at 37 °C with 10 pg mL™" com-
mercially available pepsin-trypsin-digested gliadin (PTG; P004,
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Zedira) or biotinylated gliadin peptide P56-88 (G009, Biosynth,
Staad, Switzerland; chemical structure:
H-LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF-OH) in the
presence or absence of 50 and 100 pmol L™" of the ACN C3G
or D3G. The irreversible TG2-specific inhibitor ERW1041
(Merck KGaA, Darmstadt, Germany) served as a control. After
three washing steps, a primary antibody specific for gliadin
(clone XGY4, Zedira) diluted 1:1000 in 2% BSA was applied to
samples containing PTG and incubated overnight at 4 °C on
an orbital shaker. Thereafter, a secondary, horseradish peroxi-
dase-conjugated antibody targeting mouse IgG (sc-516102,
Santa Cruz Biotechnology, Dallas, Texas, USA) diluted 1: 1000
in 2% BSA was added to the wells and incubated for 1 hour at
room temperature on an orbital shaker. When biotinylated
P56-88 was used, the wells were incubated with horseradish
peroxidase-conjugated streptavidin (streptavidin-HRP;
BioLegend, San Diego California, USA) diluted 1:2500 in 2%
BSA on an orbital shaker at 4 °C overnight. After three washes
with PBS, tetramethylbenzidine substrate (TMB; Sigma-
Aldrich) was added to each well. Following a 15-minute incu-
bation, photometric quantitation was performed at 655 nm
using a Clariostar Plus (BMG Labtech) microplate reader. As a
comparative test, the experiment was also conducted with 5BP
(Thermo Fisher Scientific, Langenselbold, Germany) and
100 pmol L™ ACN. Again, streptavidin-HRP and TMB substrate
were used for photometric evaluation.

To investigate the effects of ACN on TG2 activity at different
calcium concentrations, Tris-buffers with different concen-
trations ranging from 0 to 5 mmol L™" were used. In this assay,
TG2-mediated crosslinking of the transglutaminase substrate
5-biotinamidopentylamine (5BP; 500 pmol L™, 21345, Thermo
Fisher Scientific) detected by streptavidin-HRP as
described above.

was

Cell culture

Human intestinal epithelial cells (Caco-2; ATCC HTB-37,
Manassas, Virginia, USA) were cultured at 37 °C with 5% CO,
and 95% humidity in Dulbeccos Modified Eagle Medium
(DMEM; Thermo Fisher Scientific) supplemented with 1%
penicillin-streptomycin, 1% non-essential amino acids, 1%
sodium pyruvate (all Thermo Fisher Scientific), and 10% heat-
inactivated fetal bovine serum (FBS; Thermo Fisher Scientific,
LOT B2724126RP). The culture medium was replaced every two
to three days and cells were passaged at 60 to 80% confluence
using TrypLE express (Thermo Fisher Scientific).

Extracellular TG2 activity in Caco-2 cells

To investigate the effect of ACN on the extracellular TG2
activity, 2 x 10" Caco-2 cells were seeded on a 96-well micro-
plate and used 4 to 7 days after confluency, to ensure sufficient
differentiation of the cell monolayer as well as reliable viability
and activity measurement without late differentiation and
contact inhibition possibly changing the metabolic profile.
The non-permeabilized cells were incubated with 5BP in Tris-
buffer in the presence of ACN (50 and 100 pmol L") or
ERW1041 (100 pmol L),

This journal is © The Royal Society of Chemistry 2026
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After incubation, the cells were washed with PBS, fixed with
4% paraformaldehyde for 10 min and blocked with 5% BSA in
PBS at 4 °C overnight. The next day, cells were incubated at
room temperature with streptavidin-Alexa488 (2 pg mL™",
Thermo Fisher Scientific) in 5% BSA for 1 hour in the dark
and subsequently washed with PBS three times. Fluorometric
quantitation was conducted using Clariostar Plus microplate
reader (BMG Labtech, excitation 488 nm, emission 535 nm).
The data were background subtracted against a control
without 5BP substrate.

Nuclear magnetic resonance (NMR) spectroscopy

To investigate possible interactions between TG2 and the ACN,
Saturation Transfer-Difference (STD) 'H-NMR experiments
were performed with solvent suppression. The TG2-ACN mix-
tures were prepared in D,O (99.9%, Carl Roth, Karlsruhe,
Germany) in a 1:100 molar ratio.>® The mixtures contained
80 ug mL~' TG2 (corresponding to approximately 1 pmol L")
and 100 pmol L™" of C3G or D3G. Before transferring the
samples into NMR tubes, they were filtered through a 0.2 pm
filter (Cytivia, Marlborough, USA).

The NMR measurements were recorded on a Bruker
700 MHz Avance Neo spectrometer equipped with a 5 mm TCI
z-gradient prodidy probe. The chemical shifts were measured
in ppm. All NMR measurements were performed at 298 K. The
data were processed and analyzed using TopSpin 4.1 from
Bruker BioSpin.

Cell viability of Caco-2

The viability of Caco-2 cells was assessed using the PrestoBlue
HS assay (Thermo Fisher Scientific). 2 x 10* Caco-2 cells per
well were seeded on a 96-well microplate. Again, the cells were
used 4 to 7 days after confluency to ensure complete differen-
tiation with reliable activity measurement. The cells were
treated with interferon-y (IFN-y; 1000 IU mL™", Sigma-Aldrich,
Darmstadt, Germany) or tumor necrosis factor-a (TNF-a; 20 ng
mL~", Thermo Fisher Scientific) with or without addition of
C3G or D3G (1, 10, 50, 100 and 200 pmol L™"). Incubation was
performed for 24 hours in cell culture medium at 37 °C.
Afterwards, cells were washed once with PBS and incubated
with PrestoBlue HS reagent (diluted 1:10 in culture medium)
for 2 hours at 37 °C. Fluorescence was measured using a
Clariostar Plus (BMG Labtech, Ortenberg, Germany) micro-
plate reader (excitation at 545 nm, emission at 600 nm).

Quantitative real-time PCR (qRT-PCR)

Caco-2 cells were seeded at a density of 1 x 10° cells per well
on a 24-well microplate. The cells were used 10 to 12 days after
reaching confluency which is enough time to ensure stable
expression of enterocyte specific genes and proteins. Naive
Caco-2 cells and Caco-2 cells stimulated with IFN-y (1000 IU
mL™") or TNF-o (20 ng mL™") were incubated with C3G and
D3G (100 pmol L") in culture medium for 24 hours at 37 °C.
Following treatment, the cell culture medium was removed,
the cells were washed twice with ice-cold PBS, detached using
TrypLE express and centrifuged at 14 100g for 60 seconds. The
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cell pellets were frozen at —80 °C for subsequent RNA
extraction.

Total RNA was extracted from the pellets using the RNeasy
Mini Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions. The RNA concentration was measured
using a Clariostar Plus microplate reader. To analyze mRNA
levels of TG2, the extracted RNA was reverse transcribed
into complementary DNA using the QuantiTect Reverse
Transcription Kit (Qiagen) in accordance with the manufac-
turer’s protocol. Quantitative Real-Time PCR (qPCR) was per-
formed using the 7500 Real-Time PCR System (Thermo
Fisher Scientific) with SYBR Green Master Mix (Quantabio,
Beverly, Massachusetts, USA) according to a standard proto-
col. The temperature and time conditions used are shown in
Table 1.

The following primers were used for TG2: forward primer
sequence: 5-TGTGGCACCAAGTACCTGCTCA-3' and reverse
primer sequence: 5-GCACCTTGATGAGGTTGGACTC-3' (Thermo
Fisher Scientific). GAPDH was used as a housekeeping gene
(forward primer sequence: 5'-GTCTCCTCTGACTTCAACAGEG-3';
reverse primer sequence: 5-ACCACCCTGTTGCTGTAGCCAA-3',
Thermo Fisher Scientific). Each PCR reaction (20 pL) consisted
of 10 pL SYBR Green Master Mix, 1 pL cDNA, 1 pL of each
primer and nuclease-free water. All samples were run in tripli-
cates and to confirm specificity, a melting curve analysis was
conducted. The housekeeping gene GAPDH was used as an
internal control to normalize RNA input. Relative gene
expression was calculated using the 27*2“" method (ACt = Ct
(target) — Ct (housekeeping)).

Western blotting

Caco-2 cells were seeded at a density of 1 x 10° cells per well
on a 24-well microplate. The cells were used 10 to 12 days after
reaching confluency. Naive cells as well as cells stimulated
with IFN-y (1000 IU mL™") or TNF-a (20 ng mL™") were incu-
bated with C3G or D3G (100 umol L™") in cell culture medium
for 48 hours at 37 °C. Following treatment, the cells were har-
vested as described for qRT-PCR. The resulting cell pellets
were washed twice with PBS and resuspended in radioimmu-
noprecipitation lysis buffer (RIPA, sc-24948, Santa Cruz
Biotechnology, USA) supplemented with phenylmethylsulfonyl
fluoride (PMSF), protease inhibitors, and sodium orthovana-
date (1% each). The lysis was carried out on ice for
20 minutes, followed by centrifugation at 19060g for
20 minutes at 4 °C. The supernatant was collected in a fresh
tube and protein concentration was determined using the

Table 1 Real-time PCR thermal cycling conditions

Phase Temperature (°C) Time Cycles
Initial denaturation 95 5 min 1
Denaturation 95 45s 45
Annealing 58 30s 45
Elongation 72 30s 45
Melt curve 95; 60 (multilevel) 15-20 s each 1
Food Funct.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fo00704j

Open Access Article. Published on 21 May 2026. Downloaded on 5/22/2026 1:44:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Pierce BCA Protein Assay Kit (23225, Thermo Fisher Scientific)
according to the manufacturer’s instructions.

For western blot analysis, Laemmli buffer containing 2-mer-
captoethanol was added to the samples, which were then
denatured at 95 °C for 5 minutes. Proteins (10 pg per lane)
were separated using 10% SDS-PAGE at 40 mA. Subsequently,
the proteins were transferred onto a nitrocellulose membrane
with a 0.2 pm pore size using the trans-Blot Turbo system (Bio-
Rad Laboratories, Feldkirchen, Germany) for 30 minutes. After
blocking, the membrane was incubated overnight at 4 °C with
a primary antibody against transglutaminase 2 (TGM2 mAb,
clone D11A6, Cell Signaling Technology, Danvers, USA) diluted
1:2000. A secondary anti-rabbit antibody (m-rabbit, 01/2029,
Cell Signaling Technology) was used with a dilution of 1: 1000.
For detection of GAPDH as a non-regulated protein for normal-
ization, the blots were first stripped (Restore™ Western Blot
Stripping Buffer, 21063, Thermo Fisher Scientific) and then
incubated with a primary antibody against glyceraldehyde-3-
phosphate dehydrogenase (MAB374, Merck KGaA) diluted
1:5000 and m-IgGk BP-HRP as secondary antibody (sc-516102,
Santa Cruz Biotechnology) diluted 1 : 1000.

In silico molecular affinity experiments

Molecular docking experiments were performed using the
web-based tool CB-Dock2 (https:/cadd.labshare.cn/cb-dock2/
php/blinddock.php, assessed 23/05/2025), which employs
cavity detection-guided blind docking to predict ligand-
protein interactions.® The molecular structures of TG2 in an
active, open conformation (2Q3Z), the IFN-y/IFN-yR1/IFN-yR2-
hexamer (6E3L) and the TNF-a/TNF-a-R2-complex (3ALQ) were
obtained from the Protein Data Base and 3D conformers of the
ligands C3G and D3G were obtained from the PubChem data-
base. CB-Dock2 automatically detected potential binding cav-
ities within the receptors and generated docking poses using
Auto BlindDock as the scoring engine. For each cavity, mul-
tiple docking conformations were calculated, and the top-
ranked poses were selected based on Vina docking scores and
predicted binding orientation. Higher negative Vina scores
indicated stronger binding of the ligand with values more
than —4 kcal mol™" and more than —8 kcal mol™" indicating
moderate and strong affinity respectively. Docking results were
visualized and analyzed to evaluate binding modes and poten-
tial molecular interactions.

Statistics

Statistical analysis was performed using Graph-Pad Prism 10
(GraphPad Prism Software Inc., La Jolla, CA, USA). All data was
tested for normality of distribution of the residuals applying
Shapiro-Wilk test and for heteroscedasticity applying
Spearman’s rank correlation test (predicted Y vs. |residual|).
In case of normally distributed residuals with variance hom-
ogeneity, a two-way RM ANOVA followed by Dunnett’s or
Sidak’s test was performed, as both the dependencies within
the biological replicates and the treatments themselves rep-
resent influencing factors and because the cells of a biological
repetition originate from the same stock and passage. For non-
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normally distributed residuals, a sensitivity analysis was per-
formed to verify the robustness of the results by comparing
the significance values with and without outliers. In case of
heteroscedasticity, the data was transformed accordingly.
Statistical significance was accepted at p < 0.05.

Results
Anthocyanins can inhibit the activity of recombinant TG2

As enzymatic modification of gliadin peptides by TG2 plays
such an essential role in the pathogenesis of CD, we first inves-
tigated whether ACN interfere with this process. For this
purpose, we analyzed the effect of different concentrations of
C3G or D3G on TG2-mediated crosslinking of a pepsin-
trypsin-digested gliadin (PTG) on an in vitro level. D3G signifi-
cantly reduced the crosslinking by recombinant TG2 when
used at a concentration of 100 umol L™" (to 46 + 18%, p < 0.05,
Fig. 1A). C3G did not show a significant effect (100 pmol L™":
60 = 23%, p = 0.23). To further evaluate this observation, we
compared the influence of both ACN with the effect of the
active site-directed, irreversible TG2-inhibitor ERW1041. This
specific inhibitor reduced TG2-activity to 13 + 7% (p < 0.001).

We also performed a similar experiment using the specific
potentially immunogenic gliadin peptide P56-88. This peptide
is the key target of TG2-mediated deamidation and is known
to induce the Thi-dominated immune response observed in
CD. Here, neither of the two ACN had a significant effect (C3G
100 umol L™ 51 + 19%, p = 0.13; D3G 100 umol L™ 71 =
12%, p = 0.16), whereas ERW1041 significantly reduced TG2-
activity to 25 + 22% (p < 0.05) (Fig. 1B).

We further performed an experiment using the substance
5BP instead of gliadin as a TG2 substrate. Here, C3G
decreased 5BP crosslinking to 47 + 30% (p < 0.05) whereas
D3G had no significant effect (57 + 26%, p = 0.1). This
finding argued against the observed effect being rooted in a
specific molecular interaction between the ACN and gliadin.
Treatment with ERW1041 led to a decline to 26 + 14% (p <
0.01) (Fig. 1C).

We next applied a cell-culture model based on the intestinal
epithelial cell line Caco-2 to further investigate the effect of
ACN on the extracellular TG2 activity. In detail, we analyzed
the influence of C3G and D3G on TG2-mediated crosslinking
of the substrate 5BP in unpermeabilized Caco-2 cells. After a
3-hour incubation, ERW1041 significantly reduced the TG2
activity to 63 + 6% (p < 0.01) (Fig. 2A). After 30 minutes of
incubation, ERW1041 significantly reduced the TG2 activity to
75 + 11% (p < 0.05), whereas neither of the ACN showed an
effect (D3G 100 umol L™": 86 + 7%, p = 0.33) (Fig. 2B).

C3G and D3G bind directly to TG2, primarily via their
glucoside residue

Next, we aimed to further investigate the mechanism by which
C3G and D3G interfere with TG2 enzymatic activity. We
hypothesized that a direct molecular interaction of ACN with
TG2 might affect its enzymatic function. First, we performed

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Crosslinking of PTG, P56-88 and 5BP by recombinant TG2. TG2-mediated crosslinking of (A) pepsin—trypsin—digested gliadin (PTG; n = 5),
(B) gliadin peptide P56-88 (n = 4) and (C) the TG2 substrate 5-biotinamidopentylamine (5BP; n = 5) was quantified photometrically. Two technical
replicates per condition were done. Data is shown as mean + standard deviation. Normalized data is shown, the dashed line indicates the TG2
control (100%). Statistical significance was tested using two-way RM ANOVA followed by Dunnett’s test using the non-normalized raw data. * indi-
cates significant difference to untreated control; * p < 0.05; ** p < 0.01; *** p < 0.001.
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Fig. 2 Effect of ACN on extracellular TG2 activity of Caco-2 cells. Extracellular TG2 activity on Caco-2 monolayers was tested using 5BP as a sub-
strate. Data is shown as mean + standard deviation of 4 independent experiments. Normalized data is shown, the dashed line indicates the 5BP
treated control (100%). Statistical significance was tested using two-way RM ANOVA followed by Dunnett’s test using the non-normalized raw data.
The residues of the 30-minute data were not normally distributed, so a sensitivity analysis was performed excluding an outlier from the D3G
100 pmol L™ treatment. The sensitivity analysis confirmed the robustness of the results. * p < 0.05; ** p < 0.01.

NMR experiments in order to investigate whether there is a
spatial relationship between ACN and TG2.

STD-NMR is suited to receptor proteins with large masses.
Macromolecules with large molecular masses possess large
rotational correlation times 7. that enhance spin diffusion
and, consequently, protons that are in close contact with the
receptor (<5 A) and therefore involved in the binding process
to receive magnetization transfer leading to STD-NMR signals.
Molecules that bind to the protein (e.g. C3G and D3G) then get
saturated through the binding location. In the difference STD
spectrum, only the signals of the molecules that bind to the

This journal is © The Royal Society of Chemistry 2026

protein are present.”’*° The 'H spectrum of C3G and D3G

(Fig. 3A and B), revealed small peaks in the range of 6 to
9 ppm (aromatic protons of the ACN). In the case of D3G,
these were only slightly visible (see zoomed-in view). Strong
signals were detected at 3 to 4 ppm deriving from the gluco-
side part of the ACN. In comparison, the "H spectrum of the
mixture of TG2 and ACN showed an additional peak between 5
and 5.5 ppm, while less signal appeared in the range from 1 to
1.5 and 6 to 9 ppm. We used STD NMR-spectroscopy for a
detailed investigation of the residues of C3G and D3G that are
involved in the interaction with TG2. This analysis revealed
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Fig. 3 (A) NMR spectra of TG2 with C3G at pH 7.4. (a) *H NMR spectrum of C3G in D,O, (b) *H NMR spectrum of C3G and TG2 in D,O, (c) STD spec-
trum of C3G and TG2 in D,O. (B) NMR spectra of TG2 with D3G at pH 7.4 (a) *H NMR spectrum of D3G in D,O, (b) *H NMR spectrum of D3G and

TG2 in D0, (c) STD spectrum of D3G and TG2 in D,0.

distinct peaks between 3 to 4 ppm representing the glucoside
ring and between 5 to 5.5 ppm representing the anomeric
proton, which is bound to the C-1 carbon of the sugar ring
(Fig. 3A and B, panel c). These findings indicated a molecular
interaction of C3G and D3G with TG2 which is mediated by
the glucoside moiety of the ACN.

C3G and D3G interfere with calcium-mediated activation
of TG2

Next, we performed molecular docking experiments to
address the question at which sites ACN interact with TG2. In
total, five binding sites between C3G or D3G and TG2 were
identified with relevant Vina scores indicating a moderate to
high affinity (Fig. 4A and B). Binding sites and the corres-
ponding contact residues of TG2 were comparable between
C3G and D3G. For both ACN, docking analysis revealed a
similar binding site with high affinity (<=8 kcal mol™, C2)
and several other binding sites with moderate affinities
(=4 to —8 kcal mol™'). None of the identified binding sites

Food Funct.

revealed a relationship to the active center (cysteine 277, histi-
dine 335, aspartic acid 358). However, the identified binding
sites with the highest affinities (C2 and C4) revealed a spatial
relationship with calcium-binding sites which have been pre-
viously published.*'™? Thereafter, we investigated the effect
of C3G and D3G on calcium-mediated activation of recombi-
nant TG2. For this purpose, we analyzed crosslinking of the
transglutaminase-substrate 5BP by TG2. At low calcium-con-
centrations below 2 mmol L', there was no measurable
enzymatic activity of TG2. However, at a concentration of
2 mmol L™ calcium and higher, TG2 activity was signifi-
cantly increased and reached a plateau at a concentration of
3 mmol L~'. Regarding the effects of ACN on calcium-
mediated activation of TG2, there was no significant effect of
C3G at the tested concentrations of 100 pmol L™". However,
D3G reduced TG2-activity to 51 + 23% (4 mmol L™" calcium,
p < 0.01) and 58 * 27% (5 mmol L™" calcium, p < 0.05) and
thus showed an increased efficiency at higher calcium con-
centrations (Fig. 4C).

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fo00704j

Open Access Article. Published on 21 May 2026. Downloaded on 5/22/2026 1:44:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food & Function

A
TG2+C3G

Molecular docking between ACN and TG2

C3G

Vina score

Contact residues

C1

-7.4

LYS30 VAL62 THR63 GLY64 PRO65 PRO67 ILE112 GLY113 LEU114 TYR115 ARG116 HIS134 ASP191 LEU194 ILE195
ASP198 PHE203 CYS211 ARG214 LYS265

Cc2

-8.3

PHE394 VAL397 ASN398 ALA399 ASP400 VAL401 VAL402 TRP404 LYS414 SER415 ILE416 ASN417 ARG418 SER419
LEU420 ILE421 VAL422 GLY423 LEU424 LYS444 TYR445 PRO446 GLU447 GLY448 SER449 GLU452 ARGA453
GLU454 PHE456 THR457 ASN460 HIS461 GLY472 MET473 THR499 GLUS01 TYR503 GLUS69 ILES72 ASN573
SERS574 TYR575 LEUS76

C3

ARG35 GLU70 ALA71 GLY72 THR73 ALA108 ASN109 ALA110 PRO111 PHE139 ALA145 ASP146 ALA147 VAL148
LYS202 PHE203 LYS205 ASN206 ARG209 ASP210 CYS211 SER212 ARG213 ARG214 SER215 SER216 PRO217
VAL218 TYR219 ARG222 THR343 ARG344 PRO345 ASP346 LEU347 GLY367 THR368 TYR369 LYS387 TYR388

c4

TYR315 PHE316 SER328 GLU329 MET330 ILE331 GLN362 LYS364 SER365 GLU366 GLY367 GLY382 LEU384
SER385 THR386 LYS387 TYR388 ASP389 ALA390 PRO391 PHE392 ALA395 ARG458 ALA459 ASN460 HIS461 GLUS01
GLUS02 TYRS503 VAL504 CYS505 ARG506 TYR528 LEU530 ASN531 VAL568 GLU569 PRO570 VAL571 ILES72 ASN573
TYRS75

C5

MET485 SER515 TYR516 TYR548 TYR551 ARG552 ASP553 CYS554 LEUS55 THR556 GLUS57 SER558 ASNS59
TYRS583 GLU585 ASN586 PRO587 GLUS88 ILE589 LEU613 VAL615 SERE70 ASP671 LYS672 LEUB73 LYS674 ALAB75S
VAL676 LYS677 GLY678 PHE679

B
TG2 +D3G

D3G

Vina score

Contact residues

C1

-6.5

CYS10 LEU12 GLU29 LYS30 LEU31 VAL32 VAL62 THR63 GLY64 PRO65 ALA66 PRO67 ILE112 GLY113 LEU114
TYR115 ARG116 VAL131 LEU132 GLY133 HIS134 PHE135 ILE136 LEU190 ASP191 ILE192 LEU194 ILE195 ASP198
VAL199 PHE203 CYS211 ARG214 LYS265

C2

PHE394 VAL397 ASN398 ALA399 ASP400 VAL401 VAL402 TRP404 ILE416 ASN417 ARG418 SER419 LEU420 ILE421
VAL422 GLY423 LEU424 THR440 LYS444 TYR445 PRO446 GLU447 GLY448 SER449 GLU452 ARG453 GLU454
ALA455 PHE456 THR457 MET473 ASN573 SER574 LEUS76

C3

ARG35 GLN69 GLU70 ALA71 GLY72 THR73 ALA108 ASN109 ALA110 PRO111 PHE139 ALA145 ASP146 ALA147
ARG209 CYS211 SER212 ARG213 SER215 SER216 PRO217 VAL218 TYR219 THR343 ARG344 PRO345 ASP346
TYR388

c4

ASN231 TYR315 PHE316 SER328 GLU329 MET330 GLN362 GLU363 LYS364 SER365 GLU366 GLY367 CYS370
LEU384 SER385 THR386 LYS387 TYR388 ASP389 ALA390 PRO391 PHE392 ALA395 ARG458 ALA459 ASN460 HIS461
VAL504 ARG506 TYR528 LEU530 ASN531 VAL568 GLU569 PRO570 VAL571 ILES72 ASN573 TYR575

C5

MET485 TYR516 TYRS548 TYR551 ARG552 ASP553 CYS554 LEUS55 THR556 GLUS57 SER558 ASNS559 TYRS583
GLUS585 ASN586 PROS87 GLUS88 ILES89 LEUB13 VAL615 SER670 ASP671 LYS672 LEU673 LYS674 ALAB7S VALE76
LYS677 GLY678 PHE679

C Interaction of ACN with calcium-mediated activation of TG2
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Fig. 4 Molecular docking of (A) C3G or (B) D3G and TG2. A 3D-reconstruction of the 5 binding sites and the corresponding Vina scores for binding
affinity and contact residues are shown. Contact residues with functional significance are highlighted in red. (C) Calcium-mediated activation of
recombinant TG2 and the effect of 100 pmol L™ C3G and 100 umol L™ D3G (n = 4). Data is shown as mean + standard deviation. Normalized data is
shown, the dashed line indicates the control (100%). Statistical significance was tested using two-way RM ANOVA followed by Sidak’s test using the
non-normalized raw data. * p < 0.05; * p < 0.01.
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C3G and D3G improve cell viability under IFN-y and TNF-a
exposure

Then, we investigated whether ACN mitigate inflammatory
effects of CD-associated cytokines IFN-y and TNF-a in our cell
culture model. For this purpose, cell viability of Caco-2 cells
was quantified using a resazurin-based assay after simul-
taneous incubation with cytokines and ACN. In unstimulated
Caco-2 cells, neither C3G nor D3G showed an effect on cell via-
bility. Treatment with IFN-y or TNF-a did not significantly
impair cell viability. C3G and D3G at the concentrations of 10,
50, 100 and 200 pmol L™" may have beneficial effects on cell
viability in IFN-y-stimulated Caco-2 cells while C3G at 10, 50
and 100 umol L™" significantly increased cell viability in TNF-
a-stimulated cells (Fig. 5A and B).

View Article Online
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C3G and D3G reduce TG2-expression in IFN-y-stimulated
Caco-2 cells

We next addressed the question whether C3G and D3G might
mitigate the inflammatory response associated with CD. For
this purpose, we incubated Caco-2 cells with IFN-y and TNF-a.
Since upregulation of TG2-expression represents one of the
cornerstones of CD inflammation, we investigated the
TG2 mRNA level using qPCR. We did not observe an influence
of C3G or D3G on TG2 expression under non-inflammatory
conditions. After 24 hours of stimulation with IFN-y, however,
TG2 mRNA levels were significantly increased by more than
3-fold. Simultaneous incubation with D3G attenuated this
effect and reduced IFN-y-mediated stimulation of TG2

A
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Fig. 5 Effects of ACN and cytokines on the viability of Caco-2 cells. The cell viability of Caco-2 cells was tested after 24-hour treatment with (A)
C3G and (B) D3G alone and with addition of IFN-y and TNF-a at the indicated concentrations. Five independent experiments were done with two
technical replicates per condition. Data normalization was conducted relative to untreated controls (no cytokine or ACN treatment). Data is shown
as mean + standard deviation. Normalized data is shown, the dashed line indicates the untreated control (100%). Statistical significance was tested
using two-way RM ANOVA followed by Sidak's test using the non-normalized raw data. The residues of the D3G data were not normally distributed,
so a sensitivity analysis was performed excluding an outlier from the control group, which confirmed the robustness of the results. * p < 0.05; ** p <
0.01; *** p < 0.001 (cytokine vs. cytokine with ACN).
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Fig. 6 Effects of ACN on cytokine-induced expression of TG2. Caco-2 cells were stimulated with IFN-y or TNF-a and incubated with or without
ACN (100 pmol L™). (A) The TG2 mRNA expression was determined by real-time PCR. GAPDH served as a housekeeping gene. Three independent
experiments were done. (B) The TG2 protein level in whole cell lysates was determined by western blotting. Here, a representative western blot is
shown, GAPDH served as a loading control for normalization. (C) The densitometric evaluation of western blots is given. Four independent experi-
ments were done. Data is shown as mean + standard deviation. To account for heteroscedasticity, mRNA level data was square-root transformed
and protein level data was transformed using the natural logarithm. Statistical significance was tested using two-way RM ANOVA followed by Sidak's

test using normalized data (MRNA level) or non-normalized raw data (protein level), respectively.

y-stimulation); * p < 0.05 (IFN-y-stimulation vs. IFN-y with ACN).

expression to 51 + 25% (p < 0.05). In contrast, C3G did not
have any influence (Fig. 6A).

We next performed western blotting to analyze the TG2
protein levels 48 hours after cytokine stimulation. Treatment
with C3G or D3G did not affect the expression of TG2.
Incubation with 1000 IU mL™' IFN-y revealed a fourfold
increase in TG2 protein levels (Fig. 6B and C). Although co-
incubation with C3G or D3G did not significantly diminish the
stimulatory effect of IFN-y, the reduction observed with C3G
(65 £ 20%, p = 0.056) is of interest. Given the borderline
p-value and limited sample size, this finding may require cau-
tious interpretation. D3G lead to a reduction to 71 + 18% (p =
0.17). Incubation with 20 ng mL™" TNF-a did not influence the
expression of TG2 (Fig. 6B and C).

We hypothesized that a molecular interaction between ACN
and the cytokines might interfere with their receptor binding,
which might be the cause of the mitigation of their inflamma-
tory effects. We thus performed in silico analyses to investigate
the molecular interactions between C3G or D3G, IFN-y or TNF-
o and their corresponding receptors. The IFN-y receptor

This journal is © The Royal Society of Chemistry 2026

#### < 0.0001 (untreated controls vs. IFN-

complex is a hexameric complex that is composed of IFN-y, and
the transmembrane receptors IFN-yR1 and IFN-yR2 (2:2:2).
The TNF-a receptor complex is a hexameric complex that con-
tains the TNF-a homotrimer and three monomers of TNF-aR2.
Protein-ligand blind docking was done using CB-Dock2.

In total, five similar binding sites for C3G and D3G and the
IFN-y receptor complex were identified. All binding sites were
characterized by moderate to high Vina scores indicating a sig-
nificant affinity between ACN and the cytokine receptor
complex (Fig. 7). Among the potential interaction sites with
high affinities, C1, C2 and C4 revealed multiple contact resi-
dues that are involved in the assembly of the IFN-y receptor
complex.>*?*

Docking experiments with the TNF-a receptor complex and
C3G or D3G revealed five similar binding sites with moderate
to high affinity between the complex and the ACN. Among
those, C1-C4 revealed multiple contact residues that are
involved in the aggregation of the TNF-a receptor complex.
Again, the binding sites and affinities of C3G and D3G were
similar.

Food Funct.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fo00704j

Open Access Article. Published on 21 May 2026. Downloaded on 5/22/2026 1:44:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
A IFN-y + IFN-yR1 + IFN-yR2
+ C3G
C3G Vina score
c1 -8.6
c2 -9.1
c3 -8.8
c4 -8.6
C5 6.1
TNF-a + TNF-aR2
C3G Vina score
c1 -8.7
c2 -8.5
c3 -9.2
C4 -7.5
C5 -53
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IFN-y + IFN-yR1 + IFN-yR2

+ D3G
D3G Vina score
c1 -8.8
c2 -9.7
c3 -9.3
Cc4 -8.0
C5 -6.2
TNF-a + TNF-aR2

.C4 +D3G

>
D3G Vina score
c1 -8.6
Cc2 -8.5
c3 -8.7
c4 -7.8
C5 -5.1

Fig. 7 Molecular docking of (A) the IFN-y receptor complex (IFN-y—IFN-yR1-IFN-yR2 hexamer) or (B) the TNF-a receptor complex (TNF-a + TNF-
aR2 complex) and C3G or D3G. Shown is a 3D-reconstruction of the 5 binding sites of the IFN-y receptor complex and C3G or D3G, respectively
(red = IFN-y chain A, orange = IFN-y chain B, yellow = IFN-yR1 chain C, grey = IFN-yR1 chain D, light blue = IFN-yR2 chain E, dark blue = IFN-yR2
chain 1) and a 3D-reconstruction of the 5 binding sites of the TNF-a receptor complex and C3G or D3G, respectively (red = TNF-a chain A, orange =
TNF-a chain B, yellow = TNF-a chain C, grey = TNF-aR2 chain R, light blue = TNF-aR2 chain S, dark blue = TNF-aR2 chain T). Docking sites with
high affinity (Vina score < —8 kcal mol™) are shown in bold. Docking sites with potential functional significance are highlighted in red.

Discussion

TG2 is the key enzyme in the pathogenesis of CD as it is
responsible for the enzymatic modification of ingested gliadin
peptides. Inhibition of TG2 is currently considered one of the
most promising new strategies for the treatment of CD. In the
past, various types of reversible and irreversible TG2 inhibitors
have been investigated.'®*®?” In addition to these synthetic
TG2 inhibitors, it seems of great interest to investigate natural
food compounds such as ACN found in high amounts in a
variety of red and blue berries®® regarding their potential to
modulate TG2 activity. This would be of advantage due to their
potentially high tolerability and additional health-promoting
effects. In this study, we aimed to investigate whether and how
the two major ACN, C3G and D3G, could influence the cross-
linking activity of TG2 and the cellular inflammatory response
after stimulation with the CD-associated cytokines IFN-y and
TNF-o.

Our in vitro experiments demonstrated that D3G can effec-
tively inhibit TG2-mediated crosslinking of a gliadin peptide
mixture at a concentration of 100 pmol L™' (Fig. 1A). This
emphasizes its potential to modulate TG2 function under
physiologically relevant conditions, ie. in concentrations

Food Funct.

which can be found in ACN-rich juices and smoothies."® The
ACN doses used in this study were selected in accordance with
similar cell culture studies in which ACN concentrations
ranging from 1 umol L™' to several mmol L™' were
applied.>®****> Bilberries and blackberries contain about
90 mg cyanidin and delphinidin per 100 g edible portion.*’
With a consumption of 150 g of berries, this would result in
135 mg of ACN. Considering the molecular weight of ACN
(here approximately 490 g mol™") to calculate the amount of
ACN that reach the intestine after such consumption, a con-
centration of 300 umol L™" would be obtained. Assuming an
average intestinal volume of 340 mL,** the luminal ACN con-
centrations would therefore reach approximately 900 pmol L™
in this example. This is further supported by the fact that the
majority of ACN are not absorbed but remain in the gastroin-
testinal tract.”> Even assuming substantial dilution, degra-
dation and uneven distribution, local luminal concentrations
of 50 to 100 umol L™" are physiologically plausible.

However, the shown effect could not be confirmed in a cel-
lular environment. In Caco-2 cells, ACN treatment did not lead
to significantly reduced extracellular TG2 activity (Fig. 2). This
could be due to the higher complexity of the cellular system, in
which ACN undergo rapid metabolism, chemical instability

This journal is © The Royal Society of Chemistry 2026
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and pH- or oxidation-dependent degradation. In this experi-
ment, an early differentiation approach was intentionally
chosen to minimize metabolic changes due to prolonged
culture and contact inhibition. Typically, Caco-2 cells require
14 to 21 days after confluence to achieve full differentiation
and high TEER values (500-1100 Q ¢cm?).*® However, in inde-
pendent experiments we conducted, a TEER value of 500 Q
cm® was already reached approximately 3 to 4 days after
seeding. Similar values were obtained in existing publications,
while other studies use lower TEER values for confluent
monolayers.””>* Additionally, TG2 is constitutively expressed
in Caco-2 cells under standard culture conditions and its extra-
cellular and cell-surface activity can be detected even in non-
stimulated, early post-confluent cultures.'®** Therefore,
measurement of TG2 activity in our experimental setup does
not necessarily require fully differentiated enterocyte-like cells.
Importantly, to account for potential differences in differen-
tiation status, experiments assessing gene and protein
expression were performed at later time points (10 to 12 days
post confluence), while early post-confluent cultures were used
specifically  for viability and extracellular activity
measurements.

Recent reports suggested that ACN can directly bind to
gliadin peptides.”'~>*?¢>>>¢ However, in other studies, it has
been observed that ACN can interact with enzymes, thereby
modulating their activity. For digestive enzymes, this was
shown by enzyme kinetics, affinity ultrafiltration, spectroscopy
and in silico analyses.”’”® Xie et al. found that ACN directly
bound and inhibited oxidoreductive enzymes such as xanthine
oxidase.>® This raised the question whether our findings are
based on the binding of ACN to the peptides or on a direct
interaction with the enzyme. The investigation of crosslinking
using the TG2 substrate 5BP instead of gliadin peptides with
and without calcium addition initially suggests that the
observed reduction in crosslinking is not necessarily caused by
a specific interaction with gliadin (Fig. 1C).

To examine the question in greater depth, STD-NMR experi-
ments were performed which provide insights into the location
and intensity of the binding. Simultaneous incubation signifi-
cantly altered the "H NMR spectrum of C3G and D3G, which
indicated an interaction with TG2, mainly by the glucoside
residue (Fig. 3). To further analyze the functional relevance of
this interaction, we performed in silico docking experiments.
We found 5 similar binding sites for C3G and D3G with mod-
erate (—4 to —8 kcal mol™") and high (>—8 kcal mol ™) affinity
scores. Even though there was no proximity to the active
center, we identified two binding sites with contact to regions
within the 3D structure of TG2 that are essential for calcium
binding. Especially the binding site C2 showed a high affinity
and the contact residues have been described as calcium
binding sites before.*"*> Calcium binding is essential for TG2
function since it causes a change in the conformation of the
enzyme which is required for its transamidase function. High
concentrations of free calcium therefore activate the cross-
linking activity.*”®* Based on these findings, we performed
enzyme activity assays and observed that the inhibitory effect

This journal is © The Royal Society of Chemistry 2026
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of D3G was more prominent at higher calcium concentrations
(Fig. 4).

Since ACN are also known to have anti-inflammatory pro-
perties, we next focused on the influence of C3G and D3G on
CD-associated inflammation. Therefore, we used a cell culture
model of CD-inflammation by stimulating Caco-2 cells with
the main Thi-cytokines IFN-y and TNF-a. Under non-inflam-
matory conditions, C3G and D3G did not affect cell viability.
Simultaneous administration of C3G and IFN-y or TNF-a sig-
nificantly improved cell viability compared to the treatment
with cytokines only (Fig. 5A). Addition of D3G had a positive
effect on the cell viability compared to treatment with IFN-y,
but not with TNF-« (Fig. 5B). Here, cells were used at an early
differentiation time point (4 to 7 days after confluence), as cell
viability assays reflect fundamental cellular processes that are
already established in early post-confluent monolayers.
Accordingly, early post-confluent Caco-2 cultures represent a
suitable and widely used model for viability
measurements.® ®® Nevertheless, it should be noted that the
findings cannot be directly extrapolated to fully differentiated
intestinal epithelium.

As a next step, we investigated whether ACN would also
attenuate cytokine-mediated elevation of TG2 expression in
Caco-2 cells. Here, we demonstrated a significant increase in
TG2 mRNA and protein levels after stimulation with IFN-y,
whereas TNF-a did not have any effect. When D3G was simul-
taneously incubated with IFN-y, the TG2 mRNA was signifi-
cantly reduced. Although D3G did not significantly affect TG2
protein levels, for C3G a trend toward decreased protein abun-
dance with borderline significance (p = 0.056) was noted.
However, this requires confirmation in studies with larger
sample sizes.

We hypothesized that a molecular interaction between the
ACN and the cytokines and their corresponding receptors were
the mechanism behind these effects. To explore potential
interactions, we performed in silico docking analyses. For the
IFN-y receptor complex and C3G or D3G, we identified three
binding sites (C1, C2 and C4) with high affinity and potential
functional significance (Fig. 7A). The contact residues of all
binding sites included 1149, K167 and N174 of IFN-yR1 and
D164 and T168 of IFN-yR2, which have been described by
Walter et al. and Mendoza et al. as being crucial for the assem-
bly and stability of the IFN-y receptor complex. Furthermore,
binding sites C1 and C2 had multiple contact residues within
regions of IFN-y that are essential for the interaction between
the cytokine and IFN-yR1 (amino acids 1-42).>*** The docking
experiments between the TNF-o receptor complex and C3G or
D3G revealed four binding sites with moderate to high affinity
and potential functional significance (Fig. 7B). The contact
residues of those binding sites included regions (amino acids
30-36 and 140-147) that have been shown by Van Ostade et al.
and Idriss et al. to be critical for TNF-a receptor binding and
the resulting cytotoxic effects.®” ®® Furthermore, Uversky et al.
demonstrated that these regions are essential for receptor
interaction and signal transduction.”® This agreement may
suggest that the predicted binding sites could potentially
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affect cytokine receptor interactions relevant to inflammatory
signalling.

Our findings are in line with previous reports where Caco-2
cells were shown to express IFN-y and TNF-o receptors. In par-
ticular, Chavez et al. demonstrated that IFN-y responsiveness
develops during Caco-2 differentiation and Wang et al
described that TNF-aR2 plays a role in inflammation-associ-
ated loss of epithelial barrier integrity.”"”? In addition, a mole-
cular interaction of C3G with IL17 and its receptor IL17-RA
that attenuated IL-17-mediated inflammation was described by
Liu et al.”? Finally, in silico analyses and functional data have
shown that ACN reduced programmed cell death protein-1
(PD-1) and programmed cell death protein ligand-1 (PD-L1)-
signaling by direct molecular interaction.**”*

Conclusion

Our data suggest that C3G and D3G inhibit TG2 activity in a
recombinant system, while effects on extracellular TG2
activity in a Caco-2 model were limited and should be
further addressed in future studies. Moreover, the initial
results obtained by molecular docking analysis suggest that
a direct molecular interaction is involved in a possible
attenuation of the inflammatory effects mediated by IFN-y
and TNF-a. The administration of ACN may also be
accompanied by other beneficial effects such as a reduction
in oxidative stress and an improved intestinal epithelial
barrier integrity.>¢**7>77 Furthermore, D3G may modulate
TG2 expression at the mRNA level, although this was not
confirmed at the protein level. These findings support the
potential of ACN as natural modulators of TG2, the key
enzyme in the context of CD pathology. However, further
studies are needed to confirm the relevance of ACN as a TG2
inhibitor in humans.
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