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ABSTRACT
Unbalanced lipid metabolism contributes to inflammation in several conditions. Gluten, that triggers celiac disease, may also
play a role in diseases associated with a high-fat diet (HFD). Our aim was to investigate the interplay between gluten and HFD
in HLA-DQ8 (DQ8) transgenic mice, a model of gluten sensitivity. DQ8 mice were fed the gluten-free diet, the HFD, or the HFD
containing 8% gluten (HFD + G) for 12 or 23 weeks. Clinical parameters, liver and intestinal histology, immune parameters were
assessed. Twelve weeks of HFD increased body and white adipose tissue weight and reduced glucose tolerance in male DQ8
mice. Gluten increased hyperinsulinemia and lipid accumulation in liver; interferon gamma (IFN-γ) and interleukin-10 (IL-10)
transcripts were higher in liver of HFD + G-fed mice. IL-1β, tumor necrosis factor-α (TNF-α), IFN-γ, and IL-10 mRNAs increased
in the small intestine of HFD+G-fed mice. However, gliadin-specific immunity and alterations of the intestinal architecture were
not induced. Feeding HFD+G for 23 weeks attenuated the gluten effect. A synergic effect between gluten and HFD after 12 weeks
was found, which was instrumental to alter specific metabolic and immune functions in DQ8 mice. These findings provide new
insights useful to dissect the association between obesity and gluten sensitivity.

1 Introduction

There is considerable evidence that prolonged feeding with
a high-fat diet (HFD) is associated with the development of
metabolic disorders [1–3]. Furthermore, it is widely accepted
that obesity is associated with a state of chronic, low-grade
systemic inflammation [4]. The intestine represents a crossroads

for the control of local and systemic inflammation and may play
a crucial role in obesity and insulin resistance [5, 6]. One of
the most widespread immune-related intestinal pathologies is
celiac disease (CD). The major role of CD4+ T cell immunity in
CD pathogenesis has been shown [7]. Modifications to the gut
microbiota (dysbiosis) also occur in CD [8, 9]. Unbalanced lipid
metabolism can contribute to acute and chronic inflammation in
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many conditions [10]. A recent analysis of the dietary patterns of
children genetically predisposed to CD suggested that in addition
to gluten, there are other risk factors for CD, including other
“pro-inflammatory” nutrients such as those of the Western-
style diet [11]. The serum phospholipid profile in infants who
developed CD is dramatically different compared with infants
at risk of CD who do not develop the disease [12]. HLA-
DQ8 (DQ8) transgenic mice are a well-known model of gluten
sensitivity [13–14]. In DQ8 mice, we have demonstrated that
dietary gliadin decreases intestinal antioxidant and detoxifying
defenses and that oral gliadin challenge, in connection with
cyclooxygenase (COX) inhibition, specifically induces enteropa-
thy [15, 16]. These results highlight the usefulness of this model
to reproduce distinct aspects of the multifaceted response to
gluten.

Recent evidence suggests that gluten may play an important role
also for development of lifestyle-related diseases in populations
with a high consumption of products based on refined wheat
together with high fat intake. However, the impact of gluten in
gluten-tolerant subjects has not been clarified. In vivo studies
on the effect of combination of an HFD and gluten intake
in mice have produced conflicting results. In one study, the
authors reported a harmful effect of gluten on obesity and insulin
resistance within 8 weeks [17], while two long-term studies
indicated either no effects on these factors or an unstable effect
on glucose tolerance [18]. Very recently, non-gluten sensitivemice
(C57BL/6N) were fed a synthetic diet with 60% of the energy
originating from fat, and containing either 4% gliadin or no
gliadin, for 23 weeks [19]. The results demonstrated that gliadin
affects the gutmicrobiota and ileal barrier function. Furthermore,
in mice fed an HFD, gliadin consumption changes glucose and
lipidmetabolic homeostasis, the gut microbiota, and the immune
cell composition of the liver.

This study aims to clarify the interplay between gluten and an
HFD in DQ8 mice to influence specific disease conditions. The
impact on metabolic homeostasis of different diet regimen was
analyzed by testing the oral glucose tolerance, blood insulin
levels, and accumulation of lipids in liver, which are altered in
obesity. On the other hand, the proinflammatory effect of gluten
in obese mice was determined by analyzing both the intestinal
and liver cytokine patterns. The appearance of known hallmarks
of CD, specifically the gliadin-induced T-cell response and the
serum levels of anti-tissue transglutaminase (tTG) antibodies,
was monitored. Finally, the possible damage of the intestinal
architecture, because of gluten intake in HFD-fed mice, was
evaluated.

2 Materials andMethods

2.1 Diets

Three diets were evaluated in this study: the gluten-free diet
(GFD), the HFD, and the HFD containing 8% gluten (HFD + G).
The GFD is a low-fat diet (4% kcal from fat) that mainly
contains potato starch, skimmed dried milk, soybean flour, and
oil (Mucedola Srl, Milan, Italy) to provide 19% protein, 20%
carbohydrate, and 4% fat. The HFD (60% kcal from fat, code
D12492, Research Diets, Inc., New Brunswick, NJ, USA) consists

mainly of casein, maltodextrin, sucrose, lard, and soybean oil. In
theHFD+G(60%kcal from fat; codeD23060901, ResearchDiets),
8% of casein is replaced with gluten. The HFD and HFD-G have
the same percentages of protein (20%), carbohydrate (20%), and
fat (60%).

2.2 Food Antigen

Gliadin from common wheat (Triticum aestivum) flour was
digested with pepsin and trypsin [20], ultrafiltered (cutoff
10 000 Da), and freeze-dried.

2.3 Mice

The DQ8 transgenic mice (C57BL/6) express the DQ8molecule in
the absence of endogenous mouse Class II genes. The mice were
bred for several generations on GFD food pellets in pathogen-
free conditions under a 12-h photoperiod at the animal facility
(accreditationnumber 5/2024-UT). Food andwaterwere available
ad libitum. All procedures were performed in compliance with
the relevant laws and institutional guidelines (D.lgs. 26/2014; EU
Directive 2010/63/EU). The Institutional Ethics Committee of the
Ministry of Health (DGSAF) approved the study (authorization
number 822/2024-PR). Six-week-old male (n = 14) and female (n
= 8) mice were randomly grouped and fed ad libitum with the
GFD, HFD, or HFD +G for 12 or 23 weeks. After 11 and 22 weeks,
the oral glucose tolerance test (OGTT) was performed on mice
after fasting for 16 h. For this test, blood samples were collected
from the tail vein 0, 15, 30, 60, 90, and 120min after oral gavage
of glucose (2 g kg−1 body weight). Body weight and food intake
were evaluated weekly. At the end of the experiment, the mice
were sacrificed to collect fecal pellets, blood, and epididymal or
periovarian white adipose tissue (WAT), liver, mesenteric lymph
nodes (MLNs), and small intestine samples.

2.4 Biochemical Measurements

Blood glucose was analyzed using a One-Touch glucometer
(Ortho Clinic Diagnostic, Milan, Italy). Blood insulin was mea-
sured with a commercial sandwich enzyme-linked immunosor-
bent assay (ELISA) kit (EZRMI-13K, Sigma–Aldrich Merck
KGaA, Darmstadt, Germany), according to the manufacturer’s
instructions.

2.5 Cell Analysis

MLNs were passed through a 40-µm cell strainer (Falcon, BD
Biosciences) to dissociate the cells. Then, the cells were washed
and resuspended in complete medium (RPMI 1640 containing
10% inactivated fetal calf serum, 100 U mL−1 penicillin, 100 µg
mL−1 streptomycin, 1% nonessential amino acids, 2 mM glu-
tamine, and 50 µM 2-mercaptoethanol). Cells were added to
48-well flat bottom plates (1.5× 106 cellsmL−1) and cultured in the
presence/absence of ultrafiltered pt-gliadin (200 µg mL−1). After
72 h, the supernatants were collected and analyzed for interferon
gamma (IFN-γ) and interleukin-10 (IL-10) protein levels with a
sandwich ELISA.
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TABLE 1 List of primers used for rt-PCR.

Primer Forward 5′→ 3′ Reverse 5′→ 3′

L-32 AGCAGAGCTGGAGTCGCTTT GGAGCTGCCATCCAAAAGATACTA
IL-6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA
TNF-α CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC
IL-1b AGTTGACGGACCCCAAAAG AGCTGGATGCTCTCATCAGG
IFN-γ AGTATTGCCAAGTTTGAGGTCAA CGAATCAGCAGCGACTCCTT
IL-10 GACAATAACTGCACCCACTTCC AGCTGGTCCTTTGTTTGAAAGAAA
IL-17 CAGACTACCTCAACCGTTCCAC TCCAGCTTTCCCTCCGCATTGA

2.6 Serum Antibodies

Serum IgG/IgA antibodies toward gliadin and mouse tTG were
evaluated with an ELISA. Gliadin or tTG was coated onto U-
bottomed plates at 5 µg ml−1 in 0.5 M Na2CO3 (pH 8.0) and
incubated overnight at 4◦C. After washing twice with phosphate-
buffered saline (PBS) containing 0.05% Tween 20, the wells
were incubated with 2% bovine serum albumin in PBS to block
nonspecific protein binding. After 2 h, serum 1:10 serial dilutions
were added to the wells, and the plate was incubated for 2 h
at room temperature. The presence of antibodies was detected
by incubation with peroxidase-conjugated rabbit anti-mouse
isotype-specific IgG (diluted 1:5000) and IgA (diluted 1:1000)
antibodies. The results are expressed as the absorbance at 450 nm.

2.7 Histology

Small intestinal and liver fragments were embedded in optimal
cutting temperature compound, snap-frozen in liquid nitrogen,
and prepared for histochemical evaluation. Cryostat sections
(5 µm) were air-dried at room temperature, fixed in acetone, and
stained with hematoxylin/eosin as described previously [21]. The
analysis was performed by two blinded investigators using an
Axioskop microscope (ZEISS Microscopy, Jena, Germany) with
10× and 40× objective lenses. The villus height and crypt depth
were measured with an ocular micrometer. On each slide, 20–30
measurements were made using the ImageJ software (National
Institutes of Health, Bethesda, MD, USA). The liver sections were
stained with Oil Red O to quantify accumulation of lipids by
measuring the percentage of stained areas [22].

2.8 Real-Time Polymerase Chain Reaction (PCR)

Total RNA was isolated from liver and duodenum fragments
using the TRIzol reagent (Invitrogen, Milan, Italy). Comple-
mentary DNA (cDNA) was prepared by reverse transcription.
Real-time PCR was performed on the CFX96 Real-Time System
(Bio-Rad Laboratories Inc, Hercules, CA, USA). The thermal
cycling conditions were 39 cycles of annealing at 95◦C for 15 s
and extension at 60◦C for 1 min. There was a single fluorescence
measurement of SYBR Green I at the end of each cycle. The data
were analyzed with the 2−ΔΔCt method and are presented as fold
changes after normalization to the L-32 housekeeping gene [23].
The primer sequences are shown in Table 1.

2.9 Statistical Analysis

Statistical analyses were performed using GraphPad Prism ver-
sion 9.4.1 (GraphPad Software, La Jolla, CA, USA). The Shapiro–
Wilk test was used to determine whether the data followed a
normal distribution. For the normally distributed data, equal-
ity of variances was analyzed with the F test (for two-group
comparisons) or Bartlett’s test (for three-group comparisons).
When comparing two groups, a two-tailed unpaired t test was
used for parametric data, while the Mann–Whitney test was
applied for nonparametric data. For comparisons involving
more than three groups, one-way ANOVA followed by the
Tukey–Kramer test was conducted for parametric data, and
the Kruskal–Wallis test followed by Dunn’s test was used for
nonparametric data. p values from these multiple comparisons
were adjusted and are reported as adjusted p values. A p
value ≤ 0.05 was considered to indicate a statistically significant
difference.

3 Results

3.1 Dietary Gluten Increased Insulin Levels in
the HFD-Fed Male Mice

After 12 weeks of the dietary regimen, body weight gain andWAT
weight had increased significantly in the HFD- and HFD + G-
fed male mice compared with the GFD-fed male mice; however,
there were no differences in the female mice compared with
the GFD-fed female mice (Figure 1A, D), in agreement with
data from the literature [24, 25]. Interestingly, there was a sex-
independent decrease in the cecum weight in the HFD- and
HFD + G-fed mice, whereas the liver weight was unchanged.
The OGTT showed a significant increase in the HFD- and
HFD + G-fed male mice compared with the GFD-fed male
mice (Figure 1B); there were no differences in the female mice
(Figure 1E). Of note, the HFD + G-fed male mice showed
significantly higher blood insulin levels than the GFD-fed male
mice (Figure 1C), but there was normal glycemia in the HFD-
fed male mice and female mice (Figure 1F). After 23 weeks
of the dietary regimen, body weight gain and the WAT weight
had increased significantly in the HFD- and HFD + G-fed male
and female mice (Figure 2A, D). At this time, the HFD-fed
mice were hyperglycemic compared with the GFD-fed mice
(Figure 2C, F), but the OGTT revealed an increase only in the
HFD- and HFD + G-fed male mice (Figure 2B, E). Similarly to
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FIGURE 1 Dietary gluten influences the host energy metabolism of 12-week high-fat diet (HFD) fed HLA-DQ8 (DQ8) male mice. AB0 DQ8
transgenic mice were fed gluten-free diet (GFD), gluten-free HFD or HFD containing 8% gluten (HFD + G) for 12 weeks (a–c, male mice; n = 6–7
mice/group; d–f, female mice; n = 3–4 mice for each group). (A, D) Body weight gain and tissue weights. (B, E) Oral glucose tolerance test (OGTT). (C,
F) Blood insulin (left panel) and glucose levels (right panel) were measured after 5 h fasting before sacrifice. Results were shown as means± standard
error. epi, epididymal; ovary, periovarian; peri, perirenal; sub, subcutaneous; WAT, white adipose tissue. **p< 0.01; *p< 0.05, versus GFD. ##p < 0.01,
versus HFD (A, D, ANOVA with Tukey–Kramer’s post-test; B, C, E, F, Dunn’s test).

FIGURE 2 The gluten effect on host energy metabolism was milder in 23-week high-fat diet (HFD) fed HLA-DQ8 (DQ8) male mice. DQ8 mice
were fed gluten-free diet (GFD), HFD, or HFD+G for 23 weeks (a–c, male mice; n= 6–7 mice/group; d–f, female mice; n= 3–4mice for each group). (A,
D) Body weight gain and tissue weights. (B, E) Oral glucose tolerance test (OGTT). (C, F) Blood insulin (left panel) and glucose levels (right panel) were
measured as indicated in Figure 1. Results were shown asmeans± standard error. epi, epididymal; ovary, periovarian; peri, perirenal; sub, subcutaneous;
WAT, white adipose tissue. **p< 0.01; *p< 0.05, versus GFD. (A, D, ANOVA with Tukey–Kramer’s post-test; B, C, E, F; Dunn’s test).
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FIGURE 3 Gluten-triggered liver steatosis and inflammation in high-fat diet (HFD) fed HLA-DQ8 (DQ8) mice. DQ8mice were fed gluten-free diet
(GFD), HFD, or HFD + G for 12 weeks. Hematoxylin–eosin (H&E)-stained liver. Scale bar: 100 µm. Arrows indicated lipid droplets.

the measurement at 12 weeks, only the HFD + G-fed male mice
presented a significantly increased blood insulin level (Figure 2C,
F).

3.2 Dietary Gluten Triggered Lipid
Accumulation and Inflammation in the Liver of the
HFD-Fed Mice

Next, a histological analysis of liver was performed, given
that this organ has a prominent role in glucose metabolism.
After 12 weeks of the dietary regimen, there was accumula-
tion of lipid droplets in the HFD + G-fed mice, especially
in the male mice, but there were few or no lipid droplets
in the GFD- and HFD-fed mice (Figure 3). Moreover, Oil
Red O staining revealed a significant lipid accumulation in
the HFD + G-fed mice, but not the GFD- and HFD-fed
mice (Figure 4A, B). Moreover, gene expression of cytokines
in the liver was assessed. IFN-γ and IL-10 were significantly
higher in the HFD + G-fed male mice compared with the
GFD-fed male mice (Figure 5A). Unexpectedly, IL-6 was sig-
nificantly lower in the HFD- and HFD + G-fed female mice
compared with the GFD-fed female mice (Figure 5B). After
23 weeks of the dietary regimen, the HFD- and HFD + G-
fed mice, especially the female mice, showed lipid droplets
(Figure S1A). There were no significant differences in the lipid
content (based on Oil Red O staining) between the HFD-
and HFD + G-fed mice (Figure S2), suggesting that long-
term exposure to HFD induced lipid accumulation in the liver
independently of dietary gluten. Similarly, there were no dif-
ferences in the gene expression of inflammatory and immune
cytokines in the liver between the HFD- and HFD + G-fed mice
(Figure S1B, C).

3.3 The HFD–Gluten Interaction Induced Early
Intestinal Inflammation Not Associated to
Enteropathy

Next, whether an HFD might trigger a gluten-specific immune-
mediated enteropathy in the small intestine of DQ8 mice was

evaluated. Considering that this enteropathy is induced in both
male and female DQ8 mice [16], a sex-independent assessment
was conducted. After 12 weeks of the dietary regimen, there
was a significant increase in the intestinal IL-1β, tumor necrosis
factor-α (TNF-α) (both early proinflammatory markers), IL-10,
and IFN-γ transcript levels in the HFD + G-fed mice (Figure 6A).
Next, the occurrence of a gliadin-specific adaptive immunity
was evaluated by analyzing MLN cells following an in vitro
challenge with a peptic-tryptic digest of wheat gliadin. Based
on the secreted IFN-γ and IL-10 levels, the antigen-specific T
cell response was not induced in the MLN cells from any of
the mice (Figure 6B). Similarly, serology showed no production
of anti-gliadin IgG and anti-tTG IgG (Figure 6C), as well as
undetectable anti-tTG IgA (data not shown), hallmarks of the
humoral response associated with active CD. In parallel, the
analysis of the mucosal architecture showed that the villus
height and crypt depth were unchanged in the HFD + G-
fed mice compared with the GFD-fed mice (Figure 7A, B).
Unexpectedly, the HFD-fed mice presented a higher villus
height than the GFD-fed mice (Figure 7B). After 23 weeks
of the dietary regimen, small intestinal enteropathy had not
been induced (Figure S3A). Again, the HFD-fed mice showed
a significantly higher villus height compared with the GFD-
and HFD + G-fed mice (Figure S3B). Regarding cytokines, the
HFD + G-fed mice showed elevated IL-1β transcript levels, and
higher IL-10 transcript levels compared with the GFD-fed mice
(Figure S3C).

4 Discussion

In this study, the gluten–HFD interactionwas found instrumental
in altering specificmetabolic and immune functions inDQ8mice.
After 12 weeks of the dietary regimen, body weight gain was
evident in the HFD- and HFD + G-fed male mice compared
with the GFD-fed male mice. This phenomenon was associated
with an increase in WAT in the various examined organs. On the
contrary, body weight was not significantly elevated in the female
mice, confirming the existence of sexual dimorphism in theHFD-
fed DQ8 mice, a phenomenon that has been reported in other
models of HFD-induced obesity and it is related to hormonal
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FIGURE 4 Analysis of gluten-triggered liver steatosis in high-fat diet (HFD) fed HLA-DQ8 (DQ8)mice. DQ8mice were fed gluten-free diet (GFD),
HFD, orHFD+G for 12weeks (malemice:n= 5–6mice for each group; femalemice:n= 3–4mice for each group). (A)Oil RedO staining of representative
liver sections. (B) Oil Red O data processed by ImageJ software. Graphs depicted the percentage of lipid area stained in the experimental groups ±
standard deviation. Scale bar: 200 µm. *p< 0.05 (ANOVA with Tukey–Kramer’s post-test).

FIGURE 5 Gluten-triggered liver inflammation in high-fat diet (HFD) fedHLA-DQ8 (DQ8)mice. DQ8mice were fed gluten-free diet (GFD), HFD,
or HFD + G for 12 weeks. mRNA expression of interleukin (IL)-6, tumor necrosis factor-α (TNF-α), IL-1β, interferon gamma (IFN-γ), and IL-10 in the
liver of DQ8 male (A) and female (B) mice. Results were shown as means± standard error. *p< 0.05 (Dunn’s test).
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FIGURE 6 Analysis of gluten-triggered immunity in the small intestine of high-fat diet (HFD) fed HLA-DQ8 (DQ8) mice. (A) mRNA expression
of interleukin (IL)-6, tumor necrosis factor-α (TNF-α), IL-1β, interferon gamma (IFN-γ), IL-17, and IL-10 in the duodenum. Results were shown as
means± standard error. **p< 0.01; *p< 0.05. (B) Mesenteric cells (mesenteric lymph node [MLN]) (1.5 × 106 cells mL−1) from gluten-free diet (GFD),
HFD, or HFD + G fed mice (n = 7–10 mice for each group) were cultured in 48-well flat bottom plates in the presence/absence of ultrafiltered pt-gliadin
(200 µg mL−1) for 72 h. Supernatants were analyzed for IFN-γ and IL-10 secretion by enzyme-linked immunosorbent assay (ELISA). (C) Serum levels
of IgG antibodies toward gliadin and mouse tissue transglutaminase (tTG) were assayed by ELISA at 1/10 dilution. Each dot represents the means of
triplicate data from a single mouse. Results were shown as means± standard error (A, C, Dunn’s test; B, Mann–Whitney test).

FIGURE 7 High-fat diet (HFD) and gluten exposure did not cause mucosal damage in HLA-DQ8 (DQ8) mice. DQ8 mice were fed gluten-free
diet (GFD), HFD, or HFD + G for 12 weeks. (n = 9–10 mice for each group). (A) Hematoxylin–eosin (H&E)-stained duodenum. Scale bar: 200 µm. (B)
Analysis of villus height (left panel) and crypt depth (right panel). Results were shown as means± standard error. **p< 0.001 (Dunn’s test).
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differences [24–26]. Similarly, the OGTT showed that in male
mice, the HFD hampered glucose disposal, indicative of acquired
glucose resistance. Importantly, the associated hyperinsulinemia
was significantly higher in the HFD + G-fed male mice. Nev-
ertheless, these mice had normal fasting blood glucose levels,
suggesting the existence of a compensatory mechanism. After 23
weeks of the dietary regimen, body weight gain was significantly
higher in the HFD-fed male and female mice than in the GFD-
fed mice, a change that was also associated with hyperglycemia.
Furthermore, only the HFD increased the OGTT and blood
insulin levels. Again, hyperinsulinemia was significantly higher
in the HFD + G-fed male mice, similarly to the results after 12
weeks of the dietary regimen. On the contrary, after 23 weeks, the
HFD-fed male mice showed impaired insulin-mediated glucose
disposal. Taken together, the results indicate that male mice
are more sensitive to HFD-mediated metabolic damage, which
gradually leads to insulin resistance. The presence of gluten in
the HFD diet speed up this phenomenon in the male mice. The
synergic effect of gluten was clearly evident in the liver, which
plays a pivotal role in glucose metabolism, after 12 weeks of
the dietary regimen. There were more lipids accumulated in the
HFD + G-fed mice than in the GFD-fed mice. Furthermore,
gluten specifically increased IFN-γ transcripts in the male mice
but did not alter the levels of proinflammatory markers of innate
immunity. Obesity is closely associated with non-alcoholic fatty
liver disease (NAFLD), characterized by hepatic fat accumula-
tion and hepatocyte injury [27]. In particular, our results are
consistent with prior studies that have shown an HFD + G
exacerbates NAFLD in diet‑induced obese apolipoprotein E-
deficient male mice [28]. In this model, an HFD + G worsens
NAFLD by affecting lipogenesis and fatty acid oxidation through
amechanism involving lower activation ofAMP-activated protein
kinase (AMPK). It is noteworthy that AMPKα1-deficient T cells
display elevated IFN-γ production [29]. This activity is mediated
by liver kinase B1 (LKB1)–AMPK signaling, which negatively
regulates T cell effector functions. Therefore, we speculate that
our finding of higher transcript levels of IFN-γ, but not of other
cytokines related to innate immunity, reflects T cell targeting
in the liver driven by gluten in the presence of fat accumula-
tion. Differently from the liver, the HFD + G stimulated the
innate immune response in the small intestine, characterized
by elevated IL-1β and TNF-α transcript levels. IFN-γ was also
increased, suggesting T cell targeting in the intestine mediated
by the HFD + G. Unexpectedly, IL-10, an antiinflammatory
cytokine, also showed increased transcript levels, as shown in
active CD [30]. Furthermore, after 23 weeks of the dietary
regimen, the HFD + G-fed mice showed an attenuation of
innate immunity signals, but IL-10 transcript levels remained
significantly higher. This might reflect the well-known protective
mechanism triggered by the suppression of nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB) activation [31].
However, HFD did not act as an adjuvant for generating a gliadin-
specific inflammatory response in our model. In conclusion, we
have shown a synergic effect between gluten and an HFD in
exacerbating hyperinsulinemia, liver steatosis and in inducing
a negative regulation of both intestinal and liver immunity.
These outcomes were not associated with specific changes in
the mucosal architecture of the small intestine. Overall, our
findings provide further mechanistic insights that will be useful
to dissect the association between obesity and gluten intolerance
in humans.
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