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ARTICLE INFO SUMMARY
Article history: Background and aims: There is no clear evidence about the effects of gluten intake on obesity. It is known
Received 31 July 2020 that gluten's effects on gut permeability are mediated by zonulin, a protein identified as pre-haptoglobin

Accepted 4 September 2020 2, a physiological regulator of the intestinal barrier. We investigated the obesogenic and inflammatory

effects of gluten and its association with the haptoglobin genotype.
Keywords: . Methods: This was a single blinded, crossover study, including 40 overweight or obesity women free of
SL”tén‘free diet celiac disease. Participants adopted a gluten-free diet (GFD) for 8 weeks and consumed a gluten-free
esity muffin (GF-M) or a gluten-containing muffin (GLU-M, 24 g gluten) for 4 weeks, switching muffin type
Inflammation . . . .
Haptoglobin during the subsequent 4 weeks. During a follow-up period of 4 weeks we evaluated the usual diet (UD).
Functional foods Food diaries were collected to estimate the macronutrient intake and dietary inflammatory index (DII®).
Bodyweight and composition, resting energy expenditure (REE), and cytokines were assessed. Hapto-
globin alleles (Hp1 and Hp2) were genotyped to characterize zonulin expression.
Results: Energy and macronutrient intakes were similar during both periods, except for protein intake,
which was higher during GLU-M. DII scores indicated a more inflammatory profile during the GF-M and
GLU-M periods compared to UD. No differences were observed in body composition or REE between
interventions when the Hp genotype was not considered. Nonetheless, those carrying the Hp2-2 ge-
notype (overexpressing zonulin) presented lower REE and higher levels of IL6 and IL1beta only during
gluten intake (GLU-M and UD) compared to age- and body mass index-matched Hp1-1 carrier. These
results suggest an obesogenic and inflammatory action of gluten only in those overexpressing zonulin
(Hp2-2).
Conclusion: These results highlight the importance of zonulin as the mediator of gluten obesogenic and
inflammatory effects. Our data suggest that in the presence of gluten, zonulin release is associated with a
reduction of REE and an increase of inflammatory markers that are not seen in zonulin low producers.
© 2020 European Society for Clinical Nutrition and Metabolism. Published by Elsevier Ltd. All rights
reserved.
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Introduction

Gluten effects and the benefits of a gluten-free diet (GFD) have
been the focus of much discussion during recent decades [1,2]. The
popularity of GFD has grown recently, with claims that it promotes
weight loss and health. However, there is no clear scientific evi-
dence on the obesogenic and pro-inflammatory effects of gluten in
humans. Experimental studies in mice have demonstrated
increased weight gain, adiposity, inflammation, and insulin resis-
tance when they were fed on a gluten-containing diet [3]. More-
over, gluten intake reduced the energy expenditure and the
thermogenic capacity of adipose tissue in obese mice fed a high-fat
diet [4].

Gluten is a complex protein composed of glutenins and pro-
lamins, which are named secalin in rye, avenin in oat, hordein in
barley, and gliadin in wheat [5]. Gliadin has been extensively
studied because of its cytotoxic, immunomodulatory, and gut-
permeating activities [6]. It has been demonstrated that undi-
gested gliadin peptides bind to the chemokine receptor CXCR3 in
the intestine and trigger the release of zonulin [7,8]. Zonulin,
identified as pre-haptoglobin (Hp) 2, is a protein that reversibly
modulates the epithelial tight junction [9]. Upon gluten stimulus,
zonulin is release and causes small intestine tight junctions to
disassemble and increases intestinal permeability [6]. It has been
suggested that this mechanism occurs in individuals with celiac
disease and also, to a lesser extent, in non-celiac persons [10].

Hp is a plasma protein composed of a- and B-polypeptide
chains. The B-chain is constant, while the a-chain exists in two
isoforms (a-1 and «-2). The presence of one or both of the a-chains
results in the three human HP genotypes: HP1-1 homozygote, HP2-
1 heterozygote, and HP2-2 homozygote [6].

In this context, the aim of this blinded-controlled trial was to
identify the possible obesogenic and pro-inflammatory effects of
gluten intake in non-celiac, with overweight and obesity in a
blinded-controlled trial. We also aimed to establish an association
between gluten intake and the HP genotype, representing the
expression of zonulin (pre-HP2).

Subjects and methods
Study design and participants

This was a crossover, placebo-controlled, simple masked study
conducted over 12 weeks. We included 40 healthy premenopausal
women, aged from 18 to 50 years, with overweight or obesity (body
mass index (BMI) range from 25.0 to 35.4 kg/m?). We excluded
diagnosis or suspicion of celiac disease and other gluten disorders,
as well as chronic diseases, such as diabetes mellitus, systemic
hypertension, and chronic renal failure (Supplementary Fig. S1).

Subjects were prescribed a GFD for 8 weeks. A trained registered
dietitian provided guidance and instruction on how to implement a
GFD maintaining the overall food intake as close as possible to the
habitual. The eight experimental weeks were divided into two 4-
week periods when they received either a gluten-free muffin (GF-
M) or a gluten-containing muffin (GLU-M), followed immediately by
the alternate muffin. Twenty women were assigned to start receiving
the GLU-M and 20 to start receiving the GF-M for 4 weeks, before
switching muffins during the subsequent 4 weeks. To ensure homo-
geneity of the sample, we paired age and baseline BMI of the partic-
ipants that initiate the study in each intervention (GLU-M or GF-M).

We prepared both muffins in the experimental kitchen of the
Nutrition Department of the Federal University of Minas Gerais
(Brazil). These muffins were designed to present similar sensorial
aspects and nutritional composition (Supplementary Table S1).
Each GLU-muffin contained 12 g of vital gluten (Vital Wheat Gluten,
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Granolab Granotec, Brazil), while the GF muffins contained corn
and corn flour. Participants were instructed to eat two muffins per
day (total of 24 g gluten/day during GLU-M period) and were
blinded to the type of muffin. After the 8-week experiment, we
followed up the subjects for a further 4 weeks to assess the usual
diet (UD). In this period, participants received instructions to return
to their usual gluten-containing diet, while maintaining their food
diary (Fig. 1).

Food intake analysis and the dietary inflammatory index (DII®)

We analysed GFD compliance and food intake of the participants
by a food diary recording all foods and beverages consumed each
day during the 12 experimental weeks. We randomly selected two
weekdays and one weekend day of each experimental week (GLU-
M, GF-M, and UD) to estimate total energy, carbohydrate, protein,
fat, and fibre using the software Avanutri 4.0 (Brazil), as well as to
calculate the DII®.

The DII® was developed to measure the inflammatory potential
of diet and is computed using a scoring algorithm relating 45 foods
and dietary constituents to six inflammatory biomarkers (IL1p, IL4,
IL6, IL10, TNF, and C-reactive protein), which was developed by
Shivvapa et al,, in 2014 [11]. In the current study, 22 items were used
to generate an individual DII® score for each experimental period
(GLU-M, GF-M, and UD). A positive DII® score represents overall
dietary patterns with a pro-inflammatory potential, whereas a
negative DII® score represents an anti-inflammatory pattern.

Anthropometrics and resting energy expenditure (REE) analysis

We evaluated body weight, body composition, and waist
circumference in four moments during our experimental period:
Initial, fourth, eighth, and 12th weeks (Fig. 1). The participants were
instructed to undergo an overnight fast of at least 8 h and absent
from physical activity and alcohol consumption for at least 24 h.
Bodyweight and height were measured using a scale (Tanita
BF—680 W) and wall stadiometer (Compact 2.1 cm Mod 210 Wiso),
respectively. Waist circumference was measured twice using a
flexible measuring tape at the point of the umbilicus after exhalation.

Body composition was evaluated using a tetrapolar bioelectrical
impedance device (BIA 450 Byodinamics), strictly following the
manufacturer's instructions. Readings of resistance and reactance
values were used to calculate body fat percentage (BF%), fat-free
mass, and body water.

Resting energy expenditure (REE) was measured by indirect
calorimetry (MetaCheck Metabolic Rate Analysis System, KORR).
Subjects rested in the supine position for at least 20 min before the
test. Volumes of O, and CO, (VO; and VCO,, respectively) were
measured for 10 min and used to calculate the REE.

Serum cytokine concentration

After fasting, blood samples were collected and centrifuged for
10 min at 3000 rpm for serum extraction. Serum was stored
at —80 °C for subsequent analysis of TNF, IL1, and IL6 concentra-
tions. Cytokine determinations were performed using ELISA Kits
according to the manufacturer's instructions (R&D Systems: TNF-a,
#DY210; IL 1B #DY201; and IL6, #DY206).

Haptoglobin (Hp) genotyping
DNA isolation was performed by silica-based spin-column

(#69504, Qiagen, USA) according to the manufacturer's instructions.
Haptoglobin genotyping was performed using specific primers (Fw:
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Fig. 1. Study design and participants. Forty women with BMI >25.0 kg/m? were prescribed a GFD for eight weeks. The experimental weeks were divided into two four week-period
when they received either a gluten-free muffin (GF-M) or a gluten-containing muffin (GLU-M) followed immediately by the alternate muffin. The haptoglobin genotype was
determined through an oral swab. The food diaries were collected from the beginning (WO0) to the end of the follow-up period (W12). Haptoglobin genotype only once (WO).
Anthropometric data, resting energy expenditure, and serum cytokines were measure at the beginning, 4th and 8th weeks, and four weeks after the end of muffin intake (12th

week).

TTTCTGGCTGCTAAGTGG; Rev: AATGTCTTTCGCTGTTGC) amplified by
a high-fidelity PCR system, as described by Freire et al. (2019) [12].

Study approval

The study protocol was approved by the Research Ethics Com-
mittee (CAAE #49480215.0.000.5149) of the Federal University of
Minas Gerais (Brazil) and the Institutional Review Board
(#2016P002748) of the Massachusetts General Hospital (Boston,
US). All protocols were performed following relevant guidelines
and regulations. All subjects provided a written informed consent
form and were instructed on the ethical and legal procedures.

The clinical trial design, interventions, and outcomes have been
reported and previously registered on ClinicalTrials.gov (Identifier
9480215.0.0000.5149).

Statistical analysis

Statistical analyses were performed using the software Graph-
Pad Prism 5.0. The normal distribution of the data set was evaluated
using the Shapiro Wilk test. Data are presented as mean + standard
deviation (SD). Parametric and nonparametric variables were
analyzed by Student's t-test and Wilcoxon test, respectively. Paired
tests were applied to compare the same subject in different mo-
ments. Unpaired tests were applied to independent subjects.
Pearson test was applied to evaluate the correlation. A significance
level of 5% (0.05) was adopted.

Results
Baseline characteristic of study subjects

We enrolled 40 healthy, non-celiac women with overweight or
obesity, with average (+standard deviation) age of 31.6 + 7.7 years
and BMI 28.6 + 3.0 kg/m2. Both initial groups of participants pre-
sented a similar age, body weight, anthropometrics, and cytokine
levels at baseline (Supplementary Table S2). Subjects denied intake
of any medication, supplement, or tea that could influence energy
expenditure measurement.
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Dietary intake was similar during the GLU-M and GF-M periods

All participants were compliant with the prescribed GFD and
reported the correct intake of two muffins per day during both
interventions, as documented by the food diaries. Throughout the
UD follow up (w8 to w12), the participants returned to their usual
gluten-containing diet, as confirmed by their food diaries.

Analysis of food diaries showed a similar intake of carbohy-
drates and fat (Fig. 2A), as well as energy (Fig. 2B), and dietary fibre
(Fig. 2C) during the GLU-M, GF-M, and UD periods. As expected,
protein intake (g/kg) was higher during the GLU-M period
(1.1 £ 0.25 g/kg) when compared to the GF-M period (0.95 + 0.20 g/
kg; p = 0.01); this was due to gluten addition to the muffin (Fig. 2A).
Nonetheless, the Dietary Inflammatory Index (DII®) revealed no
difference during GLU and GF interventions, suggesting similar
patterns during both interventions. Therefore, we observed a lower
DII® score during the UD period, suggesting a less inflammatory
potential when UD was reintroduced (Fig. 2D).

We observed that GLU-M or GF-M interventions led to a discrete
body weight loss (GLU-M: —0, 46 (+0, 95); GF-M: —0, 45 (+0,92);
p = 0.94) when compared to baseline. In the GLU-M group, 71.4% of
the participants lost weight, while in the GF-M group, 61.9% lost
weight. Therefore, a similar reduction was seen in both in-
terventions (Fig. 3A and B).

Analysis of body composition by bioimpedance revealed no
differences in body fat and fat-free mass changes for GLU-M or GF-
M periods (Fig. 3C and D). Indeed, indirect calorimetry analysis
showed no difference in REE changes (Fig. 3 E).

Finally, we evaluated variations in the pro-inflammatory profile.
The changes in cytokine concentrations (IL6, TNF, and IL13) were
not statistically significant when comparing the GLU-M and GF-M
interventions (Fig. 3F-H).

Gluten intake was associated with higher proinflammatory cytokine
secretion and decrease of REE in Hp2 subjects

Out of 40 participants, we were able to genotype 34 subjects for
haptoglobin (Hp). In 6 participants, we were not able to properly
collect sufficient material for genotyping. Among them, we
observed that seven (20.6%) presented two alleles of Hp1 and seven


http://ClinicalTrials.gov

RaB. Silva, E. Rodrigues, B.S. Coelho et al.

A Energy intake
150
@) A
2 1004 T
g L]
Slo®
50
0 1 1 1
GLU-M  GF-M uD
Cc Lipid
2.0
1.5
& ]
.\_g-/ 1.0 |E::f| o::.
0.5- <1
GLU-M GF-M uD
E Dietary Fiber
15—
g 10_ ole
® - = B
g o4 B[] T
IC .
0 1 1 1
GLU-M  GF-M uD

Clinical Nutrition ESPEN 40 (2020) 269—276

B Carbohydrate

Carbohycirate (g/kg)
Y

1_
0 1 1 1
GLU-M  GF-M uD
Protein
D : |
2.0 P
. 1.54
3
£ 1.0-
;
0.5
GLU-M  GF-M ub
F Dietary Inflammatory Index
4— e |
3_ L] e ® ..
e [ [ AL
- - ¥ O 3 P o : <
5 1- : .
0- * 1
-1 I 1 1
GLU-M  GF-M ub

Fig. 2. Macronutrient intake and Dietary inflammatory Index evaluations. A. Energy, macronutrient (B. Carbohydrate, C. Protein, D. lipid, E. Fiber) intakes, and E). Dietary In-
flammatory Index in women with overweight or obesity in a gluten-free diet receiving gluten-containing muffins (GLU-M) or gluten-free muffins (GF-M) for four weeks and during
the usual diet (UD). Dots represent individual data; boxes represent the first and third quartile, and median, vertical lines represent min and max values. * Statistically different
(P < 0.05) using paired ANOVA test and Tukey post-test. For macronutrient analysis GLU-M = 38 GF-M = 39; UD = 29; for DIl n = 37 in all periods. Changes in body weight, body
composition, REE, and inflammatory profile were similar during both interventions: GLU-M or GF-M.

two alleles of Hp2 (20.6%), while the remaining 20 ones (58.8%)
presented as heterozygous (Hp2-1). The Hp allele 1 frequency was
0.5 and similar of that seen in Hispanic and African-American
populations [13,14]. The genotype frequency was of 19.2% (Hp1-
1); 52.8% (Hp2-1) and 28.0% (Hp2-2) that is similar to the frequency
found a previous study with a Brazilian population [15].
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Interestingly, we observed significant differences when our data
were stratified by the Hp genotype. Although no differences were
observed for BMI (Table 1), we found a significantly lower REE in
Hp2-2 subjects during GLU-M intervention or UD follow up
(gluten-containing diet) when compared to age, and BMI matched
Hp1-1 participants. Similar results were observed for IL13 and IL6



R.B. Silva, E. Rodrigues, B.S. Coelho et al.

Clinical Nutrition ESPEN 40 (2020) 269—276

A GLU-M B GF-M
2 2-
2 2
g 3 "
[ C
S o0 S 9
2 ° ||
£ = IIII
2 -1 .g -11 I
2 2
z 2 z 2
O o
m o
-3 -3
4- D -~ 4 40
C_ 5 E_ — -
=) 2- [e)]
e 5 S 204 oy .4
2 g o- < T Ty
g 0- » ] 0- e " =
[&) N c H ®gege
=1 @ -2 -(CU o:o . 3 -
B 1S S -1 .
> [0} w
o 24 o 204
8 :l_. -4 x ——
< 4
[T
-4 6 I I -40 i T
G GLU-M GF-M GLU-M GF-M
201 100 . 60 . .
E 17 £ 504 £ 401
g 0 2 3 Rex
= 7] © [0)
S O 0 e S 20+
& -10- 8 3
5 G S S
© L 50 2 o maga vt
:I -20- = =I
-30 T T -100 T T -20 —
GLU-M GF-M GLU-M GF-M GLU-M GF-M

Fig. 3. Changes of body weight according to the muffin period (A and B), fat mass (C), fat-free mass (D), resting energy expenditure (E) and blood IL6 (F), TNF (G) and IL18 (H)
concentrations in non-celiac women with overweight or obesity. Participants were kept in a gluten-free diet receiving gluten-containing muffins (GLU-M) or gluten-free muffins
(GF-M) for four weeks. A and B: each bar represents an individual participant. C—H: Dots represent individual data, boxes represent the first and third quartile, and median, vertical
lines represent min and max values. * Statistically different (P < 0.05) using the paired t Student test. N = 40.

variations: compared to Hp1-1, Hp2-2 individuals presented an
increase of these pro-inflammatory cytokines during GLU-M
intervention. No differences in TNF changes were observed in any
period. Finally, we found a positive association between the num-
ber of Hp2 allele and IL1B and IL6 variations as well as a negative
association between the number of Hp2 alleles and REE only during
the periods with gluten intake (GLU-M and usual diet) (Table 2).

These data suggested that upon gluten intake, individuals car-
rying Hp-2 allele, which are higher zonulin producers, present
lower REE and increase pro-inflammatory cytokines (IL6 and IL1B)
compared to Hp-1carriers.

Discussion

The majority of the general population adopt the GFD with the
intent to lose weight or develop a healthier lifestyle [16,17].
Nonetheless, they are moved by the information of non-controlled
reports or individual opinions. So, this study was designed to
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answer some open questions about the risk and benefit of such
diets and to observe the possible interferences of gluten on body
composition, metabolism, and inflammation. Here we did not find
any advantage in adopting a gluten-free diet for four weeks
considering changes in body weight or body composition as well as
diet quality improvement.

A large-scale database from National Health and Nutrition Ex-
amination Survey (NHANES) 2009—2014 showed that the BMI of
those participants who identified themselves as GFD followers was
lower than the general population [18]. Nonetheless, this reduction
in BMI should be carefully interpreted since it can be due not only
(or explicitly) to gluten exclusion but also to other actions intended
to improve life quality, such as better food choices and more
physical activity.

A study comparing the effects of low-gluten (2 g/day) or high-
gluten (18 g/day) diets on intestinal microbiome found a modest
but significant weight loss (0.8 kg) after low-gluten diet period [19].
Results showed that most of the differences between diets were
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Fig. 4. The hypothesis of the gluten effect associated with the haptoglobin genotype. The impact of gluten on body weight and inflammatory markers depends on the expression of
zonulin. During a gluten-free diet, zonulin release is not triggered by Hp2 allele, and resting metabolism or inflammatory cytokines are similar in HP1-1 and HP2-2 genotypes. In a
gluten-containing diet, those carrying Hp2 allele will present a higher release of zonulin that will increase inflammation and reduce REE compared to low producer Hp1-1.

Table 1

Comparison of anthropometric characteristics and energy expenditure of participants carrying HP1-2 or HP2-2 genotyping after four weeks in a gluten-free diet receiving

gluten-free or gluten-containing (24 g/day) muffins.

Genotype GF-M PERIOD GLU-M PERIOD USUAL DIET

HP1-1 HP2-2 P HP1-1 HP2-2 P HP1-1 HP2-2 p
BMI (kg/m?) 27.58 (3.14) 27.41 (3.18) 0.746 27.41 (3.18) 27.81 (2.21) 0.801 26.76 (2.79) 27.97 (2.31) 0.987
Fat Mass (%) 34.40 (5.31) 34.66 (4.56) 0.431 34.66 (4.56) 37.81 (2.64) 0.757 34.17 (4.79) 38.00 (3.29) 0.416
Fat-Free Mass (kg) 47.34 (4.58) 46.90 (4.71) 0.849 46.90 (4.71) 48.17 (5.95) 0.670 45.83 (4.19) 8.32 (6.50) 0.564
REE (kJ/kg) 74.6 (19.2) 69.9 (12.2) 0.367 77.5 (4.7) 61.7 (9.4) 0.035 73.7 (11.1) 58.3 (6.9) 0.004
REE (KJ/FEM) 114.2 (18.1) 102.3 (11.6) 0.373 119.2 (11.6) 99.4 (14.7) 0.007 112.5(19.3) 944 (13.4) 0.007

HP1-1 and HP2-2 carriers were matched by age (HP1-1: 34 + 9.93 years and HP2-2: 27.71 + 5.82 years) and initial BMI (HP1-1: 27.58 + 3.14 kg/m2 and HP2-2:
27.54 + 2.11 kg/m?) before analysis (paired Student t test). *statistically different of HP1-1 data. GLU-M: gluten-containing muffin; GF-M: gluten-free muffin; CI: confi-
dence interval; BMI: body mass index; REE: resting energy expenditure measured by indirect calorimetry n = 7/group.

related to carbohydrate metabolism and fiber fermentation. It
suggests that qualitative changes of dietary fiber rather than the
reduction of gluten intake itself were responsible for the microbiota
modifications and, indirectly, by the changes in body weight during
the low-gluten diet period.

When we analyzed body weight and composition, we did not
observe changes in body weight and composition when comparing
GLU-M or GF-M periods. However, a modest weight loss was
detected in the first weeks of the intervention. It was possibly
caused by the adoption of a “new diet” because weight loss was
similar between those that initially received GLU-M or GF-M. Based
on our results, we concluded that the adoption of GFD for a short
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time (4 weeks) was ineffective in reducing body weight or
improving fat and fat-free body mass.

Regarding the risk and benefits of GFD, it has been described
that it is associated with lower consumption of protein and fiber
and a higher intake of total and saturated fat [1,20—22]. The main
causes of this nutritional imbalance seem to be the intake of gluten-
free commercial preparations, frequently containing more lipids
and less fibre than the natural gluten-containing foods [23].
Nonetheless, we did not detect differences in macronutrient intake
when comparing experimental periods and usual diet. It might be
partly because our participants use gluten-free commercial prep-
arations only occasionally, and gluten substitution was based
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Association of the number of Hp2 alleles and BMI resting energy expenditure and level of serum cytokines during the periods of gluten-free diet adoption and intake gluten-
free (GF-M period) or gluten-containing (GLU-M period) muffins and during, usual diet (follow up).

GF-M PERIOD GLU-M PERIOD USUAL DIET (FOLLOW UP)

r Cl p r Cl p r Cl p
BMI (kg/m?) —0.004 —0.341 to 0.334 0.982 0.040 —0.301 to 0.373 0.820 0.120 —0.252 to 0.459 0.459
REE (kg/FFM) —0.303 —0.581 to 0.039 0.082 —0.494 —0.713 to —0.188 0.003 —0.404 —0.664 to —0.051 0.027
IL6 (pg/mL) -0.251 —0.551 to 0.106 0.165 0.067 —0.294 to 0.411 0.721 -0.027 —0.389 to 0.343 0.891
TNF (pg/mL) 0.304 —0.037 to 0.582 0.080 0.004 —0.345 to 0.346 0.983 -0.270 —0.569 to 0.093 0.143
IL1B (pg/mL) 0.289 —0.054 to 0.571 0.097 0.381 0.042 to 0.640 0.029 0.408 0.055 to 0.669 0.025

GLU-M: gluten-containing muffin; GF-M: gluten-free muffin; CI: confidence interval; BMI: body mass index (kg/m?); REE: resting energy expenditure measured by indirect

calorimetry. N = 40 for GF-M and GLU-M periods and 34 for Usual Diet.
Bold data denote statistically significant results (p < 0.05).

mainly on natural products (mostly potatoes, rice, and cassava
flour).

Although macronutrient intake was kept unchanged, the
exclusion of gluten-containing foods increased the inflammatory
potential of diet, as suggested by the DII results. DIl is an algorithm
that evaluates up to 45 dietary parameters related to inflammatory
blood markers [11]. Because gluten is not included in these pa-
rameters, we did not expect any differences in DIl when comparing
the GLU-M and GF-M periods. However, DII scores were higher in
both experimental periods compared to the usual (gluten-con-
taining) diet. Since macronutrient intake was quantitatively similar
among diets, we believe that other food components (such as vi-
tamins and minerals) caused a negative impact on DIl Indeed,
many gluten-free kinds of cereal contain inferior concentrations of
thiamin, riboflavin, niacin [24], iron, and folate [25] compared to
wheat. All these vitamins and minerals are included in the DII
calculation and could contribute to the differences in DII between
usual and gluten-free diets.

It has been suggested that gluten intake induces inflammation.
Our previous studies and others have reported an increase of pro-
inflammatory markers in obese animals fed gluten (or gliadin)
supplemented diets for 5 weeks [3,4,19]. On the other hand, Zhang
et al. (2017) fed mice with a high-fat diet with or without gliadin for
23 weeks, and did not find differences in inflammatory blood
markers. Nevertheless, an inflammatory phenotype was seen in the
visceral adipose tissue of mice receiving gliadin. Although our DII®
result indicates that GFD leads to a more inflammatory state, we did
not identify differences in IL6, TNF, or IL1f blood concentrations,
regardless of gluten intake. A similar result was seen in non-celiac
athletes receiving gluten-free or gluten-containing diets for 7 days;
there were no differences between diets regarding IL1p, IL6, ILS,
IL10, IL15, and TNF blood concentrations [26,27]. It should be noted
that the level of cytokines in our study presented a large intra and
interindividual variation. It is possible that a larger group could
reveal more consistent results.

It has been described that two non-digested gluten peptides
bind the CXCR3 receptor in the intestinal epithelium, inducing the
release of zonulin [7,8,19,28]. Zonulin actives a cascade of reactions
that culminates on intestinal barrier disruption, favouring intesti-
nal permeability of nutrient and microorganism components, such
as LPS and, consequently, inflammation [6,29]. To observe the
interference of zonulin in the gluten effect, we intended to measure
blood zonulin concentration. Nonetheless, it has been described
that current commercial zonulin assays do not detect zonulin [30].
For this reason, we characterize participants as low and high pro-
ducers of zonulin according to Hp genotype. Our results demon-
strate a positive association between the presence of Hp2 allele and
higher IL1f concentrations during gluten intake (GLU-M period and
usual diet), reinforcing the pro-inflammatory effect of zonulin and
its relationship with gluten intake.
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The interference of GFD on thermogenesis was seen in our
previous experimental study [4]. We demonstrated that gluten
intake was associated with weight gain through a mechanism
related to the reduction of the browning process and thermo-
genesis, as suggested by the lower expression of UCP-1 and
BMP?7. Based on these results, we expected to observe a reduction
in the REE during the GLU-M period. Considering all participants
(regardless of Hp genotyping), we did not find any changes in
REE that could corroborate the animal findings. However, the Hp
genotype analysis showed that during the GLU-M period, those
carrying the Hp2-2 genotype (higher zonulin producers) pre-
sented a lower REE compared to age and BMI matched Hp1-1
carriers. When gluten was not included in the diet, REE was
similar between Hp1-1 and Hp2-2 carriers. This suggests that
gluten influences thermogenesis and that zonulin is a mediator
of this effect. Based on our previous results showing the impact
of gluten on thermogenesis, we hypothesized that, in Hp2-2
carriers, gluten was associated with downregulation of expres-
sion of proteins, such as UCP1 and BMP7, reducing the “brown-
ing” process and thermogenesis. Since macronutrient and energy
intakes were similar in Hp1-1 and Hp2-2 carriers during all pe-
riods, it can be assumed that the reduction of REE in those Hp2-2
carriers during the gluten period will lead to a positive energy
balance. We believe that in a long-term follow-up, this lower REE
could favour weight gain if other actions, such as increased
physical activity, were not implemented for susceptible (Hp2)
individuals.

Our study has some limitations. First, the duration (4 weeks) of
each period might have been insufficient to observe more consis-
tent changes in body composition or metabolism, mainly because
we did not restrict energy intake. Moreover, individual variations
might not have allowed the observation of changes in blood cyto-
kines related to gluten intake. Also, a more significant number of
participants could be necessary to observe a more consistent as-
sociation of Hp2-2 carriers and gluten effect. Besides these limita-
tions, our results underscore the importance of Hp allele expression
and zonulin production on the comprehension of gluten action in
the non-celiac individuals (Fig. 4).

In conclusion, our findings highlight the importance of indi-
vidual differences in zonulin secretion to understand the effects of
gluten (or GFD) on body composition and inflammation. We hy-
pothesize that the impact of gluten on body weight and inflam-
matory markers depend on the expression of zonulin, induced by
gluten peptides. During a GFD, zonulin release is not triggered by
the Hp2 allele, and resting metabolism or inflammatory cytokines
are similar in HP1-1 and HP2-2 genotypes. In a gluten-containing
diet, those carrying the Hp2 allele will present a higher release of
zonulin that will increase inflammation and reduce REE compared
to low Hp1-1 producers. Future research should now focus on the
long-term consequences of such effects.
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