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SUMMARY

This study reports that the polysaccharide maltodextrin,
which is a common additive used in Western diet for food
processing, triggers endoplasmic reticulum stress in goblet
cells. Our data support the hypothesis that a Western diet
rich in maltodextrin can contribute to gut disease suscepti-
bility and can help design preventive programs for subjects
at high risk to develop inflammatory bowel diseases.

BACKGROUND & AIMS: Food additives, such as emulsifiers,
stabilizers, or bulking agents, are present in the Western diet
and their consumption is increasing. However, little is known
about their potential effects on intestinal homeostasis. In this
study we examined the effect of some of these food additives on
gut inflammation.

METHODS: Mice were given drinking water containing malto-
dextrin (MDX), propylene glycol, or animal gelatin, and then
challenged with dextran sulfate sodium or indomethacin. In
parallel, mice fed a MDX-enriched diet were given the
endoplasmic reticulum (ER) stress inhibitor tauroursodeox-
ycholic acid (TUDCA). Transcriptomic analysis, real-time poly-
merase chain reaction, mucin-2 expression, phosphorylated
p38 mitogen-activated protein (MAP) kinase quantification, and
H&E staining was performed on colonic tissues. Mucosa-
associated microbiota composition was characterized by 16S
ribosomal RNA sequencing. For the in vitro experiments,
murine intestinal crypts and the human mucus-secreting
HT29-methotrexate treated cell line were stimulated with
MDX in the presence or absence of TUDCA or a p38 MAP kinase
inhibitor.

RESULTS: Diets enriched in MDX, but not propylene glycol or
animal gelatin, exacerbated intestinal inflammation in both
models. Analysis of the mechanisms underlying the detrimental
effect of MDX showed up-regulation of inositol requiring protein
1b, a sensor of ER stress, in goblet cells, and a reduction of
mucin-2 expression with no significant change in mucosa-
associated microbiota. Stimulation of murine intestinal crypts
and HT29-methotrexate treated cell line cells with MDX induced
inositol requiring protein 1b via a p38 MAP kinase–dependent
mechanism. Treatment of mice with TUDCA prevented mucin-
2 depletion and attenuated colitis in MDX-fed mice.
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CONCLUSIONS: MDX increases ER stress in gut epithelial cells
with the downstream effect of reducing mucus production and
enhancing colitis susceptibility. (Cell Mol Gastroenterol Hepatol
2019;7:457–473; https://doi.org/10.1016/j.jcmgh.2018.09.002)
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See editorial on page 475.

nflammatory bowel disease (IBD) is a term used to
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Idescribe 2 chronic inflammatory disorders of the gut,
namely ulcerative colitis and Crohn’s disease.1 Although the
etiology of IBD remains unknown, accumulating evidence has
suggested that the pathologic process results from an inter-
action between environmental and genetic factors, which
trigger an excessive intestinal immune response against
components of the gut microflora.2,3 In the past decades, there
has been an increase in the incidence of IBD in previously
low-incidence regions of the world (eg, Asia), coincident with
these countries becoming more westernized.4–7 Epidemiologic
studies have indicated that Western dietary factors, particu-
larly those that result in being overweight or obese, can in-
fluence the development of IBD.8,9 However, it remains
unclear which dietary factors have a causative role in IBD and
how each of these factors may affect intestinal homeosta-
sis.10,11 A Western diet can shape the intestinal microbiota
and promote overgrowth of microorganisms potentially
involved in the development of IBD.12,13 Indeed, mice given a
fat-based diet showed increased abundance and activity of
Bilophila wadsworthia owing to changes in the production of
bile acids, and consequently exacerbation of experimental
colitis.12 Another possibility is that Western diet–related ele-
ments, such as high dietary salt and saturated fatty acids, can
directly target mucosal immune cells and potentate patho-
genic responses.14–16 In addition, diet can have a direct impact
on the mucus layer of the gastrointestinal tract.17,18

A Western diet also is rich in food additives, which
commonly are added as stabilizers, coating materials, or
bulking agents in prepackaged foods. Although the US
Food and Drug Administration recognizes these dietary el-
ements as safe, their use has been linked to the development
of intestinal pathologies in both animals and human
beings.19–23 For example, synthetic dietary emulsifiers
polysorbate 80 and carboxymethylcellulose act directly on
human microbiota to increase its proinflammatory poten-
tial.19 It also has been shown that the polysaccharide
maltodextrin (MDX), which is commonly used as a filler and
thickener during food processing, can alter microbial
phenotype and host antibacterial defenses. MDX expands
the Escherichia coli population in the ileum and induces
necrotizing enterocolitis in preterm piglets.24 Nickerson and
McDonald21 reported that MDX increases cellular adhesion
of the “adherent and invasive E coli” strain and in vivo
studies have shown an increased load of cecal bacteria in
MDX-fed mice upon oral infection with Salmonella, even
though MDX by itself did not induce disease.20
In this study, we therefore investigated whether food
additives used in the Western diet can perturb intestinal
homeostasis and exacerbate gut inflammation.

Results
MDX-Enriched Diet Exacerbates
Intestinal Inflammation

To investigate whether food additives promote and/or
exacerbate intestinal inflammation, wild-type Balb/c mice
were exposed to MDX (5%), propylene glycol (PG) (0.5%),
and animal gelatin (GEL) (5 g/L) diluted in drinking water.
The selected compounds induced neither clinical and his-
tologic signs of intestinal inflammation nor changes in in-
flammatory cytokines (Figure 1A–C). Lipocalin-2 (Lcn-2) is
a secretory protein produced mainly by neutrophils and
released in the feces after induction of colitis.25 Therefore,
Lcn-2 is considered a sensitive and noninvasive biomarker
of intestinal inflammation. Analysis of Lcn-2 in stool sam-
ples collected from mice exposed to MDX (5%), PG (0.5%),
and GEL (5 g/L) showed no significant change as
compared with control mice, thus confirming the absence
of colitis in mice fed such additives (Figure 1D). However,
MDX-fed mice developed a more severe colitis when
challenged with dextran sulfate sodium (DSS), as shown by
significantly greater weight loss (Figure 2A), more pro-
nounced infiltration of inflammatory cells, and greater
epithelial damage (Figure 2B and C). The MDX-fed mice
also showed up-regulation of interleukin (IL)1b and Lcn-2
as compared with mice receiving PG- or GEL-enriched diet
or controls (Figure 2D and E). To ascertain at which
concentration MDX exacerbated experimental colitis, we
fed mice with MDX concentrations ranging from 1% to 5%.
The deleterious effect of MDX on intestinal inflammation
was more evident when it was used at a concentration of
5%, even though mice given 3% MDX showed a more
pronounced inflammatory infiltrate as compared with
control mice receiving drinking water (Figure 2F and G).
Therefore, all subsequent experiments were performed
with 5% MDX.

To exclude that the more severe colitis in MDX-treated
mice was owing to increased uptake of DSS, we used
another model of intestinal inflammation induced by a
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Figure 1. MDX, PG, and GEL do not induce intestinal inflammation. (A) Representative H&E staining of colon sections taken
from wild-type mice exposed or not to 5% MDX, 0.5% PG, or 5 g/L GEL, all diluted in drinking water, for 45 days and then
killed. The figure is representative of 9–12 mice/group from 3 independent experiments. Scale bars: 100 mm. (B) Histologic
score of colonic tissues taken from mice fed as indicated in panel A. Data were generated using 9–12 mice/group from 3
independent experiments and expressed as means ± SD. Differences among groups were compared using 1-way analysis of
variance followed by the Bonferroni post hoc test. (C) Expression of Tnf-a and IL1b RNA transcripts in colon tissues taken from
mice fed as indicated in panel A. Data were generated using 9–12 mice/group from 3 independent experiments. Each point in
the graph indicates the RNA expression of the specific transcript in the colon of a single mouse; horizontal bars indicate
median value. Differences among groups were compared using the Kruskal–Wallis test. (D) Scatter plot showing levels of fecal
Lcn-2 protein in mice fed as indicated in panel A. Data were generated using 6–7 mice/group from 3 independent experiments.
Horizontal bars indicate median value. Differences among groups were compared using the Kruskal–Wallis test. mRNA,
messenger RNA; TNF, tumor necrosis factor.
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single subcutaneous injection of indomethacin. MDX-fed
mice showed a more pronounced ileal mucosal injury
compared with controls (Figure 2H and I). Altogether, these
data indicate that consumption of MDX in drinking water
exacerbates gut inflammation.

MDX Activates an Endoplasmic Reticulum Stress
Response in Intestinal Epithelial Cells

To dissect the mechanisms by which MDX enhances
susceptibility to intestinal damage, we performed a micro-
array analysis of colonic samples isolated from mice
receiving MDX. Several genes involved in the lipid and car-
bohydrate metabolism and in protein glycosylation were up-
regulated in MDX-treated mice (Figure 3A). Mice given MDX
also showed increased transcripts of molecules involved in
the unfolded protein response (UPR), usually activated upon
accumulation of unfolded proteins in the endoplasmic re-
ticulum (ER), a phenomenon termed ER stress. Activation of
the UPR pathway promotes translational attenuation,
refolding of unfolded proteins, and degradation of
irreversibly unfolded proteins, with the downstream effect
of restoring ER function. Among the UPR-related genes, Ern-
2, which encodes for inositol-requiring enzyme (IRE)1b
protein, was the most differentially expressed gene
(Figure 3A). Real-time polymerase chain reaction (PCR)
assay of colonic samples confirmed the microarray results
and showed up-regulation of Ern-1 and Xbp1s, 2 other IRE1/
UPR-related genes (Figure 3B). In contrast, MDX caused no
significant change in glucose-regulated protein (Grp78),
activating transcription factor 6 (ATF6), ATF4, and CCAAT/
enhancer-binding protein homologous protein (Chop)
(Figure 3C), suggesting that MDX specifically induces IRE1-
dependent signal transduction events. Further analysis of
RNA transcripts in intestinal epithelial cells (IECs) and
lamina propria mononuclear cells (LPMCs) isolated from
colonic samples showed that induction of IRE1b/IRE1a was
restricted to the intestinal epithelium compartment
(Figure 3D). In vitro stimulation of intestinal crypts from
untreated mice with MDX enhanced RNA transcripts for
Ern-1, Ern-2, and Xbp1s (Figure 3E).



Figure 2. MDX-enriched diet exacerbates intestinal inflammation. (A) Wild-type mice were exposed to 5% MDX, 0.5% PG,
or 5 g/L GEL, all diluted in drinking water, over a period of 45 days and challenged with DSS (1.75% in drinking water) starting
from day 35 of diet. Body weight was recorded daily from day 35 until death (day 45). Data were generated using 10–12 mice
per group from 3 independent experiments and expressed as means ± SEM. Differences among groups were compared using
1-way analysis of variance followed by the Bonferroni post hoc test. DSS vs DSS þ MDX, **P � .01. (B and C) Representative
H&E staining and histologic score of colon sections taken from mice treated with DSS either alone or in combination with MDX,
PG, or GEL, as indicated in panel A, and killed on day 45. Data were generated using 10–12 mice per group from 3 inde-
pendent experiments and expressed as means ± SD. Differences among groups were compared using 1-way analysis of
variance followed by the Bonferroni post hoc test. DSS vs DSS þ MDX, **P � .01. (B) Scale bars: 100 mm. (D and E) IL1b and
Lcn-2 RNA expression was assessed by real-time PCR in colonic tissues taken from mice treated as indicated in panel A and
killed on day 45. Data were generated using 10–12 mice per group from 3 independent experiments. Each point in the graph
indicates the RNA expression of the specific transcript in the colon of a single mouse; horizontal bars indicate median value.
Differences among groups were compared using the Kruskal–Wallis test. DSS þ MDX vs DSS, **P � .01. (F and G) Repre-
sentative H&E staining and histologic score of colon sections taken from mice treated with DSS either alone or in combination
with increasing concentrations of MDX, as indicated in panel A, and killed on day 45. Data were generated using 5 mice per
group from 2 independent experiments and expressed as means ± SD. Differences among groups were compared using
1-way analysis of variance followed by the Bonferroni post hoc test. 5% DSS þ MDX vs DSS, **P � .01. (H and I) Repre-
sentative H&E staining and histologic score of ileum sections taken from wild-type mice exposed to 5% MDX diluted in
drinking water for 35 days, and then treated with a single subcutaneous injection of indomethacin (5 mg/kg). Mice were killed
24 hours after indomethacin injection and tissues were collected for histopathologic analysis. Data were generated using
10–12 mice per group of 3 independent experiments and expressed as means ± SD. Differences among groups were
compared using 1-way analysis of variance followed by the Bonferroni post hoc test (*P � .05). Scale bars: 100 mm. mRNA,
messenger RNA.
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Figure 3. MDX up-regulates the IRE1-dependent UPR pathway in intestinal epithelial cells. (A) Volcano plot and heat map
showing microarray-based differential expression, log2 (fold change) of genes related to lipid and carbohydrate metabolism,
protein glycosylation, and UPR pathway of colon samples isolated from mice exposed to drinking water in the presence or
absence of 5% MDX for 45 days without DSS. (B) Ern-2, Ern-1, and Xbp1s RNA expression was assessed by real-time PCR in
total colonic samples. Data were generated using 11–12 mice per group from 3 independent experiments (*P � .05, **P � .01).
Each point in the graph indicates the RNA expression of the specific transcript in the colon of a single mouse; horizontal bars
indicate median value. Differences among groups were compared using the Mann–Whitney U test. (C) Scatter plots showing
Grp78, Atf6, Atf4, and Chop RNA transcripts in colonic samples isolated from mice treated as indicated in panel A. Data were
generated using 7–8 mice per group of 3 independent experiments. Each point in the graph indicates the RNA expression of
the specific transcript in the colon of a single mouse; horizontal bars indicate median value or means ± SD. Differences among
groups were compared using the Mann–Whitney U test or the 2-tailed Student t test. (D) Representative histograms showing
Ern-2 and Ern-1 RNA expression in IECs and LPMCs isolated from a pool of 3–4 mice treated as indicated in panel A. The
example is representative of 2 independent experiments in which similar results were obtained. (E) Scatter plots showing Ern-
2, Ern-1, and Xbp1s RNA expression in intestinal crypts isolated from the colons of untreated mice and cultured in the
presence or absence of MDX for 30 minutes. Data were generated using crypts isolated from 6–7 mice from 3 independent
experiments (*P � .05, **P � .01). Left: Horizontal bars indicate median value and differences between groups were compared
using 2-tailed Mann–Whitney U test. Middle and right: Horizontal bars indicate means ± SD and differences between groups
were compared using the Student t test. mRNA, messenger RNA; UT, untreated.

2019 Maltodextrin Induces Epithelial ER Stress 461
MDX-Enriched Diet Alters the Intestinal
Mucus Barrier

IRE1b expression is restricted to the ER membrane of
goblet cells in the small intestine and colon.26 The major
macromolecular component of the gut mucus layer is the
mucin glycoprotein Mucin-2 (Muc-2), which contains
cysteine-rich and highly glycosylated domains and requires
extensive post-translational modification within the ER and
Golgi.27 The complexity of the mucin protein and the high
secretory output of the goblet cells make Muc-2 prone to
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misfolding. Increased accumulation of Muc-2 precursors in
the ER of goblet cells leads to a reduction of mucin secre-
tion.28 Immunofluorescence analysis of colonic sections
showed that MDX markedly reduced Muc-2 staining, as well
as expression of glycosylated (mature) Muc-2 (Figure 4A).
Moreover, periodic acid-Schiff/Alcian blue staining
confirmed the negative effect of a MDX-enriched diet on
mucus content (Figure 4B). In contrast, MDX up-regulated
Muc-2 RNA transcripts (Figure 4C), a finding that could
reflect activation of a compensatory mechanism to the
reduced Muc-2 protein secretion. Mice receiving PG or GEL
showed no mucus depletion in the colon (Figure 4D). RNA
transcripts for zonulin-1, zonulin-2, claudin-2, and claudin-7
remained unchanged after MDX exposure (Figure 4E).
Enhanced staining for cleaved caspase-3, indicative of in-
duction of intestinal epithelial apoptosis, was seen in colonic
sections of MDX-treated mice (Figure 4F).
Induction of ER Stress by MDX Is Mediated by
p38 Mitogen-Activated Protein Kinase

We then examined the pathway(s) whereby MDX in-
duces ER stress. Stimulation of the mucus-secreting HT29-
methotrexate treated cell line (HT29-MTX) cell line with 3%
and 5% MDX up-regulated Ern-2 RNA transcripts
(Figure 5A). To be consistent with the in vivo results, the
subsequent in vitro studies were performed using 5% MDX.
Increased concentrations of solutes, such as glucose, in the
extracellular compartments were associated with
augmented hypertonicity. Because hypertonic stress is
sensed through the mitogen-activated protein kinase
(MAPK) signaling pathway,29,30 we investigated the
involvement of such a pathway in the MDX-mediated IRE1b
Figure 4. (See previous page). MDX-enriched diet alters inte
Muc-2 (green) and glycosylated (mature) Muc-2 (red) in colon s
presence or absence of 5% MDX for 35 days. Nuclei are stained
representative of 4 separate experiments. Scale bars: 25 mm. Rig
means ± SD of the positive cells counted in 4 different fields p
from 4 independent experiments. Differences between groups
Periodic acid-Schiff (PAS)–Alcian blue (AB) staining of colonic s
figure is representative of 3 separate experiments. Right: Num
crypt. Data indicate means ± SD of the positive cells counted in
mice per group from 3 independent experiments. Differences be
(***P � .001). Scale bars: 100 mm. (C) Scatter plot showingMuc-2
drinking water in the presence or absence of 5% MDX for 35
independent experiments. Each point in the graph indicates th
single mouse; horizontal bars indicate median value. Differences
test (*P � .05). (D) Immunofluorescence analysis of Muc-2 (gre
water in the presence or absence of 5% MDX, 0.5 g/L GEL, or 0
figure is representative of 3 separate experiments. Scale bars: 50
indicate means ± SD of the positive cells counted in 4 different fi
group from 3 independent experiments. Differences between gr
.001). (E) Scatter plot showing zonulin-1, zonulin-2, claudin-2, an
treated as indicated in panel A. Data were generated using 10 m
the graph indicates the RNA expression of the specific transc
median value. Differences between groups were compared usin
3–positive cells were evaluated in colon sections of mice treat
separate experiments. Scale bars: 100 mm. Right: Number of cle
± SD of the positive cells counted in 4 different fields per colon
independent experiments. Differences between groups were co
mRNA, messenger RNA; ZO, zonula occludens.
induction. Treatment of HT29-MTX cells with MDX caused a
time-dependent increase in the expression of phosphory-
lated (p)-p38, while extracellular signal–regulated kinase
1/2 and c-Jun N-terminal kinase activation remained un-
changed (Figure 5B). Pharmacologic inhibition of p38 down-
regulated MDX-induced Ern-2 RNA expression (Figure 5C).
Similar results were seen in MDX-treated cells transfected
with p38 small interfering RNA (siRNA) (Figure 5D).
Immunofluorescence of mouse colonic sections showed that
daily consumption of MDX enhanced p-p38 expression in
epithelial cells (Figure 5E).
ER Stress Inhibition Improves Colitis in
MDX-Fed Mice

To mechanistically prove that the enhanced susceptibil-
ity of mice to colitis after MDX administration relies on the
ER stress/UPR pathway, we inhibited ER stress with the
chemical chaperone tauroursodeoxycholic acid (TUDCA).
First, we confirmed that TUDCA inhibited ER stress because
pretreatment of HT29-MTX cells with TUDCA significantly
reduced MDX-mediated Ern-2 RNA expression (Figure 6A).
Next, we showed that administration of TUDCA to MDX-
treated mice resulted in diminished induction of Ern-2,
Ern-1, and Xbp1s RNA expression and normalization of Muc-
2 production (Figure 6B and C). In these experiments,
TUDCA administration was started at day 21 because our
data showed initial signs of ER stress at this time point after
MDX administration (personal unpublished observations).
Finally, we tested the modulatory effect of TUDCA on the
course of DSS colitis. Mice receiving TUDCA showed a
marked attenuation of DSS colitis after MDX administration,
as evidenced by less changes in body weight, improved
stinal mucous barrier. (A) Immunofluorescence analysis of
ections isolated from mice exposed to drinking water in the
with 40,6-diamidino-2-phenylindole (DAPI) (blue). The figure is
ht: Number of Muc-2–expressing cells per crypt. Data indicate
er colon section and were generated using 8 mice per group
were compared using the Student t test (***P � .001). (B)
ections taken from mice treated as indicated in panel A. The
ber of Alcian blue/periodic acid-Schiff–expressing cells per
4 different fields per colon section and were generated using 8
tween groups were compared using the 2-tailed Student t test
RNA expression in colon tissues taken from mice exposed to
days. Data were generated using 10 mice per group from 3
e RNA expression of the specific transcript in the colon of a
between groups were compared using the Mann–Whitney U

en) in colon sections isolated from mice exposed to drinking
.5% PG for 35 days. Nuclei are stained with DAPI (blue). The
mm. Right: Number of Muc-2–expressing cells per crypt. Data
elds per colon section and were generated using 5–7 mice per
oups were compared using the 2-tailed Student t test (***P �
d claudin-7 RNA expression in colon tissues taken from mice
ice per group from 3 independent experiments. Each point in
ript in the colon of a single mouse; horizontal bars indicate
g the Mann–Whitney U test (*P � .05). (F) Cleaved caspase-
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histology (Figure 6D–F), and lower IL1b and Lcn-2 tran-
scripts (Figure 6G and H).

MDX-Enriched Diet Does Not Affect Mucosa-
Associated Microbiota

Interrogation of microbiota composition with 16S RNA
sequencing in colonic samples showed that MDX-fed mice
did not show any changes in microbiota composition in
terms of phyla and related classes (Figure 7A and B), with
low frequency (<0.1%) of the genus E coli among groups.
TUDCA treatment was associated with no change in micro-
biota composition (Figure 7A and B).

Prolonged MDX-Enriched Diet Induces
Low-Grade Intestinal Inflammation

Studies in mucin-deficient mice indicated that persis-
tent mucus reduction can lead to the development of
intestinal pathology.28,31–33 Therefore, we assessed
whether prolonged a MDX-enriched diet could favor the
initiation of intestinal inflammation. Mice fed with MDX
for 10 weeks showed no significant change in body
weight and stool consistency (Figure 8A and B). However,
such animals showed low-grade intestinal inflammation,
which was characterized by focal inflammatory infiltrates,
distortion of gland architecture, edema, and increased
transcripts for IL1b, Lcn-2, and Ern-2 as compared with
control mice (Figure 8C–E). As expected, mice receiving
MDX had a marked reduction of Muc-2 protein (Figure 8F).

Because recent studies reported that low-grade inflam-
mation induced by food additives was associated with
metabolic alterations,19,22 we investigated whether a pro-
longed MDX-enriched diet could alter blood glycemic levels.
Data shown in Figure 8G indicate that the 15-hour fasting
blood glucose level was higher in MDX-treated mice as
compared with controls (Figure 8G).
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Discussion
This study was performed to ascertain whether food

additives commonly used in the Western diet could pro-
mote/exacerbate gut inflammation. Initial experiments
showed that daily consumption of each of 3 common food
additives, namely MDX, PG, and GEL for 45 days, did not
induce overt colitis. However, mice given MDX, but not PG
or GEL, showed increased severity of intestinal inflamma-
tion after DSS or indomethacin administration. The con-
centration of MDX selected for this study (ie, 5%) is
equivalent to levels commonly found in infant formulas,24

even though it is highly likely that the amount of MDX
reaching the distal intestine is lower than what was
administered to mice. We next performed a microarray
analysis of colon samples from MDX-treated mice to deter-
mine the mechanisms involved. Among the most up-
regulated genes in the MDX-treated mice was Ern-2, which
encodes for IRE1b, a sensor of ER stress that mitigates the
uncontrolled activation of ER stress response in epithelial
cells. Indeed, IRE1b is expressed in intestinal epithelial and
airway mucus cells, where it promotes efficient protein
folding and secretion of mucins by regulating the level of
Muc-2 RNA.26,34 Therefore, it is plausible that IRE1b up-
regulation in the colons of MDX-fed mice reflects the acti-
vation of a counter-regulatory mechanism that attempts to
limit ER stress response in goblet cells. Next, we evaluated
whether MDX altered the production of mucus. Mice
receiving MDX had marked reduction of O-linked, glycosy-
lated, mature Muc-2, even though they showed increased
Muc-2 RNA expression. Altogether, these results indicate
that mucus depletion seen in MDX-fed mice reflects alter-
ations in Muc-2 maturation/folding and secretion rather
Figure 5. (See previous page). MDX induces IRE1b expressi
HT29-MTX cell line. Cells were either left untreated (UT) or cult
RNA transcripts were assessed by real-time PCR. Data are mea
experiments. Differences among groups were compared using 1
test (**P � .01, *P � .05). (B) HT29-MTX cells were either left U
p-p38, p38, phosphorylated extracellular signal–regulated kina
(p-JNK), and b-actin (b-act) expression were analyzed by Weste
results were obtained is shown together with densitometry ana
groups were compared using 1-way analysis of variance followe
.001). (C) Effect of the p38 inhibitor (p38i) on MDX-mediated p38
for 1 hour in the presence or absence of p38i (10 mmol/L) or dim
was assessed by Western blot. One of 4 representative experim
with the densitometry analysis (lower panel). Data are means ±
analysis of variance followed by the Bonferroni post hoc test (**
regulation. HT29-MTX cells were stimulated or not with MDX f
DMSO (vehicle) and Ern-2 RNA transcripts evaluated by real-tim
Differences among groups were compared using 1-way analys
.05). (D) Effect of p38 knock-down on MDX-mediated Ern-2 up-re
or p38 siRNA (CTR or p38 siRNA, respectively) for 18 hours and t
Western blot for p-p38, p38, and b-actin expression are shown i
are means ± SD of 3 independent experiments. Differences bet
(**P � .001). Right: Expression of Ern-2 RNA transcripts assess
experiments. Differences among groups were compared using 1
test (*P � .05). (E) Immunofluorescence analysis of p-p38 (green
killed on day 45. The figure is representative of 3 separate exp
show the number and intensity of p-p38–expressing cells per fi
were generated using 3–5 mice per group from 3 independent ex
the 2-tailed Student t test (**P � .01). mRNA, messenger RNA;
than being a consequence of a defect in goblet cell devel-
opment. In line with the earlier-described findings, in vitro
stimulation of murine intestinal crypts and mucus-secreting
HT29-MTX cells with MDX increased IRE1b expression.

Our data suggest a model in which MDX-enriched diet
triggers the ER stress sensor IRE1b in intestinal epithelial
cells via p38 MAPK, because MDX increased the expression
of p-p38 in mice and HT29-MTX cells. Moreover, pharma-
cologic inhibition of p38 with SB202190, which is known to
interfere with p38 MAP kinase activity35 and to partially
impair p38 phosphorylation through an indirect or feedback
response mechanism,36–38 as well as p38 knock-down using
a specific siRNA abrogated MDX-driven IRE1b expression.
The effect of MDX on Muc-2 content appears to be specific
because MDX did not affect expression of other epithelial
proteins (ie, defensins, zonulins, and claudins).

We surmise that induction of ER stress in goblet cells is
functionally relevant to the detrimental effects of MDX
because pretreatment of mice with TUDCA, a chemical
chaperone that inhibits ER stress, prevented MDX-mediated
Ern-2 RNA overexpression and Muc-2 protein down-
regulation, as well as the detrimental effect of MDX on
DSS-induced colitis. Because TUDCA was reported to exert
other protective functions in the gut (eg, reduction of
proinflammatory cytokine synthesis and improvement of
intestinal barrier function),39,40 we cannot exclude the
possibility that TUDCA-mediated prevention of intestinal
damage in colitic mice receiving MDX can in part rely on
other potential regulatory effects of the compound.

Our data support previous studies showing that goblet
cells are one of the major cells that tend to undergo ER
stress in the intestinal epithelium.28,41 This diminishes the
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Figure 6. ER stress inhibition reduces MDX-mediated Ern-2 up-regulation and improves colitis in MDX-fed mice.
(A) HT29-MTX cells were pretreated with TUDCA (10 mmol/L) or dimethyl sulfoxide (vehicle) and then stimulated with MDX for 1
hour. Ern-2 RNA transcripts were analyzed by real-time PCR. Data are means ± SD of 4 independent experiments. Differences
between groups were compared using the 2-tailed Student t test (*P � .05). (B and C) Wild-type mice were exposed to drinking
water supplemented with 5% MDX for 45 days and injected or not with TUDCA (250 mg/kg intraperitoneally) every other day
starting from day 21. Mice were killed on day 45, colonic tissues were isolated, and (B) Ern-2, Ern-1, and Xbp1s RNA tran-
scripts and (C) Muc-2 protein expression were evaluated by real-time PCR and immunofluorescence, respectively. (B) Data
were generated using 7–10 mice per group from 3 independent experiments. Each point in the graph indicates the RNA
expression of the specific transcript in the colon of a single mouse; horizontal bars indicate median value. Differences between
groups were compared using the Mann–Whitney U test (*P � .05). (C) Pictures are representative of 4 separate experiments in
which similar results were obtained. Scale bars: 25 mm. (D) Wild-type mice were exposed to drinking water supplemented with
5% MDX for 45 days and injected or not with TUDCA (250 mg/kg intraperitoneally) every other day starting from day 21. Mice
were exposed to 1.75% DSS to induce colitis starting from day 35 until death (day 45), and body weight was recorded every
other day. Data were generated using 8–9 mice per group from 3 independent experiments and expressed as means ± SEM.
Differences among groups were compared using 1-way analysis of variance followed by the Bonferroni post hoc test (**P �
.01). (E and F) Representative H&E staining of colon sections of mice treated as indicated in panel D and killed on day 45. (F)
Scatter plot shows the histologic score. Data were generated using 8–9 mice per group from 3 independent experiments and
expressed as means ± SD. Differences among groups were compared using 1-way analysis of variance followed by the
Bonferroni post hoc test (*P � .05; **P � .01). (G and H) Representative scatter plots showing (G) IL1b and (H) Lcn-2 RNA
expression in colon tissues taken from mice treated as indicated in panel D and killed on day 45. Each point in the graph
indicates the RNA expression of the specific transcript in the colon of a single mouse; horizontal bars indicate median value or
means ± SD. Data were generated using 8–9 mice per group from 3 independent experiments. Differences among groups
were compared using the Kruskal–Wallis test or 1-way analysis of variance followed by the Bonferroni post hoc test (*P � .05).
DAPI, 40,6-diamidino-2-phenylindole; mRNA, messenger RNA.
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Figure 7. Effect of MDX on
mucosa-associated microbiota.
(A and B) Wild-type mice were
exposed to drinking water supple-
mented with 5% MDX for 45 days
and injected or not with TUDCA
(250 mg/kg intraperitoneally) every
other day starting from day 21.
Control mice received drinking wa-
ter for 45 days. All mice were killed
on day 45. (A) Relative abundance
of phyla and classes are repre-
sented for colonic mucosa-
associated microbiota. Horizontal
bars indicate median value. Data
were generated using 4–7 mice per
group from 2 independent experi-
ments. Differences among groups
were compared using the Kruskal–
Wallis test (*P � .05). (B) Principal
coordinates analysis (PCoA) of the
unweighted and weighted UniFrac
distance matrix of mucosa-
associated bacteria from mice
treated as indicated in panel A.
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Figure 8. Prolonged MDX-enriched diet induces low-grade intestinal inflammation. Wild-type mice were exposed to 5%
MDX diluted in drinking water for 10 weeks. (A) Body weight was recorded every 2 weeks until death (day 70). Data were
generated using 10–12 mice per group from 3 independent experiments and are expressed as means ± SEM. Differences
between groups were compared using the 2-tailed Student t test. (B) Scatter plots showing stool consistency of mice receiving
5% MDX diluted in drinking water for 10 weeks. Data were generated using 10–12 mice per group of 3 independent exper-
iments and expressed as means ± SD. Differences between groups were compared using the 2-tailed Student t test. (C and D)
Representative H&E staining of colon sections and histologic score of wild-type mice exposed to drinking water supplemented
or not with 5% MDX for 10 weeks. Scale bars: 100 mm. Data were generated using 10–12 mice per group from 3 independent
experiments and expressed as means ± SD. Differences between groups were compared using the 2-tailed Student t test
(**P � .01). (E) Expression of IL1b, Lcn-2, and Ern2 RNA transcripts in colon tissues taken from mice fed as indicated in panel
A. Data were generated using 6–12 mice per group from 3 independent experiments. Each point in the graph indicates the
RNA expression of the specific transcript in the colon of a single mouse; horizontal bars indicate median value. Differences
between groups were compared using the Mann–Whitney U test (*P � .05). (F) Immunofluorescence analysis of Muc-2 (green)
in colon samples isolated from mice fed with or without MDX for 10 weeks. Scale bars: 25 mm. The figure is representative of 3
separate experiments in which similar results were obtained. Right panel shows the number of Muc-2–expressing cells per
crypt. Data indicate means ± SD of the positive cells counted in 4 different fields per colon section and were generated using
6–7 mice per group from 3 independent experiments. Differences between groups were compared using the 2-tailed Student
t test (**P � .01). (G) Fifteen-hour–fasting blood glucose level in mice fed as indicated in panel A. Data were generated using
4–5 mice per group from 2 independent experiments and expressed as means ± SD. Differences between groups were
compared using the 2-tailed Student t test (***P � .001). mRNA, messenger RNA.
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integrity of the mucus barrier by reducing biosynthesis and
mucin secretion.28 The ability of MDX to promote ER stress
appears unique because other food additives, such as tita-
nium dioxide, have been reported to damage intestinal
epithelial cells through a mechanism mediated by oxidative
stress and independent of ER stress.42 After synthesis by
goblet cells, Muc-2 is secreted into the lumen and forms a
protective mucus gel layer that acts as a selective barrier to
protect the epithelium from mechanical stress, noxious
agents, bacteria, and other pathogens.43–45 Indeed, in the
absence of a mucus layer, as in Muc-2–deficient mice,
colonization of enteric pathogens occurs to a greater extent
and more readily than in wild-type animals.46 Moreover,
after infection with specific pathogens (eg, Citrobacter
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rodentium, Entamoeba histolytica), Muc-2–deficient mice
show greater damage to the epithelium and have more
colonic ulceration.47,48

Mucosa-associated microbiota composition remained
unchanged on a MDX-enriched diet, arguing against the
hypothesis that mucosal dysbiosis plays a key role in the
negative effect of MDX on mucus formation. Our results
differ from recently published data showing that dietary
emulsifiers promote modest disturbances of the luminal
microbiota, thus resulting in low-grade inflammation in
wild-type mice, inducing severe alterations of gut micro-
biota composition, promoting robust colitis in mice lacking
the immune-regulatory cytokine IL10, and negatively
impacting the luminal microbiota composition in human
beings.19,49 Overall, the earlier-described observations
indicate that multiple dietary components can alter intesti-
nal homeostasis, contributing to the initiation and progres-
sion of pathologic conditions. In this context, it has been
proposed that changes in the mucus barrier or biosynthesis
of mucins play a role in the onset and persistence of IBD. In
particular, in the inflamed colons of patients with ulcerative
colitis, the mucus layer is thin owing to decreased Muc-2
production and secretion resulting from goblet cell deple-
tion.46 Indeed, these cells contain fewer mucin granules,
which are filled with a nonglycosylated Muc-2 precursor, a
finding that resembles that seen in mice exposed to MDX.
Similarly, there is evidence that alterations in the amount
and composition of the mucus barrier lead to IBD-like pa-
thology in mice and that decreased Muc-2 output resulting
from ER stress can diminish the mucus barrier and ulti-
mately trigger inflammation.28 This hypothesis is supported
further by our demonstration that persistent mucus deple-
tion in mice receiving a long-term MDX diet leads to low-
grade inflammation.

In conclusion, this study shows that a MDX-enriched diet
reduces the intestinal content of Muc-2, thus making the
host more sensitive to colitogenic stimuli. These data
together with the demonstration that MDX can promote
epithelial intestinal adhesion of pathogenic bacteria21 sup-
ports the hypothesis that Western diets rich in MDX can
contribute to gut disease susceptibility.

Materials and Methods
Mice

Balb/c mice (age, 6–7 wk) were purchased from Charles
River Laboratories Italia Srl (Rozzano (MI), Italy) and hosted
in the animal facility at the University of Rome Tor Vergata
(Rome, Italy). All in vivo experiments were approved by the
animal ethics committee according to Italian legislation on
animal experimentation.

Food Additive Treatment and Experimental
Gut Inflammation

MDX (dextrose equivalent, 4.0–7.0; #419672) and pro-
pylene glycol (>99.5% Food Chemicals Codex; #W294004)
were purchased from Sigma (Milan, Italy). Animal gelatin
from bovine and porcine bones was purchased from Hon-
eywell Fluka (Milan, Italy) (#53028). Mice were exposed to
MDX (concentration range, 1%–5%), PG (0.5%), and GEL (5
g/L) in drinking water for 45 days. Water was changed
every second day. During the last 10 days, animals received
DSS (1.75%, #160110; MP Biomedicals, Santa Ana, CA) either
in normal drinking water, or MDX-, PG-, or GEL-enriched
drinking water. Mice were weighed daily. Mice were killed
after 10 days of treatment with DSS and colon samples were
collected for histology, protein and RNA extraction, and
isolation of IECs and LPMCs. In parallel, mice receiving a
MDX-enriched diet, together with control mice, were given
250 mg/kg TUDCA (Carbosynth Ltd, Berkshire, UK) intra-
peritoneally every other day starting from day 21 of diet.

In additional experiments, mice were exposed to drink-
ing water in the presence or absence of MDX 5% for 35 days
and then injected subcutaneously with indomethacin
(5 mg/kg, #I7378; Sigma). Mice were killed 24 hours later
and ileal samples were collected for histologic analysis.

Cell Isolation and Cultures
IECs and LPMCs were isolated from murine colons as

described previously.50 Cells were resuspended in lysis
buffer supplemented with 1% b-mercaptoethanol and
stored at -80�C until RNA extraction. To isolate murine
crypts, fresh colon specimens were cut in 5-mm size frag-
ments and incubated in Dulbecco’s modified Eagle medium
containing 15 mmol/L EDTA for 1 hour at 4�C. The resulting
crypts were stimulated with MDX 5% for 30 minutes and
then resuspended in lysis buffer supplemented with 1%
b-mercaptoethanol and stored at -80�C until RNA extraction.

The mucous-secreting HT29-MTX cell line was obtained
from the European Collection of Authenticated Cell Cultures
(Public Health England, Porton Down, Salisbury, UK). Cells
were cultured in Dulbecco’s modified Eagle medium sup-
plemented with 10% fetal bovine serum, penicillin (0.1%),
and streptomycin (0.1%). Subconfluent cells were cultured
in the presence of increasing concentrations of MDX (from
1% to 5%) for 1 hour or with MDX 5% for different time
points (5 minutes, 15 minutes, 30 minutes, and 1 h). In
some experiments, HT29-MTX cells were pretreated with
TUDCA (10 mmol/L) or a p38-MAPK inhibitor (S202190;
Calbiochem, San Diego, CA) for 1 hour or transfected with
p38 or a control siRNA (Santa Cruz Biotechnology, Dallas,
TX) using Lipofectamine 3000 reagent (Invitrogen, Carlsbad,
CA). After stimulation with MDX, cells were collected and
pellets were immediately stored at -80�C for protein
extraction, or resuspended in lysis buffer supplemented
with 1% b-mercaptoethanol and stored at -80�C until RNA
extraction.

Transcriptome Analysis
Total RNA was extracted from colon samples using the

PureLink Purification technology kit with the RNase-free
DNase set (Thermo Fisher Scientific, Monza, Italy). Sam-
ples with quantified complementary DNA were sequenced
in the Microarray Unit of the Consortium for Genomic
Technologies (Milan, Italy) by hybridization to GeneChip
(Cogentech, Milan, Italy) Mouse Gene 2.0 ST microarrays.
Signal intensities of fluorescent images produced during
GeneChip hybridizations were read by an Affymetrix
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(Santa Clara, CA) Model 3000 Scanner. Transcripts were
selected on base of fold change value of 2 or higher. All the
transcripts present on the GeneChip array were mapped to
related classes by Gene Onthology, which provided the fold
change generated from the comparison between MDX vs
water. All the lists were annotated using the latest version of
GeneChip Mouse Gene ST 2.0 annotations provided by
NetAffx (Affymetrix) portal. The microarray data set has
been deposited in the Gene Expression Omnibus databank
(accession no. GSE117639; https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc¼GSE117639).

Real-Time PCR
Total RNA was isolated from colon biopsy specimens and

cells using PureLink Purification technology (Thermo Fisher
Scientific). A constant amount of RNA (1 mg/sample) was
retrotranscribed into complementary DNA. Reverse-
transcription was performed with Oligo(dT) primers and
with M-MLV reverse-transcriptase (Thermo Fisher Scienti-
fic). Real-time PCR was performed for murine IL1b, Lcn-2,
tumor necrosis factor-a, interferon-g, IL17A, endoplasmic
reticulum to nucleus signaling 1 (Ern-1), Ern-2, b-defensin-
1, zonulin-1, claudin-7, spliced X-box binding protein 1,
activating transcription factor 6, activating transcription
factor 4, and Chop using the IQ SYBR Green Supermix (Bio-
Rad Laboratories, Milan, Italy), and for murine zonulin-2,
claudin-2, and human Ern-2 using TaqMan Gene Expres-
sion Assays (Thermo Fisher Scientific). RNA expression was
calculated relative to the b-actin gene using the Delta-Delta
Cycle threshold algorithm.

Quantification of Fecal Lipocalin-2 by Enzyme-
Linked Immunosorbent Assay

Fecal samples were weighted and resuspended in
phosphate-buffered saline (PBS) containing 0.1% Tween 20
at a final concentration of 100 mg/mL. Samples then were
vortexed for 20 minutes and centrifugated for 10 minutes at
14,000g and 4�C. Supernatants then were collected and
stored at -80�C until analysis. Lcn-2 protein levels were
quantified using the Duoset murine Lcn-2 enzyme-linked
immunosorbent assay kit (R&D Systems, Minneapolis,
MN), and optical density was read at 450 nm.

Western Blot
Cells were lysed on ice in buffer containing 10 mmol/L

HEPES (pH 7.9), 10 mmol/L potassium chloride, 0.1 mmol/L
EDTA, 0.2 mmol/L ethylene glycol-bis (b-aminoethyl ether)-
N,N,N0,N0-tetraacetic acid, and 0.5% Nonidet P40 supple-
mented with 1 mmol/L dithiothreitol, 10 mg/mL aprotinin,
10 mg/mL leupeptin, 1 mmol/L phenylmethylsulfonyl
fluoride, 1 mmol/L Na3VO4, and 1 mmol/L sodium fluoride.
Lysates were clarified by centrifugation and separated on
sodium dodecyl sulfate–polyacrylamide gel electrophoresis.
Blots were incubated with antibodies against p-p38
(1:1000, #4511S; Cell Signalling Technology, Danvers, MA),
p38 (#sc-7972), phosphorylated extracellular signal–
regulated kinase-1/2 (#sc-7383), phosphorylated c-Jun
N-terminal kinase (#sc-6254) (1:500; all from Santa Cruz
Biotechnology), and b-actin antibody (1:5000, #A544;
Sigma), followed by a secondary antibody conjugated to
horseradish peroxidase (1:20,000; Dako, Santa Clara, CA).

Histopathologic Scoring and
Immunohistochemistry

Cryosections of colon and ileum samples were stained
with H&E and scored in blinded fashion on the basis of
changes of the epithelium and cell infiltration, as previously
described.51 Cryosections of colon specimens were stained
with rabbit anti-cleaved caspase-3 antibody (1:150, #9661S;
Cell Signalling Technology) and positive cells were visual-
ized using MACH4 Universal Horseradish-Peroxidase Poly-
mer kit with 3,30-diaminobenzidine tetra hydrochloride
(#M4BD534G; Biocare Medical, Pacheco, CA).

Immunofluorescence and Periodic Acid-
Schiff–Alcian Blue Staining

Cryosections of colon were placed in methanol–Carnoy’s
fixative solution (60% methanol, 30% chloroform, 10%
glacial acetic acid) for 2 hours at room temperature for Muc-
2 detection or in paraformaldehyde 4% for 10 minutes at
room temperature for p-p38 staining. Sections then were
washed in PBS 1 time and permeabilized with 0.1% Triton
(Segrate (MI), Italy) X-100 for 20 minutes. Blocking pro-
cedure (bovine serum albumin 1%, Tween 0.1%, glycine
2%) was performed for 1 hour at room temperature and
rabbit primary antibody against Muc-2 (1:100, #sc-15334;
Santa Cruz Biotechnology), rabbit primary antibody against
p-p38 (1:100, #4511S; Cell Signalling Technology), and
O-linked sugar residues (1:500, lectin from Dolichos biflorus
[horse gram], #L6533; Sigma) were incubated overnight at
4�C. After washing with PBS 1 time, the secondary antibody
goat anti-rabbit Alexa 488 (1:2000, #A11008; Invitrogen)
and streptavidin Alexa 568 (1:2500, #S11226; Thermo
Fisher Scientific) were applied for 2 hours at room tem-
perature. Slides were washed with PBS 1 time and mounted
using Prolong gold antifade reagent with 40,6-diamidino-2-
phenylindole (#P36931; Invitrogen) and analyzed by a
Leica DMI4000 B microscope with Leica (Wetzlar, Germany)
application suite software (V4.6.2). To visualize goblet cells,
cryosections of colon samples were placed in methanol–
Carnoy’s fixative solution for 2 hours at room temperature
and stained with the periodic acid-Schiff/Alcian blue stain
kit (#04-163802; Bio-Optica, Milan, Italy).

Microbiota Analysis by 16S Ribosomal RNA
Gene Sequencing

16S Ribosomal RNA gene sequence analysis was per-
formed by Polo d’Innovazione di Genomica, Genetica e
Biologia (Siena, Italy) using genomic DNA extracted from
colon biopsy specimens. The libraries were prepared in
accordance with the Illumina (San Diego, CA) 16S Meta-
genomic Sequencing Library Preparation Guide (part #
15044223 Rev. B) and the Nextera XT Index Kit (Illumina).
PCR was performed to amplify template from the DNA
samples using region of interest–specific primers (16S V4
region) with overhang adapters attached. A first purification

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117639
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117639
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117639
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step used AMPure XP (Beckman Coulter, Brea, CA) beads to
purify the 16S amplicon from free primers and primer-
dimers. A second PCR step attached dual indices and Illu-
mina sequencing adapters using the Nextera XT Index Kit.
Libraries were validated using the Agilent (Santa Clara, CA)
2100 Bioanalyzer to check size distribution. Indexed DNA
libraries were normalized to 4 nmol/L and then pooled in
equal volumes. The pool was loaded at a concentration of 9
pmol/L onto an Illumina Flowcell v2 with 20% of Phix
control. The samples then were sequenced using the Illu-
mina MiSeq, 2 � 250 bp paired end run. Quality control was
performed using the FastQC tool (Illumina) and the Trim-
momatic (USADELLAB, Aachen, Germany) software package
was used. Sequenced paired-end reads were merged to
reconstruct the original full-length 16S amplicons with
PEAR software (by Prof. Alexandros Stamatakis, Heidelberg,
Germany). All amplicons with sequence similarity higher
than 97% were grouped together and a representative was
chosen as input for the taxonomy annotation and building
the operational taxonomic unit (OTU) table. Sequences were
searched for matching in the SILVA taxonomy database
(v128) using the open-reference OTU picking algorithm. The
resulting OTU table was encoded in Biological observation
Matrix format (http://biom-format.org/). The a-diversity
(within sample) was investigated by means of 3 different in-
dexes: Shannon, Simpson, and Fisher a index. Sample richness
was investigated through Chao and phylogenetic diversity
estimators. b-diversity was quantified using both OTU- and
phylogenetic-based methods. The data set has been deposited
in the Sequence Read Archive (accession no. SRP155816,
https://www.ncbi.nlm.nih.gov/sra/SRP155816).

Overnight Fasting Blood Glucose Measurement
Mice were exposed to drinking water supplemented with

5% MDX for 10 weeks. After a 15-hour fast, baseline blood
glucose levels were measured using the One touch Verio
Flex Glucose Meter (Burnaby, BC, Canada) and expressed as
mg/dL.

Statistical Analysis
Parametric data were analyzed using the 2-tailed Student

t test for comparison between 2 groups or 1-way analysis of
variance followed by the Bonferroni post hoc test for multiple
comparisons. Nonparametric data were analyzed using the
Mann–Whitney U test for comparison between 2 groups or
the Kruskal–Wallis test for multiple comparisons. Signifi-
cance was defined as a P value less than .05.
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