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SUMMARY

Functional deficiency in intestinal epithelial dual oxidase 2
has systemic consequences. The absence of intestinal
epithelial dual oxidase 2 promotes the development of
metabolic syndrome in a microbiome-dependent manner.

BACKGROUND & AIMS: Metabolic syndrome (MetS) is char-
acterized by obesity, glucose intolerance, and hepatic steatosis.
Alterations in the gut microbiome play important roles in the
development of MetS. However, the mechanisms by which this
occurs are poorly understood. Dual oxidase 2 (DUOX2) is an
antimicrobial reduced nicotinamide adenine dinucleotide
phosphate oxidase expressed in the gut epithelium. Here, we
posit that epithelial DUOX2 activity provides a mechanistic link
between the gut microbiome and the development of MetS.

METHODS: Mice carrying an intestinal epithelial-specific deletion
of dual oxidase maturation factor 1/2 (DA IEC-KO), and wild-type
littermates were fed a standard diet and killed at 24 weeks.
Metabolic alterations were determined by glucose tolerance, lipid
tests, and body and organ weight measurements. DUOX2 activity
was determined by Amplex Red. Intestinal permeability was
determined by fluorescein isothiocyanate–dextran, microbial
translocation assessments, and portal vein lipopolysaccharide
measurements. Metagenomic analysis of the stool microbiome
was performed. The role of the microbiome was assessed in
antibiotic-treated mice.

RESULTS: DA IEC-KO males showed increased body and organ
weights accompanied by glucose intolerance and increased
plasma lipid and liver enzyme levels, and increased adiposity in
the liver and adipose tissue. Expression of F4/80, CD68,
uncoupling protein 1, carbohydrate response element binding
protein, leptin, and adiponectin was altered in the liver and
adipose tissue of DA IEC-KO males. DA IEC-KO males produced
less epithelial H2O2, had altered relative abundance of Akker-
mansiaceae and Lachnospiraceae in stool, and showed
increased portal vein lipopolysaccharides and intestinal
permeability. Females were protected from barrier defects and
MetS, despite producing less H2O2. Antibiotic depletion abro-
gated all MetS phenotypes observed.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcmgh.2023.06.009&domain=pdf


558 Hazime et al Cellular and Molecular Gastroenterology and Hepatology Vol. 16, Iss. 4
CONCLUSIONS: Intestinal epithelial inactivity of DUOX2 pro-
motes MetS in a microbiome-dependent manner. (Cell Mol
Gastroenterol Hepatol 2023;16:557–572; https://doi.org/
10.1016/j.jcmgh.2023.06.009)

Keywords: Reactive Oxygen Species; Dyslipidemia; Intestinal
Barrier Function; Dysbiosis.

etabolic syndrome (MetS) is characterized by the
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KO, dual oxidase A2 intestinal epithelial knockout; DUOX, dual oxi-
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Mco-existence of a cluster of conditions that in-
crease the risk of mortality, including obesity, dyslipidemia,
glucose intolerance, and hepatic steatosis.1,2 Because of the
increase in health complications related to MetS,3,4 research
efforts are aimed at better understanding the underlying
mechanisms contributing to the development of this con-
dition. The pathogenesis of MetS is complex and involves
both extrinsic (diet and environment) and intrinsic (genetic)
factors that ultimately culminate in the presence of chronic
low-grade inflammation, which is a key hallmark of this
condition.5 As a result, pinpointing triggers for systemic
chronic inflammation, and understanding the mechanism by
which it could lead to MetS, remains a challenge.

Gut dysbiosis, defined as an imbalance in microbial
composition or function, plays central roles in the devel-
opment of chronic inflammation.6–8 In recent years, the gut
microbiome has emerged as a key player involved in
MetS.9–11 Indeed, mice raised in germ-free conditions are
protected from diet-induced obesity and insulin resis-
tance.12,13 Furthermore, the microbiota of obese patients
and mice has been shown to be sufficient to transfer the
susceptibility to obesity and MetS in gnotobiotic mice.14,15

To date, a dysbiotic profile specific to MetS is hard to
define. However, observational studies in patients have
shown trends at the phylum level.16 Notably, interventional
approaches aimed at reversing MetS by modulating the
microbiome, such as supplementation with Akkermansia
muciniphila, resulted in some early success in a recent
double-blinded, placebo-controlled study.17 On the host
side, however, the mechanism by which dysbiosis leads to
chronic inflammation and MetS is poorly defined.

The intestinal epithelium modulates host–microbiome
interactions by balancing immunity and tolerance against
luminal bacteria. Microbial recognition in the intestinal
epithelium depends on pattern recognition receptors,
including Toll-like receptors (TLRs).18 Mice lacking
epithelial-specific TLR419 and TLR520 develop obesity and a
dysregulated metabolic profile, highlighting a link between
dysregulated epithelial signaling and MetS. Interestingly, we
recently showed that epithelial TLR4 signaling induces the
release of reactive oxygen species (ROS) by means of its
downstream effector, the reduced nicotinamide adenine
dinucleotide phosphate oxidase, dual oxidase 2 (DUOX2).21

DUOX2 is induced by inflammatory cytokines and dysbio-
sis,22,23 and modulates microbial colonization of the mucosa
in mice.24 Indeed, loss-of-function mutations in DUOX2 have
been associated with the development of pathologies such
as inflammatory bowel disease (IBD)25,26 and very early
onset IBD.24,27 Notably, IBDs also are characterized by
dysbiosis and chronic inflammation, suggesting common
pathways in the development of these diseases. Therefore,
we set out to investigate the relationship between impaired
epithelial barrier function and the development of MetS by
focusing on DUOX2 deficiency as a mechanistic link.

In the present study, we used mice with an intestinal
epithelial-specific deletion of theDUOX2partner proteins and
maturation factors (DUOXA1/2), to show that the subsequent
loss of DUOX2 enzymatic activity in the gut is enough to
induce MetS. Specifically, mice with an intestinal epithelial
knockout of DUOXA1/2 (DA IEC-KO) develop obesity, glucose
intolerance, increased plasma lipid levels, and accumulation
of lipids in the liver. We also showed that this phenotype is
associated with low-grade inflammation, dysbiosis, altered
gut permeability, and increased portal vein (PV) lipopoly-
saccharide (LPS) levels and bacterial translocation to the liver
and adipose tissue. Lastly, we showed that DUOX2 deficiency
alters themicrobiome, and that themicrobiota is necessary to
induce obesity andMetS in ourmodel. Our results support the
notion that functional changes in DUOX2 activity in the in-
testine cause increased intestinal permeability and serve as a
trigger for chronic inflammation and MetS.

Results
Intestinal Epithelial Deficiency of DUOX2 Leads
to Increased Adiposity and Liver Hypertrophy

Deficiencies in TLR signaling by the intestinal epithelium
have been associated previously with the development of
MetS.19,20 Given that intestinal epithelial DUOX2 is essential
in preventing microbial colonization of the mucosa,24 we
reasoned that insufficient DUOX2 activity may promote MetS.
To test this hypothesis, we first asked whether DA IEC-KO
mice with inactive intestinal DUOX2 developed obesity. DA
IEC-KO mice and wild-type (WT) littermates of both sexes
were placed on a standard chow diet (2018 Teklad Global
Rodent Diet) and monitored for weight change from 10 to 24
weeks of age (Figure 1A). Weekly measurements of mouse
body weight revealed a notable separation and increased
trend in the body weights of male DA IEC-KO mice by 17
weeks, with a significant increase measured at 24 weeks, as
compared with WT littermates (Figure 1B and C) (n ¼ 5–10
per group; P ¼ .022 at 24 weeks). Food consumption was
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Figure 1. Intestinal epithelial inactivity of DUOX2 leads to increased adiposity and liver hypertrophy. (A) Schematic of
experimental design: 10-week-old male DA IEC-KO and WT littermates underwent weekly body weight measurements until the
age of 24 weeks. (B) Weekly body weight variation, in percentages, of DA IEC-KO and WT littermates (2-way analysis of
variance). (C) Body weights of 24-week-old DA IEC-KO males (n ¼ 10) and WT littermates (n ¼ 5). (D) Mean measurements of
food intake of DA IEC-KO mice and WT littermates (n ¼ 6). (E) Body weights of 24-week-old DA IEC-KO females (n ¼ 10) and
WT littermates (n ¼ 8). Twenty-four–week–old DA IEC-KO males (n ¼ 10) and WT littermates (n ¼ 5) of the same age were
assessed for the following: (F) liver weight, (G) brown adipose tissue (BAT) weight, (H) sWAT weight, and (I) gonadal white
adipose tissue (gWAT) weight. (J) Liver, BAT, sWAT, and gWAT weight measurements in 24-week-old DA IEC-KO females (n ¼
10) and WT littermates (n ¼ 8). (C–J) Data were analyzed by unpaired t test. *P < .05.
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similar between DA IEC-KO mice and WT littermates
(Figure 1D) (n ¼ 6 per group). Notably, female DA IEC-KO
mice did not show any significant weight differences at 24
weeks of age (Figure 1E) (n ¼ 8–10 per group).

To discern the effects of the observed body weight dif-
ferences on organ and adipose tissue weights, 24-week-old
DA IEC-KO males and their WT littermates were killed
(Figure 1C) (n ¼ 5–10; P ¼ .0308) and internal organs were
harvested. Compared with WT littermates (n ¼ 5), DA IEC-
KO mice (n ¼ 10) had increased liver (Figure 1F) (P ¼
.0148), brown adipose tissue (Figure 1G) (P ¼ .0020),
subcutaneous white adipose tissue (sWAT) (Figure 1H) (P ¼
.0244), and gonadal white adipose tissue weights (Figure 1I)
(P ¼ .0419). Consistent with body weight data, liver and
adipose tissue weights of female DA IEC-KO mice did not
differ from WT littermates (Figure 1J) (n ¼ 6–8 per group).
Taken together, these results suggest that the loss of in-
testinal epithelial DUOX2 activity is sufficient to induce a
marked sex-specific increase in body weight, adiposity, and
liver weights at baseline conditions.
DA IEC-KO Mice Show Low-Grade Inflammation,
Glucose Intolerance, and Lipid Accumulation in
the Liver and Adipose Tissue

To determine if obesity in DA IEC-KO males is associated
with a MetS phenotype, 24-week-old DA IEC-KO and WT lit-
termates were subjected to a glucose tolerance test (GTT)
before being killed, followed by blood, liver, and adipose tis-
sue collection. Overall, GTT revealed impaired glucose toler-
ance in DA IEC-KO mice, with increased blood glucose levels
at 0, 40, 60, 90, and 120 minutes after glucose oral gavage
compared with WT littermates (Figure 2A) (n ¼ 6–9; P <
.0001). Other markers of MetS increased in DA IEC-KO mice,
as compared with WT, included plasma triglycerides (P ¼
.0018), total cholesterol (P¼ .0283), high-density lipoprotein
(P ¼ .0153), and very low-density lipoprotein (vLDL) (P ¼
.0010) (Figure 2B) (n ¼ 4–8 per group). In addition, plasma
levels of the liver enzyme aspartate aminotransferase (P ¼
.0490), alanine aminotransferase (P ¼ .0246), and alkaline
phosphatase (P ¼ .0131), as well as the acute phase protein,
serum amyloid A1 (P¼ .0012), were increased in DA IEC-KO
males as compared with littermate controls (Figure 2C) (n ¼
4–7 per group), suggesting the development of low-grade
inflammation. In contrast, no differences in blood glucose
levels or other plasma analytes were observed in female DA
IEC-KO mice compared with WT littermates (Figure 2D–F).
Taken together, these findings uncover significant metabolic
alterations in DA IEC-KO males.

Because adipocytes play key roles in regulating lipid and
glucose metabolism,28 we next analyzed distinct adipose
tissues for lipid deposition and markers of metabolic
dysfunction. Histologic assessment of brown adipose tissue
revealed an increase in lipid droplet size per adipocyte in
DA IEC-KO mice (Figure 3A) (n ¼ 4–5; P ¼ .0011), which is
consistent with less thermogenic capabilities as observed in
MetS.29 Further supporting this notion, gene expression
analysis revealed a marked down-regulation of the ther-
mogenesis marker, uncoupling protein 1, in the sWAT of DA
IEC-KO mice (Figure 3B) (n ¼ 5–8; P < .0001). Together,
these results suggest an overall reduced thermogenic ca-
pacity of DA IEC-KO mice in adipose tissues that typically
have thermogenic potential as shown in WT mice.30 In
addition, messenger RNA (mRNA) levels of the adipokine
leptin (Lep) and the carbohydrate response element binding
protein (ChREBP) were increased in the sWAT of DA IEC-KO
males, whereas the mRNA transcript levels of adiponectin
(Adipoq) were decreased, as compared with WT littermates
(Figure 3B) (n ¼ 5–8; P < .001). These results suggest that
leptin, ChREBP, and Adipoq may be involved in DA IEC-
KO–induced MetS.

To investigate whether intestinal epithelial DUOX2
inactivity promotes lipid accumulation and metabolic al-
terations in the liver, frozen sections were stained with Oil
Red O dye (ORO). Livers of DA IEC-KO mice showed histo-
pathologic features consistent with liver steatosis, including
a significantly higher mean ORO score (Figure 3C) (DA IEC-
KO, 2.8; vs WT, 0.3; n ¼ 4–5; P < .001), indicating that 50%–
75% of hepatocytes in these mice were occupied by lipids.
Gene expression analysis on livers from DA IEC-KO mice
revealed similar patterns of alterations as observed in
sWAT, with an up-regulation of Lep and ChREBP, and a
down-regulation of Adipoq (Figure 3D) (P < .001; n ¼ 5).
These data suggest that loss of DUOX2 signaling in the gut
epithelium facilitates lipid accumulation and obesity.

To assess whether the observed changes in adipose tis-
sue metabolism and lipid deposition were accompanied by
inflammation or altered macrophage infiltration in our
model, histologic and gene expression analyses were per-
formed. Histologic analysis of H&E-stained slides revealed
an increase in inflammatory foci in livers of DA IEC-KO
males (Figure 3E) (n ¼ 5; P ¼ .0022). We also found that
transcripts for the macrophage markers Cd68 and F4/80
(Adgre1) were up-regulated significantly in the sWAT and
liver of DA IEC-KO mice as compared with WT littermates
(Figure 3B and D) (n ¼ 5–8; P < .0001 for both), indicating
an increase in immune cell recruitment in these mice. This
was confirmed further by immunofluorescence staining for
F4/80 in both sWAT (Figure 3F) (n ¼ 4–5; P < .001) and
liver (Figure 3G) (n ¼ 4–5; P < .001). Overall, our findings
show that the loss of DUOX2 activity in the intestinal
epithelium provokes systemic biochemical, molecular, and
tissue changes consistent with MetS.
Loss of Epithelial DUOX2 Activity Promotes
Increased Gut Permeability and Bacterial
Translocation to the Liver and Subcutaneous
White Adipose Tissue

ROSplay important roles inhost antimicrobial defense.31,32

Indeed, loss-of-function mutations in DUOX2 are associated
with increased pathogen invasiveness.24,33 To confirm that
deletion of DUOXA1/2 resulted in a lower production of ROS,
we isolated colonic epithelial cells (CECs) and determined
their expressionofDuox2 andDuoxa2aswell as their releaseof
extracellular hydrogen peroxide (Figure 4A). As expected,
deletion of Duoxa1/2 led to a significant down-regulation of
Duox2 transcripts, which functionally translated into amarked



Figure 2. DA IEC-KO mice show low-grade inflammation and glucose intolerance. (A) Blood glucose levels in DA IEC-KO
(n ¼ 9) and WT (n ¼ 6) littermates measured every 20–30 minutes after glucose gavage (2-way analysis of variance [ANOVA]).
(B) Plasma triglyceride, total cholesterol, high density lipoprotein (HDL) and vLDL levels in DA IEC-KO (n ¼ 5–8) and WT (n ¼ 4)
littermates. (C) Plasma quantification of aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phos-
phatase, and serum amyloid A1 (SAA) in DA IEC-KO (n ¼ 5) and WT (n ¼ 4) littermates. (D) Blood glucose levels in female DA
IEC-KO (n ¼ 10) and WT (n ¼ 8) mice (2-way ANOVA). (E) Quantification of triglyceride, total cholesterol, HDL and vLDL, and (F)
AST, ALT, and alkaline phosphatase in plasma obtained from DA IEC-KO females and WT littermates (n ¼ 4 for both groups).
(B, C, E, and F) Data were analyzed by unpaired t test. *P < .05.
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reduction in the production of H2O2 (Figure 4B and C) (n ¼
4–8; P< .0001). Reduced H2O2 production also was observed
in female DA IEC-KO mice (Figure 4D) (n ¼ 5; P < .001). To
determine whether loss of intestinal epithelial DUOX2 activity
modulates gut inflammation in 24-week-old mice, we exam-
ined H&E-stained colonic sections and probed colonic tissue
for inflammatory gene expression and myeloperoxidase
(MPO) activity. Histopathologic examination revealed that DA



Figure 3. DA IEC-KO mice show lipid accumulation and macrophage infiltration in the liver and adipose tissue. (A) Left:
Representative H&E images of brown adipose tissue (BAT) obtained from DA IEC-KO mice and WT littermates (scale bars: 200
mm; inset scale bars: 25 mm). Right: Quantification of lipid droplet size from BAT images in DA IEC-KO mice (n ¼ 5) and WT
littermates (n ¼ 4). (B) Gene expression quantification of Ucp1, ChREBP, leptin (Lep), Adpoq, Cd68, and Adgre1 (F4/80) from
sWAT obtained from DA IEC-KO (n ¼ 8) and WT (n ¼ 5) littermates. (C) Left: Representative images of livers stained with ORO
and obtained from DA IEC-KO mice and WT littermates (scale bars: 200 mm). Right: Scoring of ORO stain calculated as a score
from the percentage of tissue stained in DA IEC-KO mice compared with WT littermates (n ¼ 5 for both groups) (ORO score: 0,
0%; 1, 1%–25%; 2, 26%–50%; 3, 51%–75%; and 4, 76%–100%). (D) Gene expression quantification of ChREBP, leptin (Lep),
Adpoq, Cd68, and Adgre1 (F4/80) from livers obtained from DA IEC-KO and WT littermates (n ¼ 5 for both groups). (E) Left:
Representative H&E microscopy images of liver tissue obtained from DA IEC-KO mice and WT littermates (scale bars: 25 mm).
Right: Quantification of inflammatory foci from liver microscopy images in DA IEC-KO mice (n ¼ 5) and WT littermates (n ¼ 5).
(F) Left: Representative F4/80 staining in sWAT tissue from DA IEC-KO and WT littermates (scale bars: 25 mm). Right:
Quantification of F4/80-positive cells in sWAT (n ¼ 5). (G) Left: Representative staining for F4/80 in liver tissue from DA IEC-KO
and WT mice (scale bars: 25 mm). Right: Quantification of F4/80-positive cells (n ¼ 5). (B–J) Data were analyzed by unpaired t
test. *P < .05, **P < .01, and ***P < .001. DAPI, 40,6-diamidino-2-phenylindole; Inflam, inflammation.
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IEC-KO mice did not overtly differ from WT littermates in
inflammation (Figure 4E). Furthermore, gene expression
analysis revealedno significant differences in expressionof the
inflammatory cytokines Tnfa and Ifng between DA IEC-KO
mice and WT littermates (Figure 4F) (n ¼ 5). MPO activity, a
marker of neutrophil infiltration, also was not significantly
different between the groups (Figure 4G) (n ¼ 5–7). Alto-
gether, these data indicate that loss of DUOX2 signaling in the
intestinal epithelium does not lead to overt colonic inflam-
mation under homeostatic conditions.
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Next, we sought to determine whether the reduction in
DUOX2 activity led to alterations in epithelial barrier
function, which have been linked to MetS. To that end, we
orally administered 4 kilodaltons of fluorescein
isothiocyanate–dextran (FD4) to 24-week-old DA IEC-KO
males and their WT littermates and collected blood to
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determine the amount of fluorophore leaking from the gut
into circulation (Figure 4H). We then collected PV blood and
liver and adipose tissue to measure LPS levels and bacterial
load in these tissues. Plasma FD4 levels were increased
significantly in DA IEC-KO mice, indicating increased
permeability in thosemice (Figure 4I) (n¼4–5;P¼ .0005), as
compared with WT littermates. This observation was sup-
ported further by increased LPS levels in the PV (Figure 4J)
(n¼ 6; P¼ .002) and increased bacterial translocation to the
liver (Figure 4K) (n ¼ 4; P < .0001) and sWAT (Figure 4L)
(n ¼ 4; P ¼ .0006) in DA IEC-KO mice. Interestingly, female
DA IEC-KO mice did not have increased plasma levels of FD4
(Figure 4M) (n ¼ 5–8), increased PV LPS levels (Figure 4N)
(n ¼ 3–4), or increased bacterial translocation to the liver
(Figure 4O, n ¼ 5), which may explain the lack of MetS
phenotype in thesemice. Overall, these data demonstrate that
loss of DUOX2 activity in the gut does not lead to overt
spontaneous intestinal inflammation but rather contributes
to a leaky epithelial barrier that in turn facilitates bacterial
translocation to distant sites in our model.
Loss of Intestinal Epithelial DUOX2 Activity Drives
Functional and Compositional Alterations in the
Gut Microbiome

To gain insight into the effect of reduced DUOX2 activity
on the microbiome, we analyzed the composition of the fecal
microbiota through shotgun metagenomic sequencing. Our
results show that although loss of DUOX2 activity in our
model did not shape a-diversity (Chao1 index) (Figure 5A)
(n ¼ 5–7), we observed a clear separation in a
Bray–Curtis–based analysis of b-diversity between stool from
DA IEC-KO males and WT littermates (Figure 5B) (n ¼ 5–7).
Overall, we observed that microbiota from DA IEC-KO mice
clustered together in terms of relative abundance (Figure 5C
and D) at both the phylum and family levels. In DA IEC-KO
mice, we observed a marked expansion in the relative
abundance of bacteria belonging to the family Lachnospir-
aceae (Figure 5D), which is implicated in several car-
diometabolic diseases.34,35 Our data in DA IEC-KO mice also
showed a striking reduction in relative abundance in bacteria
from the family Akkermansiaceae (Figure 5D), which is
associated with leanness and protection from obesity.36 To
gain insight into the functional state of the microbiota, we
Figure 4. (See previous page). Loss of epithelial DUOX2 ac
translocation to the liver and sWAT. (A) Schematic of experim
and Duoxa2 gene expression analysis of mRNA extracted from
and WT littermates (n ¼ 4). Quantification of H2O2 production rat
KO (n ¼ 8) and (D) female DA IEC-KO (n ¼ 5) and WT (n ¼ 4–5)
from DA IEC-KO males and WT littermates (scale bars: 200 mm
analysis on mRNA extracted from whole colons obtained from D
of MPO activity from colonic tissue obtained from DA IEC-KO (n
for data presented in panels I–O. Quantification of plasma (I) FD
4–5) littermates. Left: Representative macroscopic images of
mogenates obtained from male DA IEC-KO mice and WT litterma
gram of liver and (L) sWAT tissue (n ¼ 4). Quantification of plasm
(n ¼ 4–8) and WT littermates (n ¼ 4–5). Left: Representative m
homogenates obtained from female DA IEC-KO mice and WT
gram of liver tissue (n ¼ 5). Data were analyzed by unpaired t t
performed pathway enrichment analysis. Many microbial
pathways involved in amino acid (orange), carbohydrate and
lipid (green), and energy (blue) metabolism were modulated
significantly by DUOX2 activity (Figure 5E). Overall, our data
indicate that changes in epithelial ROS production, specif-
ically through DUOX2 deficiency, could alter the microbial
community structure and function in the gut.

Antibiotic Depletion of the Microbiome Protects
Against DUOX2-Deficiency–Mediated Mets

Increased bacterial translocation can cause chronic
inflammation and MetS.28 To test the involvement of the
microbiome in the DUOX2-mediatedmetabolic alterations and
underlying inflammation observed in our model, we first
depleted the microbiome in DA IEC-KO andWT littermates by
administering 1 g/L metronidazole and ciprofloxacin for 6
weeks (Figure 6A). After treatment with antibiotics, mice un-
derwent a GTT before being killed. Body and organ weights
were accounted for, and blood was collected. We found that
antibiotic treatment completely abrogated the obesity and
MetS phenotypes observed in DA IEC-KO males. Indeed, our
results showednodifference in body or internal organweights
(Figure 6B–D) (n¼ 5–11) between antibiotic-treated DA IEC-
KO and WT littermates. Consistent with these findings, we
found no observable difference in blood glucose (Figure 6E)
(n ¼ 5), total cholesterol, high-density lipoprotein, vLDL, or
triglyceride levels (Figure 6F) (n ¼ 5–11) in the same com-
parison. Antibiotic treatment also ameliorated liver inflam-
mation as measured by plasma aspartate aminotransferase,
alanine aminotransferase, and alkaline phosphatase
(Figure 6G) (n¼ 4–5). Thiswas confirmed further by histology
(Figure 6H). Importantly, antibiotic-treated DA IEC-KO mice
still displayed altered permeability as measured by FD4
(Figure 6I) (n ¼ 4–5). These data suggest that intestinal
epithelial DUOX2 deficiency is enough to cause impaired bar-
rier function, yet themicrobiome is required for the low-grade
inflammation and MetS phenotype observed in male mice.

Discussion
The intestinal epithelial barrier is the major interface

between host and microbiota and as such could provide key
mechanistic insights into the systemic influence of the
microbiome on host health. Alterations in the gut microbiota
tivity promotes increased gut permeability and bacterial
ents performed for data presented in panels B–G. (B) Duox2
freshly isolated CECs obtained from DA IEC-KO mice (n ¼ 8)
es from freshly isolated CECs obtained from (C) male DA IEC-
littermates. (E) Representative H&E images of colon sections
; inset scale bars: 25 mm). (F) Tnfa and Ifng gene expression
A IEC-KO males and WT littermates (n ¼ 5). (G) Quantification
¼ 7) and WT (n ¼ 5) littermates. (H) Schematic of experiments
4 and (J) PV LPS from male DA IEC-KO (n ¼ 4) and WT (n ¼
(K) bacterial cultures cultivated from liver and (L) sWAT ho-
tes. Right: Quantification of (K) colony forming units (CFU) per
a (M) FD4 and (N) PV LPS obtained from DA IEC-KO females
acroscopic images of bacterial cultures cultivated from liver
littermates. Right: Quantification of colony forming units per
est. **P < .01, ***P < .001, ****P < .0001.



Figure 5. Loss of intestinal epithelial DUOX2 drives functional and compositional alterations in the gut microbiome.
(A) a-diversity (Chao1’s) analysis on metagenomic sequencing data of stool obtained from DA IEC-KO mice (n ¼ 7) and WT
littermates (n ¼ 5). (B) Principal coordinate analysis based on Bray–Curtis dissimilarity on metagenomic sequencing data of
stool obtained from DA IEC-KO mice (n ¼ 7) and WT littermates (n ¼ 5). Relative abundance of taxa identified in stool obtained
from DA IEC-KO mice (n ¼ 7) and WT littermates (n ¼ 5) on the (C) phylum and (D) family taxonomic rank level. (E) Pathway
analysis on metagenomic sequencing data of stool obtained from DA IEC-KO mice (n ¼ 7) and WT littermates (n ¼ 5)
highlighting pathways involved in amino acid (orange), carbohydrate and lipid (green), and energy metabolism (blue).
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are linked not only to the development of local gut pathol-
ogies, such as IBD, but are critical in systemic disorders such
as obesity, dyslipidemia, hyperglycemia, and MetS.37,38 Here,
we add to the body of evidence showing that events occur-
ring in the gut epithelium orchestrate systemic, microbiome-
dependent consequences. Specifically, we demonstrate a
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direct mechanistic link between the loss of epithelial-specific
DUOX2 activity and the development of MetS.

DUOX2 plays an essential role inmediating the interaction
between the intestinal epitheliumand themicrobiota21,22 and
is expressed at the tips of the intestinal crypts, where inter-
action with the microbiota occurs.21 In the current study, we
show a novel role of intestinal epithelial DUOX2 in protecting
against the development of MetS. Specifically, we show that
deletion of epithelial DUOXA1/2 leads to a reduction in H2O2

levels and a shift in microbial community structure that is
reminiscent of what is seen in MetS. Our analysis showed a
striking imbalance of 2 bacterial families in the stool of
DA IEC-KO mice: Akkermansiaceae and Lachnospiraceae.
Akkermansiaceae, which are reduced in DA IEC-KO mice, are
present in the gut microbiome predominantly as A mucini-
phila. Although the effects of A muciniphila differ by model, it
has stood out recently for its protective effect in obesity and
metabolic disorders,39–42 possibly through increasing ther-
mogenesis and regulating glucose and carbohydrate meta-
bolism.43 Conversely, Lachnospiraceae, which are enriched in
our DA IEC-KO animals, are shown to impair glucose meta-
bolism44 and are increased in patientswith nonalcoholic fatty
liver disease.45 Our data show that even in littermate con-
trols, inactivation of epithelial DUOX2 was sufficient to shape
the microbiome in an obesogenic fashion. Although micro-
biome modulation therapy, such as fecal microbiota trans-
plantation, has shown some success, a challenge remains in
preventing the microbiome from reverting to its dysbiotic
state over time.46,47 Our studies support a role for improving
epithelial barrier function in the treatment of MetS alongside
microbial manipulation.48

Several studies have indicated that both genetic and diet-
induced models of obesity and MetS are characterized by an
increase in gut permeability,49,50 however, the mechanisms
by which this occurs remained to be elucidated. Here, we
report that the absence of DUOX2 signaling increases gut
permeability and permits bacterial translocation to target
organs including the liver and adipose tissue depots. Our
findings show a nonredundant role of DUOX2 in preserving
epithelial barrier function and align with reports linking
global DUOX2 deficiency and increased bacterial invasion of
the mucosa.24 In a separate report, one group described no
overt epithelial barrier defects in 12-week-old global
knockouts of DUOX2.22 The global DUOX2 KO animals used
were on continuous hormone replacement therapy for hy-
pothyroidism and differed from ours in age and genetic
Figure 6. (See previous page). Antibiotic depletion of the m
MetS. (A) Schematic of experimental design. DA IEC-KO and W
biotic administration. Twenty-four–week–old microbiome-deplet
same age were assessed for: (B) body weight, (C) liver weight
gonadal white adipose tissue (gWAT) weight. (E) Microbiome-d
groups) underwent a glucose tolerance test and blood glucos
gavage (2-way analysis of variance [ANOVA]). (F) Plasma total
eride, (G) aspartate aminotransferase (AST), alanine aminotra
microbiome-depleted DA IEC-KO (n ¼ 6–8) mice compared with
liver tissue stained with H&E obtained from DA IEC-KO mice co
Quantification of FD4 present in plasma obtained from microbiom
administration. Data were analyzed by 2-way ANOVA. *P < .05
SPF, specific pathogen free.
background.22 Furthermore, it was unclear whether the in-
vestigators of the study used mice of both sexes.

Our study examined various dimensions of MetS at the
level of adipose tissue regulation and its effect on glucose
and lipid metabolism. We show that the leaky epithelial
barrier caused by DUOX2 deficiency leads to bacterial
translocation, which in turn induces adipose tissue inflam-
mation and leads to impaired adipose tissue thermogenesis,
adipokine dysregulation, lipid accumulation, and glucose
intolerance. DA IEC-KO mice had high leptin and low adi-
ponectin levels in the liver and adipose tissue consistent
with obesity51 and leptin resistance.52,53 These mice also
had up-regulated expression of the glucose-sensing mole-
cule ChREBP, its increase was associated with steatosis
through promoting de novo lipogenesis and triglyceride and
vLDL accumulation.54 Altogether, our data suggest that in-
testinal epithelial DUOX2 plays a role in MetS by influencing
lipid and glucose metabolism.

Sex differences in MetS are important to characterize if
we are to be successful in developing interventions. We
observed a striking absence of MetS in female mice. This
finding is consistent with reports describing that male mice
are more vulnerable to glucose and metabolic disturbances
than females and thus are used more frequently in meta-
bolic and obesity studies.55–57 Interestingly, female DA IEC-
KO mice displayed a trend of increased serum FD4 level
after oral gavage that did not reach significance and had no
increased PV LPS levels or bacterial translocation to the
liver (Figure 4M–O), unlike their male counterparts. This
lack of overt permeability defects may account for the
resistance of females to the development of MetS in our
model. Why female mice are protected from the DUOX2-
dependent barrier dysfunction requires further study,
including analyzing the microbiome for its potential impact
on epithelial barrier integrity.58

Overall, our current study shows that DUOX2 enzymatic
deficiency in the intestinal epithelium of mice leads to MetS
in a microbiome-dependent manner. Microbiome depletion,
through antibiotic treatment, reversed the MetS phenotype.
These data confirm that the mechanism by which DUOX2
protects against the development of MetS is through
epithelial barrier protection and limiting bacterial trans-
location. As such, our current findings elucidate a novel
mechanism and target for the treatment of MetS, but also as
a potential target for other diseases that are marked by gut
epithelial barrier alterations. Our data point to additional
icrobiome protects against DUOX2-deficiency–mediated
T littermates underwent microbiome depletion through anti-
ed DA IEC-KO mice (n ¼ 6) and WT littermates (n ¼ 5) of the
, (D) brown adipose tissue (BAT) weight, sWAT weight, and
epleted DA IEC-KO mice and WT littermates (n ¼ 6 for both
e levels were measured every 20–30 minutes, after glucose
cholesterol, high-density lipoprotein (HDL), vLDL, and triglyc-
nsferase (ALT), and alkaline phosphatase quantification of
WT (n ¼ 4–5) mice. (H) Representative microscopy images of
mpared with WT mice (scale bars: 25 mm), n ¼ 4 for both. (I)
e-depleted DA IEC-KO (n ¼ 4) and WT (n ¼ 5) mice after oral
, **P < .01, ***P < .001, and ****P < .0001. Abx, antibiotics;
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potential points of intervention in the prevention or treat-
ment of MetS.

Conclusions
In conclusion, our results show that defective epithelial-

specific host antimicrobial defenses promote metabolic
syndrome, and that the microbiota is necessary for this
pathology.

Materials and Methods
Animals

DA IEC-KO mice, which bear functionally deficient
DUOX1 and DUOX2 in the gut epithelium, were obtained by
crossing the Duoxa1/2-floxed mice (generated at the Mouse
Biology Program at University of California Davis under the
auspices of Dr Kaunitz’s laboratory [University of California
Los Angeles]) with villin-cre (Tg[Vil1-cre]997Gum) mice
purchased from Jackson Laboratory. These mice are widely
accepted as a model to investigate the role of intestinal
DUOX2 because the expression of DUOX1 in the gut is
exceedingly low.22 These mice, generated on a C57Bl/6
background, and their WT littermates (Duox1/2-floxed,
villin-cre negative), were sexed, separated, randomized, and
housed in specific pathogen-free conditions with a
controlled temperature of 20ºC ± 2ºC. Mice were fed the
2018 Teklad Global 18% Protein Rodent Diet under free
access to food and water. Follow-up evaluation of mouse
body weight started at 10 weeks of age and terminated at
24 weeks. Food intake was measured manually twice a day
for 2 weeks. To deplete the microbiome, 18-week-old mice
were placed on the broad-spectrum antibiotics metronida-
zole and ciprofloxacin (1.0 g/L each) in drinking water for 6
weeks as previously described.59 Most procedures were
performed between 18 and 24 weeks of age with the
approval of the Institutional Animal Care and Use Commit-
tee at the University of Miami and the VA Greater Los
Angeles Healthcare System (protocol number 1616031-3).
The University of Miami and the West Los Angeles VAMC
are internationally accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care.

Glucose Tolerance Test and Triglyceride
Determination

Mice (age, 24 wk) were placed in clean cages and fasted
for 6 hours before oral administration of 2 g glucose/kg
mouse body weight (Sigma-Aldrich). Blood was sampled
from the tail every 20–30 minutes for 2 hours after injection
and blood glucose was measured at each time point using a
glucometer (Clarity Diagnostics). Circulating triglyceride
levels were measured through an enzymatic colorimetric
assay on plasma collected from 24-week-old mice, and
values were calculated through the use of a standard curve.

Fluorescein Isothiocyanate–Dextran Permeability
Assessment

The 24-week-old mice underwent food restriction for 12
hoursbefore receivinga600-mg/kgoral gavageof4kilodaltons
fluorescein isothiocyanate–dextran. Fourhours later, bloodwas
collected and fluorescein isothiocyanate fluorescence
(485/528 nm ex/em) in separated plasma was read in a Syn-
ergy H1 fluorometer (BioTek). All samples were assayed in
triplicate.

Euthanasia and Sample Collection
Mice were killed by cervical dislocation under isoflurane

(Piramal Critical Care) anesthesia before blood collection by
cardiac puncture. Fifteen milliliters phosphate-buffered saline
(PBS) subsequently was injected in the left ventricle of the
heart. Perfused organs including the liver, colon, and adipose
tissue were harvested. After removing the gut from the peri-
toneal cavity, stool was flushed and collected, and the colon
was used for isolation of CECs for measurement of H2O2 pro-
duction and for RNA extraction. Liver and adipose tissue were
weighed, sectioned, and either homogenized in TRIzol reagent
(Thermo-Fisher Scientific) for RNA isolation, homogenized in
PBS (Lonza) for microbiology plating, fixed in 4% para-
formaldehyde for histology, or embedded in optimum cutting
temperature (OCT) to prepare frozen tissue sections.

Bacterial Translocation Assessment
Homogenized livers and sWATs were cultured on tryptic

soy sheep blood agar plates (Lonza) and incubated under
aerobic and anaerobic conditions for 24 to 48 hours. Colo-
nization was expressed as the average number of colony-
forming units per milligram of tissue.

PV LPS Concentration Measurement
PV blood was collected from WT and DA IEC-KO mice

under propofol anesthesia after 2 hours of fasting (to avoid
any influence of diet and coprophagy) at age 20–24 weeks
into a tube containing 1 mL of 0.5 mol/L EDTA. Samples
were centrifuged at 5000 � g for 10 minutes and plasma
was kept at -80�C until analysis. LPS levels in the PV plasma
were measured by a limulus amebocyte lysate test (Pierce
Chromogenic Endotoxin Quant Kit; Pierce Biotechnology,
Rockford, IL) as previously reported.60

Isolation of Colonic Epithelial Cells and
Measurement of Epithelial H2O2 Production

CECs were isolated by chelation, as previously
described.23 In brief, CECs were incubated in 20 mmol/L
EDTA in Hank’s balanced salt solution for 1 hour in a shaker
at room temperature, followed by gentle shaking to release
the crypts. Released crypts then were either lysed in TRIzol
reagent for quantitative polymerase chain reaction or pel-
leted for determination of H2O2 production by a modified
Amplex Red assay (Biotium). For H2O2 determinations, CECs
were seeded in a 96-well plate and incubated in Dulbecco’s
PBS solution containing Ca2þ, Mg2þ, 10 mmol/L phenyl-
methylsulfonyl fluoride, 0.1 U/mL horseradish peroxidase,
and 30 mmol/L Amplex red. Fluorescence was read at 40- to
60-second intervals for 10 minutes at 37�C (530/590 nm
ex/em) in a Synergy H1 fluorometer. H2O2 production
was normalized to cell viability via MTT ((3-(4,5-Dime-
thylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide)) assay
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(American Type Culture Collection) as per the manufac-
turer’s instructions. All samples were assayed in triplicate.

MPO Activity
Snap-frozen colon sections were homogenized in 50

mmol/L phosphate buffer containing 13.7 mmol/L hex-
adecyltrimethylammonium bromide (Sigma Aldrich) by
means of a bead mill homogenizer (OMNI International).
MPO activity of the supernatants was determined by
measuring their ability to oxidize o-dianisidine (Sigma
Aldrich) in the presence of H2O2 and interpolating their
values to those of a known MPO standard. The MPO activity
was normalized to the initial weight of each sample.

Histologic Evaluation
For ORO staining, mouse livers were embedded in OCT and

stored at -80�C. Sections (12 mm) were cut from frozen OCT
blocks and mounted to microscope slides. Freshly sectioned
tissue slides were stained in filtered ORO for 15 minutes, fol-
lowed by 2 wash steps in water for 5 minutes each. Tissue
sections then were stained with hematoxylin for 2 minutes,
after which coverslips were mounted with glycerol and
allowed to air-dry overnight. For quantification, micrographs
were taken at 10� or 40� magnification in a BZ-X700 mi-
croscope (Keyence). For scoring of lipid accumulation, images
were given a score depending on the level of stain observed as
follows: 0, no ORO stain; 1, 1%–25%; 2, 25%–50%; 3, 50%–
Table 1.Quantitative Polymerase Chain Reaction Primers

Gene Sense

Actb Forward TG
Reverse C

Duox2 Forward TC
Reverse G

Duoxa2 Forward G
Reverse G

Gusb Forward C
Reverse C

Epsilonproteobacteria Forward TA
Reverse C

Bacteroidetes Forward G
Reverse TT

Eubacteria Forward A
Reverse A

Ucp1 Forward A
Reverse C

Cd68 Forward TG
Reverse G

Adgre1 (F4/80) Forward TG
Reverse C

Adipoq Forward TC
Reverse C

ChREBP Forward A
Reverse C

Leptin Forward TG
Reverse G
75%; and 4, 75%–100%. To account for lipid droplet size, area
measurements were performed using ImageJ software (Na-
tional Institutes of Health). For immunofluorescence, depar-
affinized tissues mounted in slides underwent the initial
antigen retrieval step by boiling in citric acid for 30 minutes.
Unspecific binding was blocked by incubating tissue sections
for 1 hour in PBS containing 0.5% Tween-20 and 5% goat
serum. Tissue sections were treated overnight at 4�C with
primary antibodies (rat anti-mouse F4/80 antibody, clone A3-
1, MCA497GA, Bio-Rad) diluted in 5% goat serum solution.
Next, tissue sections were incubated with secondary anti-
bodies and counterstained with 40,6-diamidino-2-
phenylindole (D9542, 500 nmol/L; Millipore Sigma). All
slides were imaged under a BZ-X700 microscope (Keyence).
Quantitative Polymerase Chain Reaction Analysis
RNA from CECs, liver, or sWAT tissue was isolated

using the phenol–chloroform extraction method.61 A total
of 500 ng RNA was used for reverse-transcription via the
PrimeScript RT reagent Kit (Takara Bio, Inc). The result-
ing complementary DNA then was amplified on a Light-
Cycler 480 II instrument (Roche Applied Science) using
SYBR Premix Ex Taq (Takara). A list of the primers used
is provided in Table 1. mRNA expression levels were
calculated using the DDCt method,62 and normalized to
the geometric mean of the housekeeping genes b-actin
and/or glucuronidase-b.
Primer Reference

ACAGGATGCAGAAGGAGA 63
GCTCAGGAGGAGCAATG

CAGAAGGCGCTGAACAG NM_001362755.1
CGACCAAAGTGGGTGATG

CCTGGCTTTGCTCACCA 22
AGGAGGAGGCTCAGGAT

CGATTATCCAGAGCGAGTATG 64
TCAGCGGTGACTGGTTCG

GGCTTGACATTGATAGAATC 65
TTACGAAGGCAGTCTCCTTA

TTTAATTCGATGATACGCGAG 65
AASCCGACACCTCACGG

GAGTTTGATCCTGGCTCAG 66
AGGAGGTGWTCCARCC

GGCTTCCAGTACCATTAGGT 67
TGAGTGAGGCAAAGCTGATTT

TCTGATCTTGCTAGGACCG 68
AGAGTAACGGCCTTTTTGTGA

ACTCACCTTGTGGTCCTAA 69
TTCCCAGAATCCAGTCTTTCC

ATTATGACGGCAGCAC 51
CAGATGGAGGAGCACAG

GGCTTCCAGTACCATTAGGT 51
TGAGTGAGGCAAAGCTGATTT

TCTGATCTTGCTAGGACCG 51
AGAGTAACGGCCTTTTTGTGA
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DNA Extraction and Metagenomic Sequencing
Prokaryotic DNA was isolated from stool using the

PowerSoil/fecal DNA Isolation Kit (MoBio Laboratories).
DNA samples were submitted to the Sylvester Oncoge-
nomics Shared Resources for microbiome shotgun
sequencing. A buffer exchange, using 1� Ampure Beads
(A63881; Beckman Coulter), was performed on the sample
to remove contaminants before library preparation, using
Kapa HyperPlus kits (Roche). Sequencing was performed on
an Illumina NovaSeq 6000 using SBS chemistry in pair-end
mode with 101 cycles for each end. Shotgun sequence reads
were trimmed and filtered, and host DNA contaminated
reads were removed using KneadData workflow (https://
huttenhower.sph.harvard.edu/kneaddata). Metagenomic
profiling of microbial abundance and taxonomy assignment
was performed with MetaPhlAn (ver.2),70 which uses clade-
specific marker genes from 17,000 reference genomes.
Functional composition was determined using HUMAnN271

with the complete UniProt Reference Clusters (UniRef) gene
family,72 Kyoto Encyclopedia of Genes and Genomes (KEGG)
functional modules and pathways,73 and MetaCyc metabolic
pathway databases.74 a-diversity was calculated as Chao1
index, multidimensional scaling analysis plots of b-diversity
were calculated based on Bray–Curtis distance, and the as-
sociation of DA IEC-KO condition and b-diversity was
analyzed based on the permutational analysis of variance
test using methods provided by the phyloseq75 and vegan76

Bioconductor packages. Differential relative abundance of
individual taxa, gene families, KEGG modules and pathways,
and metabolic pathways was performed using a linear
model for centered-log-ratio transformed abundance. The
differential microbial features were selected based on
multiple-hypothesis adjusted P value (False Discovery Rate,
FDR) < .05.
Bioinformatics and Statistical Analysis
Results are presented as means ± SEM. Data analysis and

plots were performed using Prism8 (GraphPad Software,
Inc) and compared using an unpaired Student t test and 2-
way analysis of variance, as indicated. A P value less than
.05 was considered significant.
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