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Hyperglycemia drives intestinal
barrier dysfunction and risk for
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T

he obesity pandemic has reached alarming
magnitudes, affecting more than 2 billion
people worldwide and accounting for more
than 3 million deaths per year (1). A poorly
understood feature of the “metabolic syndrome” is its association with dysfunctions of the
intestinal barrier, leading to enhanced permeability and translocation of microbial molecules
to the intestinal lamina propria and systemic circulation (2). This influx of immune-stimulatory
microbial ligands into the vasculature, in turn,
has been suggested to underlie the chronic inflammatory processes that are frequently observed
in obesity and its complications (3), while entry of
pathogens and pathobionts through an impaired
barrier leads to an enhanced risk of infection in
obese and diabetic individuals (4, 5), particularly
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at mucosal sites (6). However, the mechanistic
basis for barrier dysfunction accompanying the
metabolic syndrome remains poorly understood.
Beyond metabolic disease, enhanced intestinal
permeability has also been linked with systemic
inflammation in a variety of conditions, including
cancer (7), neurodegeneration (8), and aging (9).
Thus, there is an urgent scientific need to better
define the molecular and cellular orchestrators
and disruptors of intestinal barrier function, to
devise strategies to counteract the detrimental
systemic consequences of gut barrier alterations.
Obesity is associated with, but
not required for, intestinal
barrier dysfunction
We began our investigation of the drivers of
gastrointestinal barrier dysfunction in obesity
by hypothesizing that the adipokine leptin, a
major orchestrator of mammalian satiety, may
act as an obesity-associated regulator of barrier
integrity. Leptin deficiency and resistance to
leptin signaling are strongly associated with
morbid obesity in mice and humans, and both
leptin deficiency and resistance were previously
suggested to contribute to intestinal barrier dysfunction and susceptibility to enteric infection
(10–13). We used a mouse model featuring genetic
dysfunction of the leptin receptor (LepR), leading
to hyperphagia and morbid obesity (db/db, fig.
S1A). Indeed, we detected elevated amounts of
microbial pattern recognition receptor (PRR)
ligands at multiple systemic sites in leptin-
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Obesity, diabetes, and related manifestations are associated with an enhanced, but poorly
understood, risk for mucosal infection and systemic inflammation. Here, we show in mouse
models of obesity and diabetes that hyperglycemia drives intestinal barrier permeability,
through GLUT2-dependent transcriptional reprogramming of intestinal epithelial cells and
alteration of tight and adherence junction integrity. Consequently, hyperglycemia-mediated
barrier disruption leads to systemic influx of microbial products and enhanced dissemination
of enteric infection. Treatment of hyperglycemia, intestinal epithelial–specific GLUT2
deletion, or inhibition of glucose metabolism restores barrier function and bacterial
containment. In humans, systemic influx of intestinal microbiome products correlates with
individualized glycemic control, indicated by glycated hemoglobin levels. Together, our results
mechanistically link hyperglycemia and intestinal barrier function with systemic infectious
and inflammatory consequences of obesity and diabetes.

unresponsive db/db mice (Fig. 1, A to C), indicative of enhanced influx of gut commensal-derived
products. A similar phenomenon was observed in
leptin-deficient mice (ob/ob, fig. S1, B and C). To
gain insight into the molecular signatures accompanying barrier dysfunction under aberrant leptin
signaling, we performed RNA sequencing of
colonic tissue, obtained from db/db mice and
their wild-type (WT) littermates under steadystate conditions. Leptin unresponsiveness was
associated with global alterations of transcription
(fig. S1D), with several hundred genes featuring
differential expression between both groups (fig.
S1E). Among the genes whose expression was
most strongly abrogated in obese mice were
members of the tight and adherence junction
structures (fig. S1F), protein complexes that inhibit paracellular flux of intestinal molecules
into the lamina propria (14). Consequently, tight
junction integrity was compromised in db/db
mice (Fig. 1, D and E), leading to enhanced influx
of luminal molecules and electrical current measured across the epithelial layer (Fig. 1, F and G).
To determine the consequences of barrier dysfunction in leptin-resistant mice, we used the
murine Citrobacter rodentium model simulating human enteropathogenic Escherichia coli
infection (15). A bioluminescent variant of
C. rodentium allowed us to noninvasively track
infection in vivo (16). In WT mice, C. rodentium
caused a self-limiting, mainly gut-contained infection (Fig. 1, H to L). In contrast, db/db mice
did not clear the pathogen from their intestine
(Fig. 1, H and I), in line with previous reports (12).
Notably, db/db mice also showed a significantly
enhanced bacterial attachment to the intestinal
wall (fig. S1, G and H) and featured C. rodentium
colonization at systemic sites (Fig. 1, J to L, and
fig. S1I). Similar susceptibility to C. rodentium
was noted for leptin-deficient ob/ob mice (fig.
S1, J to N).
To understand which cell type was responsible
for LepR-mediated protection from enteric infection, we generated bone marrow chimeras, in
which WT and db/db mice were used as either
recipients or donors of bone marrow transplanted into lethally irradiated mice. Exacerbated
infection and systemic spread of C. rodentium was
observed whenever the bone marrow recipient
was LepR-deficient, regardless of the source of
bone marrow (Fig. 1, M and N, and fig. S1O), indicating that the nonhematopoietic compartment
mediated resistance against infection. LepR expression on nonhematopoietic cells has been reported in multiple tissues, including the gut,
liver, and most prominently the nervous system
(17). Mice lacking LepR in intestinal epithelial
cells (Villin-Cre:LepRfl/fl) or hepatocytes (AlbuminCre:LepRfl/fl) did not show any signs of enhanced
susceptibility to C. rodentium infection (fig. S2, A
to F), whereas mice with LepR deficiency specifically in the nervous system (Nestin-Cre:LepRfl/fl)
featured an exacerbated (fig. S2, G to I), yet highly
variable (fig. S2, J to O), bacterial growth. To further explore the possibility of neuronal leptin signaling driving barrier dysfunction and risk of
infection, we generated mice with a specific
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deletion of LepR in the paraventricular hypothalamus (Sim1-Cre:LepRfl/fl), in the ventromedial
hypothalamus (SF1-Cre:LepRfl/fl), in cholinergic
neurons (ChAT-Cre:LepRfl/fl), and in the arcuate
nucleus of the hypothalamus (POMC-Cre:LepRfl/fl
and AgRP-Cre:LepRfl/fl) and infected them with
C. rodentium. However, none of these mice showed
enhanced susceptibility to pathogenic invasion
when compared to littermate controls (fig. S3, A
to O). Collectively, these results suggested that
leptin deficiency per se might not provide a sufficient explanation to barrier dysfunction and
enhanced risk of enteric infection.
A feature common to all leptin- and LepRdeficient mice exhibiting an impaired barrier
function and enhanced C. rodentium dissemination in our studies (db/db, ob/ob and NestinCre:LepRfl/fl) was their tendency to develop obesity.
We therefore hypothesized that an obesity-related
factor distinct from leptin signaling may pre-

dispose these mice to impaired barrier function
and exacerbated intestinal infection. Thus, to complement the above genetic models of obesity, we
fed WT mice a high-fat diet (HFD) to induce
weight gain (fig. S4A). Similarly to obese leptinand LepR-deficient mice, HFD-fed obese mice
showed elevated steady-state systemic PRR ligand influx (Fig. 2A), as well as exacerbated
C. rodentium infection and systemic dissemination (Fig. 2, B to E, and fig. S4B). To further test
whether obesity is the major driver for barrier
dysfunction and impaired C. rodentium containment in LepR-deficient mice, we performed pairedfeeding experiments, in which the food access for
db/db mice was restricted to the amount consumed by their WT littermates, thereby equalizing body weight between both groups (Fig. 2F).
Surprisingly, even after weight reduction to control levels, lean db/db mice were still unable to
cope with C. rodentium infection (Fig. 2, G and

H), ruling out that obesity per se was directly
driving barrier dysfunction and risk for enteric
infection in these mice. The lack of a direct causal
relationship between obesity and barrier dysfunction was further supported by experiments
using a chemical inhibitor of leptin signaling
(18), which rendered WT mice susceptible to
exacerbated infection and systemic bacterial
spread even before the onset of marked obesity
(Fig. 2, I to L, and fig. S4, C to F). Together, these
data indicated that neither leptin signaling nor
obesity per se sufficiently explain the severity of
barrier dysfunction and systemic enteric infection in mice with the metabolic syndrome.
In search of a unifying explanation for the
above results in multiple mouse models of genetic and acquired obesity and leptin deficiency,
we investigated other common features of the
metabolic syndrome that could potentially contribute to barrier dysfunction. One such manifestation
Downloaded from http://science.sciencemag.org/ on March 28, 2018

Fig. 1. Obesity is associated with intestinal barrier dysfunction and
enteric infection. (A to C) PRR stimulation by sera (A) and splenic
(B) and hepatic extracts (C) from db/db mice and WT littermates. (D and
E) ZO-1 staining (D) and quantification (E) of colonic sections from
db/db mice and WT littermates. Scale bars, 100 mm. (F) FITC (fluorescein
isothiocyanate)–dextran recovered from the serum of db/db mice and WT
littermates after oral gavage. (G) Ussing chamber recording of colons from
db/db mice and controls. (H to L) Abdominal luminescence (H and I) and
Thaiss et al., Science 359, 1376–1383 (2018)
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colony-forming units (CFUs) recovered from mesenteric lymph
nodes (J), spleens (K), and livers (L) from db/db mice infected
with C. rodentium. (M and N) Total abdominal luminescence
(M) and epithelial-adherent colonies (N) of C. rodentium in bone
marrow chimeras of db/db and WT mice. All data represent at
least two independent experiments. Means ± SEM are plotted.
*P < 0.05, **P < 0.01, ****P < 0.0001 by analysis of variance (ANOVA)
(N) or Mann-Whitney U test (all other panels). ns, not significant.
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of the metabolic syndrome, typically accompanying obesity and potentially contributing to barrier
dysfunction, is glucose intolerance and resultant
hyperglycemia. Notably, all mice featuring marked
susceptibility C. rodentium infection, including
obese db/db, pair-fed lean db/db mice, Nestin-Cre:
LepRfl/fl mice, mice fed a HFD, and mice treated
with leptin antagonist, showed elevated blood
glucose concentrations (Fig. 2, M to O, and fig. S4,
G and H). In contrast, all mouse groups and models
that did not develop enhanced C. rodentium susceptibility (Villin-Cre:LepRfl/fl, Albumin-Cre:
LepRfl/fl, Sim1-Cre:LepRfl/fl, SF1-Cre:LepRfl/fl, ChATCre:LepRfl/fl, POMC-Cre:LepRfl/fl, and AgRP-Cre:
LepRfl/fl, as well as those Nestin-Cre:LepRfl/fl mice
that did not feature a tendency for severe infection) collectively showed normoglycemic levels
(fig. S4, I and J). Together, these results suggested
that hyperglycemia, rather than obesity or alterations in leptin signaling, may predispose to barrier

dysfunction leading to enhanced enteric infection
in the setup of the metabolic syndrome in mice.
Hyperglycemia drives intestinal
barrier disruption
To test whether elevated glucose concentrations
were causally involved in host defense against
intestinal infection, we induced hyperglycemia
in the absence of obesity in a mouse model of
type 1 diabetes mellitus through administration
of streptozotocin [STZ (19), fig. S5A]. Indeed,
STZ-treated mice developed severe C. rodentium
infection and systemic translocation, accompanied
by enhanced bacterial growth, epithelial adherence,
and systemic spread (Fig. 3, A to E). STZ treatment
also resulted in dysfunction of intestinal epithelial
adherence junctions under steady-state conditions
(Fig. 3, F and G), coupled with systemic dissemination of microbial products (fig. S5, B and C), and
enhanced transepithelial flux (Fig. 3, H and I).

Oral antibiotic treatment prevented the detection of bacterial products at systemic sites in
STZ-treated mice (Fig. 3, J to L), demonstrating
that the intestinal microbiota was the probable
source of disseminated microbial molecules. In
contrast to the load of bacterial products at distal
organs (fig. S5D), the microbial load in the intestinal lumen was unaffected by hyperglycemia
(fig. S5E). We next sought to test the possibility
that barrier dysfunction in STZ-treated mice was
mediated by compositional microbiota alterations.
Indeed, 16S ribosomal DNA (rDNA) sequencing
revealed a taxonomic change in the configuration
of the intestinal microbiota of hyperglycemic mice,
which was corrected by insulin treatment and
resultant normalization of serum glucose concentrations (fig. S6, A to D). However, these compositional microbial changes did not seem to play a
critical role in glucose-mediated barrier dysfunction, as microbiota transfer from STZ-treated
Downloaded from http://science.sciencemag.org/ on March 28, 2018

Fig. 2. Obesity does not suffice to explain susceptibility to enteric
infection. (A) PRR stimulation by splenic extracts from mice fed a high-fat
diet (HFD). (B to E) Abdominal luminescence (B) and CFUs recovered
from colonic tissue (C), spleens (D), and livers (E) of HFD-fed mice infected
with luminescent C. rodentium. (F to H) Body weight (F), C. rodentium
luminescence (G), and C. rodentium-induced mortality (H) in paired-fed
db/db mice and controls. (I to L) Total abdominal luminescence signals (I)
Thaiss et al., Science 359, 1376–1383 (2018)
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and live CFUs recovered from colonic tissue (J), mesenteric lymph nodes,
(K) and livers (L) from leptin antagonist (LeptAnt)-treated mice infected with
bioluminescent C. rodentium. (M to O) Blood glucose concentrations in
paired-fed db/db mice (M), HFD-fed mice (N), and LeptAnt-treated mice
(O). All data represent at least two independent experiments. Means ± SEM
are plotted. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by ANOVA
(F and M) or Mann-Whitney U test (all other panels).
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treated mice via hyperosmotic pumps for 4 weeks,
which restored normoglycemic levels (fig. S7D).
Treatment with insulin also prevented the loss of
adherence junction integrity (Fig. 4A and fig. S7E),
systemic dissemination of microbial products
(Fig. 4B), and enhanced C. rodentium growth and
pathogenic translocation (Fig. 4, C and D). Together,
these experiments establish hyperglycemia as a
direct and specific cause for intestinal barrier dysfunction and susceptibility to enteric infection.
Hyperglycemia reprograms intestinal
epithelial cells
To determine whether glucose acted directly on
intestinal epithelial cells to affect barrier function, we used an in vitro system of cultured intestinal epithelial (Caco-2) cells exposed to different
concentrations of glucose in the culture medium.
We assessed tight junction integrity through
automated high-throughput analysis of ZO-1 staining patterns. Indeed, glucose induced barrier alterations in a dose- and time-dependent manner,
manifesting visually as increased tortuosity and

Fig. 3. Hyperglycemia causes susceptibility to enteric infection.
(A to E) Abdominal luminescence (A and B) and CFUs recovered from colonic
tissue (C), spleens (D), and livers (E) from STZ-treated mice infected with
bioluminescent C. rodentium. (F and G) E-cadherin staining (F) and
quantification (G) of colons from STZ-treated mice and controls. Scale bars,
25 mm. (H) Ussing chamber recordings from colons of STZ-treated mice
and controls. (I) FITC-dextran recovered from the serum of STZ-treated mice
Thaiss et al., Science 359, 1376–1383 (2018)
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altered appearance of cell-cell junctions (Fig. 4, E
to H). To investigate the mechanisms by which
elevated blood glucose concentrations compromise intestinal epithelial cell function in vivo,
we performed RNA sequencing of purified intestinal
epithelial cells from STZ-treated mice and controls. Global reprogramming of the epithelial
transcriptome was detected in hyperglycemic mice
(Fig. 4I), in which more than 1000 genes were differentially expressed compared to vehicle-treated
controls (Fig. 4J). These genes were predominantly
involved in metabolic pathways, and specifically in
N-glycan biosynthesis and pentose-glucuronate
interconversion (Fig. 4K), two intracellular functions critically involved in the maintenance of
epithelial barrier function (21–29). For example,
hyperglycemia affected the entire pathway of protein N-glycosylation by provoking marked downregulation of central genes (Fig. 4L and fig. S8). In
contrast, epithelial proliferation or cell death were
not affected by STZ treatment (fig. S9, A to D).
In addition to the above epithelial changes,
hyperglycemia modestly affected the intestinal

after oral gavage. (J) Detection of 16S rDNA in livers of STZ- and Abx-treated
mice. (K and L) PRR stimulation by sera (K) and hepatic extracts (L) from
STZ-treated mice and controls, with or without antibiotic (Abx) treatment.
(M and N) Abdominal luminescence (M) and hepatic CFUs (N) from
C. rodentium–infected Akita mice. All data represent at least two independent
experiments. Means ± SEM are plotted. *P < 0.05, ***P < 0.001, ****P <
0.0001 by ANOVA (J) or Mann-Whitney U test (all other panels).
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donors and controls to normoglycemic germ-free
mice neither induced dissemination of bacterial
products to systemic sites (fig. S6E) nor increased
susceptibility to C. rodentium infection (fig. S6, F
to J). These data indicate that although the commensal microbiota serves as the reservoir of microbial molecules that translocate to the systemic
circulation upon disruption of the intestinal
barrier, compositional microbiota alterations
arising under hyperglycemic conditions do not
directly affect barrier integrity.
To corroborate the specificity of hyperglycemia
as a driver of susceptibility to intestinal infection,
we used hyperglycemic Akita mice (fig. S7A), an
STZ-independent model of type I diabetes mellitus
that harbors a spontaneous mutation in the gene
encoding insulin 2 (20). As in STZ-treated mice,
we observed in this model elevated C. rodentium
growth and pathogenic translocation to systemic
tissues (Fig. 3, M and N, and fig. S7, B and C). To
further validate the specific impact of hyperglycemia
as a driver of the barrier dysfunction phenotype,
we administered 0.25 U per day of insulin to STZ-
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and splenic immune system, specifically by causing
an increased representation of myeloid cells (fig.
S10, A to J), in line with previous reports (30).
However, STZ treatment did not provoke an
overt inflammatory state in the intestine (fig.
S11, A to E). In particular, cytokines involved in
interleukin-22 (IL-22)–mediated barrier function
and host defense, which has been implicated in
the susceptibility of obese mice to infection (12),
were unaltered, as was the epithelial transcriptional response to IL-22 (fig. S11F). Indeed, hyperglycemia and IL-22 appeared to have additive
effects in mediating host defense against
C. rodentium, because STZ-treated IL-22–deficient
mice featured accelerated bacterial growth and
mortality when compared to IL-22–deficient controls (fig. S11, G and H). We further compared the
involvement of epithelial and immune cells in
host defense against another gastrointestinal
pathogen, Salmonella Typhimurium. STZ-treated
mice orally infected with Salmonella showed enhanced systemic colonization, whereas intestinal
luminal growth was comparable to that of vehicleThaiss et al., Science 359, 1376–1383 (2018)

treated with different concentrations and exposure times of glucose.
Scale bars, 10 mm. (I to K) Principal component analysis (I), heatmap
(J), and pathway annotation (K) of differentially expressed genes in the
epithelium of STZ-treated mice and controls. (L) Differentially expressed
genes contributing to N-glycan biosynthesis. All data represent at
least two independent experiments. Means ± SEM are plotted. **P < 0.01,
****P < 0.001 by ANOVA.

treated controls (fig. S12, A to E). In contrast to
this marked susceptibility of STZ-treated mice to
oral Salmonella Typhimurium infection, susceptibility of these mice to systemic infection was
only apparent in the liver (fig. S12, F to H). Notably,
systemic infection with Salmonella caused enhanced intestinal colonization in STZ-treated
mice, potentially indicative of retrograde spread
of bacteria across a compromised barrier (fig.
S12, I and J).
Epithelial reprogramming by
hyperglycemia involves glucose
metabolism and GLUT2
We next assessed whether epithelial glucose metabolism was involved in the transcriptional
reprogramming of STZ-treated mice. Isolated intestinal epithelial cells from hyperglycemic mice
featured elevated amounts of metabolites along
the glycolytic cascade (fig. S13A). Inhibition of
glucose metabolism via 2-deoxyglucose (2-DG)
rescued glucose-induced barrier aberrations in
vitro in a dose-dependent manner (Fig. 5, A to
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C). In addition, 2-DG administration blocked
transcriptional reprogramming in STZ-treated
mice (Fig. 5D and fig. S13B), including the Nglycan pathway (fig. S13C); prevented the systemic dissemination of microbial products (Fig.
5, E and F); and restored host defense against
C. rodentium (Fig. 5G and fig. S13, D to F). Bacterial
growth in the intestinal lumen was unaffected by
2-DG treatment (fig. S13G). To test whether 2-DG
could be used to counteract hyperglycemiamediated loss of barrier integrity beyond the STZ
model, we administered 2-DG to C. rodentiuminfected db/db mice and assessed its impact on
systemic dissemination of the pathogen. Notably,
the detectable pathogen load in the mesenteric
lymph nodes, spleens, and livers of 2-DG–treated
db/db mice was strongly reduced under 2-DG
treatment (Fig. 5H and fig. S13, H and I). Together, these data suggest that glucose-mediated
reprogramming of epithelial cell metabolic function leads to transcriptional alterations, abrogation of the intestinal barrier, and impaired host
defense against enteric infection.
5 of 8
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Fig. 4. Hyperglycemia alters intestinal epithelial cell function.
(A and B) Colonic E-cadherin intensity (A) and PRR ligand stimulation
by sera (B) from STZ-treated mice and controls, with or without insulin
administration. (C and D) Abdominal luminescence (C) and CFUs
recovered from the spleen (D) of STZ- and insulin-treated mice after
C. rodentium infection. (E to H) Quantification of barrier tortuosity
(E and G) and representative ZO-1 staining (F and H) of Caco-2 cells

R ES E A RC H | R E S EA R C H A R T I C LE

Glucose transport between the intestinal
epithelium and circulation is mediated by the
bidirectional glucose transporter GLUT2 (31).
To determine the role of this transporter in
hyperglycemia-mediated epithelial reprogramming,
we next used mice selectively lacking GLUT2 in
intestinal epithelial cells (GLUT2DIEC) (32) and
induced hyperglycemia in these mice by STZ
administration. Indeed, GLUT2DIEC mice were
resistant to STZ-induced transcriptional reprogramming and retained epithelial transcriptomes
similar to those of controls (fig. S14, A and B).
GLUT2DIEC mice also retained intact tight and
adherence junction complexes (Fig. 5, I and J,
and fig. S14, C and D), reduced transepithelial
flux (fig. S14E), and intestinal containment of
microbial PRR ligands (Fig. 5K), despite sustained
STZ-induced hyperglycemia (fig. S14F). Ablation
of GLUT2 also ameliorated the STZ-induced susceptibility to C. rodentium growth and systemic
dissemination (Fig. 5 L, and fig. S14, G to I). Collectively, these results indicate that GLUT2 is involved in the hyperglycemia-induced metabolic
and transcriptional alterations in intestinal epiThaiss et al., Science 359, 1376–1383 (2018)

administration. (G and H) Splenic CFUs from C. rodentium–infected and
2-DG–treated STZ (G) and db/db mice (H). (I to K) Colonic ZO-1 (I) and
E-cadherin intensity (J) and PRR stimulation by hepatic extracts (K) from STZtreated GLUT2DIEC mice and controls. (L) CFUs recovered from spleens of
STZ-treated GLUT2DIEC mice and controls infected with C. rodentium. All data
represent at least two independent experiments. Means ± SEM are plotted.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by ANOVA.

thelial cells, resulting in barrier dysfunction and
microbial translocation to the systemic circulation.
Blood glucose concentrations are
associated with microbial product influx
in humans
Finally, we sought to determine whether glycemic levels similarly correlate with intestinal barrier function in humans. To this end, we recruited
27 healthy individuals (fig. S15, A and B) and
performed measurements of multiple serum parameters and microbial products in the circulation. Of all variables measured, hemoglobin A1c
(HbA1c), indicative of an individual’s 3-month
average plasma glucose concentration, showed
the strongest correlation with serum levels of
PRR ligands (Fig. 6, A to C, and fig. S15, C to E).
In contrast, high body mass index and other
hallmarks of metabolic disease did not significantly associate with the influx of microbial
products (Fig. 6, A and B, and fig. S15F). Total stool
bacterial content did not correlate with HbA1c
levels (fig. S15G). Together, these data suggest that
similar to their effects in mice, serum glucose
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concentrations, rather than obesity, may associate with or potentially even drive intestinal barrier dysfunction in humans.
Discussion
Serum glucose is among the most strictly controlled physiological variables of organismal
homeostasis. Chronically elevated glucose concentrations, as observed in diabetes mellitus, obesity,
and associated metabolic disorders, such as nonalcoholic fatty liver disease, result from altered
homeostatic set points of the tightly regulated
normoglycemic levels (33). Long-standing hyperglycemia, in turn, leads to a myriad of potentially
devastating biochemical and physiological consequences, such as the generation of advanced
glycation end products, pancreatic glucose toxicity (34, 35), macrovascular and microvascular
complications affecting virtually every organ (36),
risk of infection (37), and enhanced mortality (38).
In this study, we have identified glucose as an
orchestrator of intestinal barrier function. Hyperglycemia markedly interfered with homeostatic
epithelial integrity, leading to abnormal influx of
6 of 8
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Fig. 5. Epithelial reprogramming by hyperglycemia involves glucose
metabolism and GLUT2. (A to C) Quantification of barrier tortuosity
(A and C) and representative ZO-1 staining (B) of Caco-2 cells treated with the
indicated concentrations of glucose and 2-deoxyglucose (2-DG). Scale bars,
10 mm. (D) Similarity matrix of the epithelial transcriptomes of STZ-treated
mice, with or without 2-DG administration. (E and F) PRR stimulation by
hepatic extracts (E) and sera (F) from STZ-treated mice, with or without 2-DG
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immune-stimulatory microbial products and a
propensity for systemic spread of enteric pathogens. Our results indicate that hyperglycemia
causes retrograde transport of glucose into intestinal epithelial cells via GLUT2, followed by
alterations in intracellular glucose metabolism
and transcriptional reprogramming (fig. S16).
One of the most strongly affected pathways by
hyperglycemia in our study involves the Nglycosylation of proteins in the endoplasmic reticulum and Golgi apparatus, which has been
implicated as a key regulator of a multitude of
epithelial functions (25). Although our study
focused on the impact of systemic glucose concentrations on the intestinal barrier, similar effects might be caused by a high-glucose diet,
which may affect intestinal epithelial cells in a
similar manner, potentially resulting in dietinduced alterations of barrier function. Such
potential physiologically important dietary effects
on barrier function merit further studies. Furthermore, the impact of hyperglycemia on epithelial
barrier function might be relevant beyond the
gastrointestinal tract and affect other mucosal
surfaces, such as the respiratory tract, as was
indicated by a recent study of close to 70,000
diabetes patients highlighting a positive correThaiss et al., Science 359, 1376–1383 (2018)

systemic PRR ligands (B) of the indicated parameters in the serum of 27
healthy volunteers. (C) Correlation of HbA1c with serum levels of TLR4 ligands.

lation between HbA1c values and a variety of
mucosal community- and hospital-acquired infections (39).
Collectively, our findings provide a potential
molecular explanation for altered barrier function in the context of the metabolic syndrome
and the resultant enhanced mucosal infection
noted in patients suffering from obesity (5) and
diabetes mellitus (40). Furthermore, the link that
we highlight between hyperglycemia and gut barrier alterations may provide a mechanistic basis
for a variety of seemingly unrelated inflammatory
manifestations, complications, and associations
of the metabolic syndrome—collectively termed
“metaflammation” or “para-inflammation” (41, 42).
Examples of these include adipose tissue inflammation driving exacerbated obesity and glucose
intolerance (43), nonalcoholic fatty liver disease
progressing to detrimental nonalcoholic steatohepatitis (44), inflammation contributing to atherosclerosis and associated cardiovascular disease
(45), and even recently suggested associations
between the metabolic syndrome and neurodegeneration (46). Ultimately, our results may
present the starting point for harnessing glucose
metabolism or other regulators of intestinal barrier integrity as potential therapeutic targets in
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the prevention and amelioration of enteric infection and gut-related systemic inflammation.
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Fig. 6. Hyperglycemia is associated with influx of microbial products in
humans. (A and B) Correlation matrix (A) and average correlations with
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Metabolic syndrome, leaky guts, and infection
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and serum levels of pathogen recognition receptor ligands.
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Materials and methods
Mice
Wild-type C57Bl/6 mice were purchased from Harlan and allowed to acclimatize to the animal facility
environment for 2 weeks before used for experimentation. Germ-free C57Bl/6 mice were born in the
Weizmann Institute germ-free facility and routinely monitored for sterility. The following genetically
modified mice were obtained from the Jackson Laboratory: B6.BKS(D)-Leprdb/J, B6.Cg-Lepob/J, B6.CgTg(Vil1-cre)1000Gum/J, B6.Cg-Tg(Alb-cre)21Mgn/J, B6.Cg-Tg(Nes-cre)1Kln/J, C57BL/6-Ins2Akita/J.
Sim1-Cre, SF1-Cre, ChAT-Cre, POMC-Cre, and AgRP-Cre mice were kindly provided by Yael Kuperman
(Weizmann Institute). LepR-flox mice were generously provided by Jeffrey Friedman (Rockefeller
University). Villin-Cre:GLUT2fl/fl mice on a C57BL/6 background were kindly provided by Patricia
Serradas and Alexandra Grosfeld (Université Pierre et Marie Curie) and maintained as previously
reported (32).
In each experiment, all mice were littermates born and raised in the same vivarium. In all
experiments, age- and gender-matched mice were used. All mice were maintained on a strict 12-h
light-dark cycle (lights turned on at 6 am and turned off at 6 pm) and were housed in cages
containing a maximum of five animals.
Before dietary interventions, mice were randomized to ensure that no incidental pre-diet differences
in body weight existed between the different groups. Mice were exposed to high-fat diet for 12
weeks (Open Source Diets D12492) or normal chow diet (Teklad 2018) as indicated. In paired-feeding
experiments, the food consumed by the wild-type group was weighted daily, and the same amount
of food was made available to the db/db group for the subsequent day.
To induce hyperglycemia, streptozotocin (STZ, Sigma-Aldrich) was diluted freshly in PBS and injected
i.p. at 100 mg/kg at two consecutive days. Control mice were injected with PBS. Serum glucose
measurements were performed using glucose strips (Perrigo). Hyperglycemic mice were used for
further experimentation 2-3 weeks after STZ injection). For continuous insulin administration, ALZET
osmotic pumps were used. Pumps were implanted subcutaneously in the back of the mice for 4
weeks. Insulin was delivered at 0.25 U/day. 2-deoxyglucose (2-DG) was injected i.p. twice daily at 5
mg per injection as previously described (47). Injections were performed for 10 consecutive days.
Leptin antagonist was administered daily by intraperitoneal injection of 25 mg/kg as previously
described (18).
Fresh stool samples from mice were collected in tubes, immediately frozen in liquid nitrogen upon
collection, and stored at -800C until DNA isolation. For antibiotic treatment, mice were given a
combination of vancomycin (1 g/l), ampicillin (1 g/l), kanamycin (1 g/l), and metronidazole (1 g/l) in
their drinking water (48). All antibiotics were obtained from Sigma Aldrich. For fecal transplantation
experiments, microbiota samples were collected and homogenized under anaerobic conditions.
Homogenized samples were filtered through a 70 µm mesh and administered to germ-free recipients
by oral gavage of 200 µl.
All experiments were approved by the local IACUC.
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Citrobacter rodentium infection
Mice were infected by oral gavage with 200 μl of an overnight culture of LB containing approximately
1 × 109 colony-forming units (CFU) of a kanamycin-resistant, luciferase-expressing derivative of C.
rodentium DBS100 (ICC180) as previously described (16). For in vivo bioluminescent imaging, mice
were anesthetized with Ketamine/Xylazine. Bioluminescence was quantified using an IVIS2000
instrument and Living Image software (Perkin Elmer). For ex vivo luminescence analysis, colons were
resected, extensively washed from all fecal matter and immediately imaged. For CFU counts, tissues
were collected, weighed and homogenized in 1 ml of sterile PBS. Tissue homogenates were serially
diluted in PBS and plated on to LB kanamycin plates, incubated overnight at 37°C, and bacterial
colonies were enumerated the following day, normalizing them to the tissue weight.

Salmonella Typhimurium infection
For oral infections, mice were pretreated with 50 mg/ml streptomycin one day prior to oral gavage of
108 CFU of SPI-II-deficient Salmonella Typhimurium (49). For systemic infections, mice were injected
104 CFU of Salmonella Typhimurium by intraperitoneal injection as previously described (50). One
week after infection, colonization was assessed by bacterial plating on LB streptomycin plates,
incubated overnight at 37°C, and bacterial colonies were enumerated the following day, normalizing
them to the tissue weight.

Quantification of microbial products at systemic sites
The following PRR reporter cell lines were obtained from Invivogen (HEK-Blue TLR and NLR reporter
cell lines): TLR2, TLR3, TLR4, TLR5, TLR7, TLR9, NOD1, NOD2. Extracts from spleen, liver, and serum
were homogenized and added to reporter cell lines incubated with HEK-Blue detection medium
(Invivogen) according to the manufacturer’s instructions.

16S qPCR for quantification of bacterial DNA
DNA was extracted from samples using MoBio PowerSoil kit. DNA concentration was calculated using
a standard curve of known DNA concentrations from E. coli K12. 16S qPCR using primers identifying
different regions of the V6 16S gene was performed using Kappa SYBR fast mix. Absolute number of
bacteria in the samples was then approximated as DNA amount in a sample/DNA molecule mass of
bacteria. The same protocol was used to monitor sterility in germ-free mice.

Measuring Colonic Epithelial Barrier Permeability by FITC-dextran
On the day of the assay, 4 kDa fluorescein isothiocyanate (FITC)-dextran was dissolved in phosphate
buffered saline (PBS) to a concentration of 80 mg/ml. Mice were fasted for 4 hours prior to gavage
with 150 μl dextran. Mice were anesthetized 3 hours following gavage and blood was collected,
centrifuged at 1,000 x g for 12 min at 4°C. Serum was collected and fluorescence was quantified at an
2

excitation wavelength of 485 nm and emission wavelength of 535 nm.

Purification of intestinal epithelial cells for RNA isolation
Intestinal tissue was excised from mice, thoroughly rinsed with ice-cold PBS to clean the tissue from
fecal matter, and opened longitudinally. The tissue was then cut into pieces of 1cm length and
incubated in HBSS containing 2mM EDTA and 1mM DTT at 37°C for 30 mins while shaking at 130 rpm.
Epithelial cells were collected, filtered, centrifuged, and subsequently stained with anti-EpCAM and
anti-CD45 antibodies (Biolegend) for 30 mins on ice. Cells were then washed, resuspended and
sorted into lysis/binding buffer (Life Technologies) using a FACS-FUSION cell sorter (BD).

RNA isolation and RNA-sequencing
104 cells from each population were sorted into 80 µL of lysis/binding buffer (Life Technologies).
mRNA was captured with 12 μl of Dynabeads oligo(dT) (Life Technologies), washed, and eluted at
70°C with 10 μl of 10 mM Tris-Cl (pH 7.5). We used a derivation of MARS-seq as described (51). We
sequenced an average of 1 million reads per library (Illumina NextSeq) and aligned them to the
mouse reference genome (NCBI 37, mm9) using TopHat v2.0.10 (52) with default parameters.
Expression
levels
were
calculated
and
normalized
using
ESAT
software
(http://garberlab.umassmed.edu/software/esat). Duplicate reads were filtered if they aligned to the
same base and had identical UMIs. Expression levels were calculated and normalized for each sample
to the total number of reads using HOMER software (http://homer.salk.edu) with the command
“analyzeRepeats.pl rna mm9 -d [sample files] -count 3utr -condenseGenes” (53). KEGG analysis was
done using DAVID (54).

Taxonomic Microbiota Analysis
Frozen fecal samples were processed for DNA isolation using the MoBio PowerSoil kit according to
the manufacturer’s instructions. For the 16S rRNA gene PCR amplification, 1 ng of the purified fecal
DNA was used for PCR amplification. Amplicons spanning the variable region V3/4 of the 16S rRNA
gene were generated by using the following primers: Fwd 5’-GTGCCAGCMGCCGCGGTAA-3’, Rev 5’GGACTACHVGGGTWTCTAAT-3’. The reactions were subsequently pooled and cleaned (PCR clean kit,
Promega), and the PCR products were then sequenced on an Illumina MiSeq with 500 bp paired-end
reads. The reads were then processed using the QIIME analysis pipeline as described (55, 56). In
brief, fasta quality files and a mapping file indicating the barcode sequence corresponding to each
sample were used as inputs, reads were split by samples according to the barcode, taxonomical
classification was performed using the RDP-classifier, and an OTU table was created. Closedreference OTU mapping was employed using the Greengenes database. Rarefaction was used to
exclude samples with insufficient count of reads per sample. Sequences sharing 97% nucleotide
sequence identity in the 16S region were binned into operational taxonomic units (97% ID OTUs). For
beta-diversity, unweighted UniFrac measurements were plotted according to the two principal
coordinates based on 10,000 reads per sample. For microbial distance measurements, unweighted
UniFrac distances were compared.
3

Immunofluorescence staining
Colon samples were extensively washed and fixed and 4% paraformaldehyde. Samples were washed,
paraffin-embedded and sectioned. Paraffin sections were de-paraffinized and antigen-retrieved in 10
mM sodium citrate, pH 6. Samples were incubated in PBS containing 20% (v/v) normal horse serum
and 0.2% (v/v) Triton X-100 for 1 h; and then incubated over-night with rabbit anti-ZO-1 (Invitrogen
40-2200) primary antibody or rabbit anti E-cadherin (Cell Signaling 24E10). Sections were washed and
incubated for 1 hour with alexa 488-conjugated donkey anti Rabbit antibody. Alternatively, sections
were stained with Ki67 to indicate proliferating cells.

Flow cytometry
Colonic samples were extensively washed from fecal matter following by 2mM EDTA dissociation at
37oC for 30 mins. Following extensive shaking, the epithelial fraction was used for analysis of
EpCAM+CD45- cells. Colons were then digested using DNAaseI and Collagenase for lamina propria
analysis. The isolated cells were washed with cold PBS and resuspended in PBS containing 1% BSA for
direct cell surface staining. Single-cell suspensions were stained with antibodies for 30 min on ice
against CD3, B220, CD11b, CD45, and CD127. Stained cells were analyzed on a BD-LSRFortessa
cytometer and were analyzed with FlowJo software.
For viability measurements, isolated intestinal epithelial cells were stained with EpCAM, CD45 and
propidium iodide. Cells were analyzed on a BD-LSRFortessa cytometer. All antibodies were obtained
from Biolegend.

Ussing chamber
Epithelial resistance was measured using an Ussing chamber system (Warner Instruments P2300)
according to the manufacturer’s instructions. In brief, EasyMount chambers were calibrated, colonic
tissue was excised from mice and immediately mounted, and voltage clamp recordings were
performed. Tissues were maintained at 37°C in physiological salt solution throughout the duration of
the recording.

In vitro barrier assessment
Caco-2 cells were purchased from ATCC. Cells were routinely grown in regular tissue culture medium
(DMEM, 10 % FCS, penicillin/streptomycin, GlutaMAX, 1 g/l glucose). For experiments, cells were
seeded onto 96-well glass-bottom plates coated with fibronectin 25 µg/ml 70 000 cells/well and
allowed to grow for 48 hours to form confluent monolayer before treatment with indicated
concentration of glucose for indicated time period. For immunofluorescent staining cells were
permeabilized with 0.5% Triton x100 in 3% paraformaldehyde for 3 minutes and fixed with 3%
paraformaldehyde for additional 30 minutes. Tight junctions labeling was performed with primary
anti-ZO-1 mouse monoclonal antibodies (BD Transduction Laboratories) 1.25 µg/ml and secondary
4

Alexa Fluor 488 goat anti-mouse antibodies (Invitrogen) 10 µg/ml. Cells were imaged using
DeltaVision wide field fluorescent microscope (GE Healthcare) equipped with 40x/1.3 UPlanFLN
objective (Olympus). Cell images were segmented using Morphological Segmentation ImageJ plug-in
and junction tortuosity was calculated as a ratio between junction length and Euclidian distance
between its ends.

Human cohort
27 healthy volunteers were recruited for blood tests. The following variables were measured from
each participant: height, waist circumference, weight, systolic and diastolic blood pressure, heart
rate, and hip circumference. Obtained sera were subjected to PRR reporter detection assays (see
above). Samples were additionally tested for the following parameters:
HbA1c, red blood cells, mean platelet volume, eosinophils ALT/GPT, lymphocytes, hematocrit, MCHC,
hemoglobin, sodium, Red cell distribution width, creatinine, CRP, cholesterol, white blood cells, TSH,
phosphorus, monocytes, MCH, HDL cholesterol, platelets, albumin, potassium, AST/GOT, neutrophils,
MCV, chloride, basophils, and calcium. Pearson’s correlation was used to compute correlations
between different parameters.
The study was approved by the local IRB.

sCD14 measurements
Concentrations of sCD14 in the serum were measured using ELISA according to the manufacturer’s
instructions (DY383, R&D Systems). Briefly, plates were coated over night with capture antibody,
incubated with supernatant or serum, washed and incubated with anti-sCD14-biotin antibody and
HRP-Avidin before quantification.

Statistics
Data are expressed as mean ± SEM. Comparisons between two groups were performed using MannWhitney U-test. ANOVA with Tukey’s post-hoc test was used for comparison between multiple
groups. K-means clustering based on Pearson’s correlation was used to categorize elements in
heatmaps. Survival was assessed by Mantel-Cox (log-rank) test. Linear regression was used to assess
correlations between two data sets. P-values < 0.05 were considered significant. * p<0.05; ** p<0.01;
*** p<0.001; **** p<0.0001.
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Fig S1. Obesity predisposes to intestinal barrier dysfunction. (A) Body weight of 9-week old db/db
mice and controls. (B, C) PRR stimulation by sera (B) and liver extracts (C) from db/db mice. (D) PCA
of colonic gene expression in db/db mice and WT littermates. (E) Heatmap of differentially expressed
genes in the colons of db/db mice and WT littermates. (F) Expression of genes related to tight
junction formation in the colons of db/db mice and WT littermates. (G-N) Representative colonic
luminescence (G, M), quantification of colonic luminescence (H, N), representative luminescence
from peripheral organs (I), and abdominal luminescence (J, K) from C. rodentium-infected db/db (G-I)
and ob/ob mice (J-N). (O) CFUs in mesenteric lymph nodes of C. rodentium in bone marrow chimeras
of db/db and WT mice. Means ± SEM are plotted. n.s. not significant, * p<0.05, ** p<0.01, ***
p<0.001, by ANOVA (O) or Mann-Whitney U-test (all other panels).
6

Fig S2. Analysis of LepR-expressing populations involved in intestinal host defense. Abdominal
luminescence measurements after C. rodentium infection of the indicated conditional LepR-deficient
mice. The three experiments in G-O were gender- and vivarium-, but not age-matched. Means ± SEM
are plotted. n.s. not significant, * p<0.05, **** p<0.0001 by Mann-Whitney U-test.
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Fig S3. Analysis of CNS LepR-expressing populations involved in intestinal host defense. Abdominal
luminescence measurements after C. rodentium infection of the indicated conditional LepR-deficient
mice. n.s. not significant by Mann-Whitney U-test.
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Fig S4. Obesity per se does not explain susceptibility to enteric infection. (A) Body weight
development of mice fed a high-fat diet (HFD). (B) CFUs recovered from mesenteric lymph
nodesfrom HFD-fed mice infected with C. rodentium. (C) Body weight development of mice treated
with leptin antagonist (LeptAnt). (D-F) Representative abdominal luminescence (D), CFUs recovered
from spleens (E) and representative luminescence recordings from internal organs (F) of LeptAnttreated mice infected with C. rodentium. (G-J) Serum glucose levels of the indicated conditional LepRdeficient mice. The three experiments in G-I correspond to fig. S2, G-O. Means ± SEM are plotted. n.s.
not significant, * p<0.05, ** p<0.01 by Mann-Whitney U-test.
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Fig S5. Hyperglycemia predisposes to intestinal barrier dysfunction. Serum glucose levels (A), PRR
stimulation by livers (B) and sera (C), 16S rDNA quantification in spleens (D) and intestinal lumen (E)
from STZ-treated mice and controls. Means ± SEM are plotted. n.s. not significant, * p<0.05 by MannWhitney U-test.

10

Fig S6. Dysbiosis does not predispose to intestinal barrier dysfunction. (A-D) PCoA plots (A, C) and
UniFrac distances (B, D) of microbiota samples from STZ-treated mice and controls, with or without
additional insulin treatment. (E) PRR stimulation by the indicated tissues from germ-free mice
receiving microbiota from either STZ-treated donors or controls. (F-J) Tissue CFUs (F-I) and tissueadherent colonic luminescence (J) from C. rodentium-infected germ-free mice receiving microbiota
from either STZ-treated donors or controls. Means ± SEM are plotted. n.s. not significant, * p<0.05,
*** p<0.001, **** p<0.0001 by ANOVA (D) or Mann-Whitney U-test (all other panels).
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Fig S7. Additional evidence for hyperglycemia-induced barrier dysfunction. (A-C) Serum glucose
levels (A), splenic CFUs (B) and representative luminescence recorded from spleens and livers (C) of
C. rodentium-infected Akita mice. (D) Serum glucose levels of STZ-treated mice, with or without
insulin administration. (E) Representative E-cadherin staining of STZ-treated mice, with or without
insulin administration. Scale bars, 25 µm. Means ± SEM are plotted. * p<0.05, ** p<0.01 by ANOVA
(D) or Mann-Whitney U-test (A).
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Fig S8. The impact of hyperglycemia on intestinal epithelial cell function. RNA-sequencing results
obtained from intestinal epithelial cells from STZ-treated mice and controls are shown in a pathway
schematic of N-glycan biosynthesis.
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Fig S9. Hyperglycemia does not alter epithelial turnover. (A, B) Ki67 staining (A) and quantification
(B) of intestinal tissue obtained from STZ-treated mice and controls. Scale bars, 100 µm. (C, D)
Representative flow cytometry recording (C) and cell viability (D) of intestinal epithelial cells isolated
from STZ-treated mice and controls. Means ± SEM are plotted. n.s. not significant by Mann-Whitney
U-test.
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Fig. S10. The impact pf hyperglycemia on immune cell populations. Relative abundance of the
indicated immune cell populations in the colonic lamina propria (A-E) and spleens (F-J) from STZtreated mice and controls. Means ± SEM are plotted. n.s. not significant, * p<0.05 by Mann-Whitney
U-test.
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Fig. S11. The impact of hyperglycemia on IL-22-dependent immunity. (A) H&E staining of colonic
tissue from STZ-treated mice and controls. Scale bars, 200 µm. (B-E) Gene expression of the indicated
cytokines in colonic tissue from STZ-treated mice and controls. (F) Heatmap of gene expression in
intestinal epithelial cells from STZ-treated mice and controls. (G, H) Representative whole body
luminescence at early states of infection (G) and mortality (H) of C. rodentium-infected STZ-treated
IL-22-deficient mice and controls. Means ± SEM are plotted. n.s. not significant by Mann-Whitney Utest.
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Fig. S12. Comparison of different infection routes in hyperglycemic mice. (A-E) CFU of Salmonella
Typhimurium at the indicated tissues after oral infection. (F-J) CFU of Salmonella Typhimurium at the
indicated tissues after systemic infection. Means ± SEM are plotted. n.s. not significant. * p<0.05, **
p<0.01 by Mann-Whitney U-test.
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Fig S13. The impact of 2-deoxyglucose (2-DG) on epithelial function. (A) Quantification of intestinal
epithelial metabolites involved in glycolysis. (B, C) Similarity quantification of the epithelial
transcriptome (B) and expression of Alg8 in colonic epithelial cells (C) from STZ-treated mice and
controls, with or without additional 2-DG treatment. (D-G) Abdominal luminescence (D) and bacterial
CFUs recovered from the indicated organs (E, F) and from luminal content (G) of STZ-treated C.
rodentium-infected mice, with or without additional 2-DG treatment. (H, I) Representative
luminescence recording (H) and quantification (I) of bacterial CFUs recovered from the livers of C.
rodentium-infected db/db mice, with or without additional 2-DG treatment. Means ± SEM are
plotted. n.s. not significant. * p<0.05, ** p<0.01 by Mann-Whitney U-test (A) or ANOVA (all other
panels).
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Fig S14. GLUT2 mediates hyperglycemia-induced epithelial barrier dysfunction. (A) PCA of epithelial
gene expression in STZ-treated GLUT2ΔIEC mice and controls. (B) Heatmap of differentially expressed
genes in the epithelium of in STZ-treated GLUT2ΔIEC mice and controls. (C, D) ZO-1 (C) and E-cadherin
staining (D) of colonic tissue from STZ-treated GLUT2ΔIEC mice and controls. Scale bars, 25 µm. (E)
Ussing chamber recording of colonc tissue from STZ-treated GLUT2ΔIEC mice and controls. (F) Serum
glucose levels in STZ-treated GLUT2ΔIEC mice and controls. (G-I) Total body luminescence (G) and CFUs
recovered from the liver (H) and mesenteric lymph nodes (H) from C. rodentium-infected STZ-treated
GLUT2ΔIEC mice and controls. Means ± SEM are plotted. * p<0.05, ** p<0.01 by ANOVA.
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Fig S15. Correlation between glycemic control levels and influx of microbial products in humans.
(A, B) Age (A) and BMI (B) distribution in the study cohort. (C-G) Correlations between the indicated
serum parameters (C-E) and fecal 16S molecules (G) with HbA1c (C-E, G) and BMI (F).
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Fig S16. Schematic of model for hyperglycemia-mediated barrier disruption.
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