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Type 1 diabetes mellitus (T1IDM) is associated with increased risks of enteric infection. Paneth cells constitute
the first line of the gut defense. Little is known about the impact of TIDM on the bactericidal function of in-
testinal Paneth cells.

A T1DM mouse model was induced by intraperitoneal injection of streptozocin. The analysis of intestinal mi-
crobiota and the mucosal bactericidal assay were conducted to evaluate intestinal innate defense. Numbers
of Paneth cells and their expression of related antimicrobial peptides were analyzed. Expression of total insu-
lin receptor (IR) mRNA and relative levels of IR-A/IR-B were analyzed. The primary mouse small intestinal crypt
culture was used to analyze the effect of insulin and glucose on the expression of related antimicrobial pep-
tides of Paneth cells.

In TIDM mice, bacterial loads were increased and there was an alteration in the composition of the intesti-
nal microflora. Exogenous bacteria had better survival in the small bowel of the TIDM mice. The expression of
Paneth cell-derived antimicrobial peptides was significantly decreased in the TIDM mice, although the num-
ber of Paneth cells was increased. Relative levels of IR-A/IR-B in Paneth cells of diabetic mice were elevated,
but the total IR mRNA did not change. Insulin treatment restored the expression of antimicrobial peptides and
normalized the microbiota in the gut of TIDM mice. Subsequently, in vitro culture assay demonstrated that in-
sulin rather than glucose was essential for the optimal expression of Paneth cell-derived antimicrobial peptides.
The bactericidal function of intestinal Paneth cells was impaired in STZ-induced diabetic mice, resulting in the
altered intestinal flora, and insulin was essential for the optimal expression of Paneth cell-derived antimicro-
bial peptides.

Diabetes Mellitus, Type 1 ¢ Insulin, Isophane ¢ Microbiota ¢ Paneth Cells

T1DM - type 1 diabetes mellitus; Lyz — lysozyme; Crp — cryptdin; TCF4 — transcription factor 4;

STZ - streptozotocin; NPH insulin — Neutral Protamine Hagedorn insulin; ELISA — enzyme-linked immu-
nosorbent assay; PBS — phosphate-buffered saline; FACS — fluorescence-activated cell sorting;

LPS - lipopolysaccharide; IR — insulin receptor; Mmp7 — matrix metallopeptidase 7
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Background

ANIMAL STUDY

Material and Methods

Type 1 diabetes mellitus (T1IDM) is a clinical syndrome asso-
ciated with deficiency of insulin secretion. A mounting body
of epidemiological and clinical evidence has shown that pa-
tients with TIDM are more susceptible to enteric pathogens,
such as enteric bacteria, enterovirus, and fungi, which may
cause asymptomatic or symptomatic enteric infections [1-3].
Intestinal innate immune mechanisms play an important role
in protection of the host mucosa [4]. The gut innate immune
response in TIDM has not been explored mechanistically, al-
though the intestinal epithelium is directly and continually ex-
posed to a diverse array of luminal microbes.

Paneth cells produce and secret antimicrobial peptides, includ-
ing lysozyme (Lyz) and cryptdins (Crps). They help to shape the
composition of the endogenous flora in the gut, limit the num-
bers of microbes colonizing the crypts and lumen, and protect
stem cells in the niche against pathogens [5,6]. Researches in-
dicated that impaired Paneth cell function might be responsi-
ble for the increased susceptibility to enteric infection [7-9].
On the other hand, increased expression of Crps, a potent an-
timicrobial peptide, in Paneth cells protected mice from orally
administered challenges with an enteric pathogen [10]. Paneth
cells clearly play a crucial role in the gut defense.

Insulin plays an important role in intestinal epithelial self-re-
newal and differentiation by coordination of Wnt signaling
activities [11-14]. Wnt signaling, which can be transduced
through B-catenin/transcription factor 4 (TCF4), helps maintain
a stem cell/progenitor phenotype, and also induces position-
ing, differentiation, and maturation of Paneth cells in intesti-
nal crypts [15-18]. Insulin signaling is capable of stimulating
the expression of Wnt pathway component TCF4 in intestinal
epithelial cells [13]. Thus, insulin may participate in the dif-
ferentiation and maturation of Paneth cells. However, it has
been unclear whether insulin deficiency can lead to alteration
of Paneth cells in people with TIDM.

We hypothesized that decreased level of insulin downregulate
production of antimicrobial peptides of Paneth cells, leading
to susceptibility to enteric infection in people with TIDM. To
examine this possibility, we investigated the bactericidal func-
tion of Paneth cells in control mice and in insulin-treated and
untreated streptozotocin (STZ)-induced diabetic mice. Primary
small intestinal crypt culture was used to analyze the effect of
insulin and glucose on the expression of related antimicrobial
peptides of Paneth cells.

Animals and STZ-induced diabetic mouse model

C57BL/6J mice (8 weeks old) from the Laboratory Animal Center
of Sun Yat-Sen University (Guangzhou, China) were used. All an-
imal experiments were approved by the Animal Care Committee
of Sun Yat-Sen University (permit number: 201412000091).
A diabetic mouse model was induced by daily intraperitone-
al injection of STZ (Sigma, USA; 70 mg/kg) for 5 days [19,20].
The control mice were injected intraperitoneally with vehicle.
Mice with random blood glucose levels in excess of 16.7 mM
were considered to be diabetic mice. Diabetic mice were di-
vided randomly into 2 groups: the UDM group (untreated di-
abetic mice) served as the diabetic control and only received
vehicle, whereas the IDM group (insulin-treated diabetic mice)
was treated with 0.08 IU neutral protamine Hagedorn insu-
lin (NPH insulin, Novo Nordisk A/S, Denmark) subcutaneously
twice daily for 12 weeks [21,22]. The mice were sacrificed un-
der ether anesthesia at the end of the experiment.

Enzyme-link immunosorbent assays (ELISAs)

At week 14, blood was collected by cardiac puncture and was
centrifuged at 2000x gravity at 4°C for 15 min. Plasma insu-
lin levels were determined by ELISA kit (Merk Millipore, USA)
per manufacturer instructions.

Isolation of microbial genomic DNA and real-time PCR for
microbiota analysis

Intraluminal contents in the distal intestine were collected.
Microbial genomic DNA was isolated using the QlAamp DNA
Stool Mini Kit (Qiagen, Germany). The relative abundance of
total bacteria and specific intestinal microbiota was measured
by real-time PCR using taxon-specific 16s rDNA primers on a
CFX Connect™ real-time PCR detection system (Bio-Rad, USA)
as previously described [23,24]. Real-time PCR was conducted
in a volume of 25 pl containing 10 ng of luminal DNA and 300
nmol/l of each 16S rRNA gene-targeted primer. The primers
are shown in Table 1. Results of total bacterial quantity were
corrected for weight of intraluminal contents. The abundance
of Firmicute and Bacteroidetes in the luminal contents is pre-
sented relative to the total bacterial abundance.

Intestinal bactericidal activity in vivo

The protocol was previously described by Wilson et al. [7]. Mice
were orally infected at week 14. Escherichia coli K12 ER2738
(E. coli K12, New England Biolabs, USA), a tetracycline-resis-
tant bacterial strain, was incubated in 150 ml of LB broth con-
taining tetracycline (20 mg/l; Sigma-Aldrich, USA) for 48 h
at 37°C. Bacteria were pelleted and suspended in 1.5 ml of
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Table 1. The primer sequences for PCR.

Gene Forward or reverse

Forward

Crps
Reverse
Forward

Mmp7
Reverse
Forward

Lyzl
Reverse
Forward

IR
Reverse
Forward

18S rRNA
Reverse
Forward

Bact 0
Reverse
Forward

Fi) e e e T e
Reverse
Forward

WIS AT e
Reverse
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Primer sequence

5’-GGT GAT CAT CAG ACC CCA GCA TCA GT-3’

5’-CTC ACR RCA CGA GCT GAC-3’

Crps — mouse general cryptdins; Mmp7 — mouse matrix metallopeptidase 7; Lyzl — mouse lysozyme 1; IR — mouse total insulin
receptor; 18S rRNA — mouse 18S ribosomal RNA; Bact — Bacteroidetes; Firm — Firmicutes; Univ — Universal.

phosphate-buffered saline (PBS). Mice were given 0.1 ml of
0.1 M sodium bicarbonate, immediately followed by a 0.1 ml
bolus of bacteria (1-2x10%° CFUs) in PBS. After 3 h, the intes-
tine was harvested and cut into 2 segments of equal length.
Each segment was homogenized in 3 ml of PBS and serially di-
luted for plating on LB media containing tetracycline (20 mg/l)
for determination of CFUs per milliliter.

Immunohistochemical analysis

Epitopes were retrieved using boiled 0.01 M citrate buffer (pH
6.0). All sections were incubated with anti-mouse Lyz antibody
(1: 2,500; Abcam, USA) diluted with PBS at 4°C overnight, and
then incubated with EnVision+/HRP/Rb (DAKO, Denmark) for
30 min. The sections were incubated in 3, 3’- diaminobenzidine
tetrahydrochloride (Maxin, China) for 5 min and then counter-
stained with hematoxylin for 30 s.

Isolation of primary intestinal epithelial cells

Isolation of small intestinal crypts or villi was performed as
previously described [25]. Briefly, the intestinal segment was
everted and incubated in the dissociation reagent (30 mM
EDTA, 1.5 mM DTT in PBS) at 37°C for 20 min. Crypts or villi
were isolated by several rapid bursts of vibration. Crypts were
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discriminated from villi with specific appearance of Paneth
cell granules.

Fluorescence-activated cell sorting (FACS)

Isolated intestinal crypts were re-suspended in Hank’s balanced
salt solution/0.3 U/ml dispase at 37°C. DNase | (50 pg/ml)
was added, and the cells were sequentially passed through
70-pm and 40-pm filters. Cells were incubated with CD24-PE
antibody (BD Pharmingen, USA) at 0.25 ug per 1x10° cells in
100 pl PBS/1% BSA for 15 min at room temperature, washed
with PBS/1% BSA, and analyzed in a FACSJazz machine (BD
Bioscience, USA). Doublets were excluded using a bivariate
plot of pulse width vs. forward scatter. Hematopoietic cells
were excluded using side-scatter/forward-scatter gating that
had previously been optimized to exclude all CD45* cells from
epithelial preparations [26]. The CD24"e"SSC* cell population
was sorted using the FACSJazz machine as described in previ-
ous studies [27]. All data analysis was performed using FlowJo
V10 software (Treestar Inc., USA).

RNA isolation and quantitative real-time RT-PCR

Total RNA from samples was extracted by using TRIzol®
Reagent (Life Technologies Corporation, USA). RNA was reverse
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transcribed with PrimeScript™ RT Master Mix (TaKaRa Bio,
Japan). Real-time PCR was performed using SYBR® Premix Ex
Taq™ (TaKaRa Bio, Japan) on a CFX Connect™ real-time PCR
detection system (Bio-Rad, USA). The primers (forward and re-
verse) are shown in Table 1. The primers used to amplify to-
tal Crp genes were designed by Gulati et al. [28]. Data were
analyzed using the AACt method with 18S ribosomal RNA as
the constitutive marker.

Western blotting analysis

Isolated crypt samples were incubated in RIPA buffer (Thermo
Scientific, USA). The protein sample was separated by 12% SDS-
PAGE and transferred to PVDF membranes. The membranes
were probed with the following primary antibodies overnight
at 4°C: rabbit anti-mouse Lyz antibody (1:25,000; Abcam, UK),
and rabbit anti-mouse B-actin antibody (1:2000; Cell Signaling
Technology, USA). Then, incubation with antibody against rab-
bit (1:5000; Cell Signaling Technology, USA) was conducted for
1 h at room temperature. The integrated intensity for the pro-
tein bands was determined by scanning densitometry and an-
alyzed with Glyko BandScan 5.0. The data were analyzed us-
ing relative intensity with B-actin as the constitutive marker.

Stimulation of Paneth cell secretion and bactericidal
activity assay

Preparations of 2000 intact individual crypts or 500 sheets of
villus enterocytes were incubated at 37°C for 30 min in 2 ml
of iPIPES buffer, consisting of 10 mM PIPES (pH 7.4; Sigma-
Aldrich, USA) and 137 mM Nacl, with the Toll-like receptor 4
agonist lipopolysaccharide (LPS; purified from Escherichia coli
0111: B4, 10 pug/ml; Sigma-Aldrich, USA). After incubation, the
supernatant was collected for bactericidal assay. In triplicate,
5x10° CFUs E. coli K12 were incubated for 1 h at 37°C in 50 pl
iPIPES with 10 pl of samples or 60 pl iPIPES alone as a control
in individual experiments. Surviving CFUs were quantified by
growth on LB media containing tetracycline (20 mg/|; Sigma-
Aldrich, USA) at 37°C overnight. CFUs were normalized to con-
trol plates and results are expressed as bactericidal activity as
measured by the reduction in percent CFUs.

RT-PCR for insulin receptor (IR) isoforms

The experiment was conducted according to the method of
Ulanet et al. [29]. RT-PCR was performed using a PrimeScript™
1st Strand cDNA Synthesis kit (TaKaRa, Japan) and TaKaRa Ex
Taq HS (TaKaRa, Japan) in PCR buffer and 0.5 pM dNTPs. The
primer sequences of IR isoforms were: upstream: 5’-AAT CAG
AGT GAG TAT GAC GAC-3’; downstream: 5’-GAC TTG TGG GCA
CAA TGG TA-3'. The integrated intensity for the bands was an-
alyzed with Glyko BandScan 5.0.

ANIMAL STUDY

Culture of primary small intestinal crypts

Culture experiments were carried out using methods pre-
viously described [30]. Isolated crypts from the small intes-
tines of 8-week-old C57BL/6 mice were plated at the density
of 300 crypts per 50 pl and cultured in growth factor-reduced
Matrigel™ (BD Biosciences, USA) with a standard growth factor
cocktail (EGF: 50 ng/ml, R&D Systems, USA; Noggin: 100 ng/ml,
PeproTech, USA; R-Spondin 1:1 pg/ml, R&D Systems, USA).
On the fifth day of culture, crypt organoids were administrat-
ed with glucose, mannitol, and/or insulin at different concen-
trations for 8 h.

Statistical analysis

Results are expressed as mean #* standard error. Comparisons
between different treatment groups were performed by ANOVA
followed by the Bonferroni post hoc test. When data were not
normally distributed, the Kruskal-Wallis test was utilized to
compare means, followed by Dunn’s multiple comparison test-
ing. Statistical analyses were carried out using the GraphPad
Prism 4 software package (GraphPad Software Inc., USA).
Differences were considered significant at P<0.05.

Results

Blood glucose and plasma insulin levels of the control,
IDM, and UDM group

After 5 days of STZ injection, the blood glucose of diabetic
mice was significantly higher than that in the control mice at
week 2 (n=20, P<0.05; Figure 1A). The blood glucose in the
IDM group decreased to the level of the control group at week
4. The blood glucose of the UDM group remained significant-
ly higher than that in the control and IDM group for 12 weeks
(n=20, P<0.05; Figure 1A). The UDM group showed significant-
ly lower body weight than the control and IDM groups by 6
weeks (n=20, P<0.05; Figure 1B). At week 14, the UDM group
exhibited decreased plasma insulin compared with the con-
trol and IDM groups (n=20, P<0.05; Figure 1C).

Intestinal bacterial load and microbial communities in
diabetic mice

The total bacterial number per gram of luminal content in the
UDM group was significantly higher than that in the control
and the IDM group (n=8, P<0.05; Figure 2A). Compared to the
control group, the abundance of Bacteroidetes was significant-
ly higher and Firmicute dominance was less in the UDM group
(n=8, P<0.05; Figure 2B, 2C). The control group and the IDM
group had similar proportions of Bacteroidetes and Firmicutes.
These data indicate that there was gut microflora dysbiosis in
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Figure 1. Blood glucose and plasma insulin levels of the control, IDM, and UDM groups. (A) Blood glucose of control, IDM, and UDM
groups over 14 weeks. (B) Body weight of control, IDM, and UDM over 14 weeks. (C) Circulating plasma insulin level of
control, IDM, and UDM groups at week 14. (n=20, * P<0.05 compared with control and IDM group; # P<0.05 compared with

UDM and IDM group).
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Figure 2. Intestinal bacterial load and relative abundance of Firmicutes and Bacteroidetes in the small intestine of control, IDM, and
UDM mice. (A) Relative abundance of total bacteria per gram of luminal content in small intestines of the control, IDM, and
UDM groups. (B, €) The relative abundance of Firmicutes (B) and Bacteroidetes (C) in small intestines of the control, IDM, and
UDM groups (n=8, * P<0.05 compared with control and IDM groups).

the small intestine of the UDM group, and the insulin treat-
ment normalized the gut microflora.

Intestinal bactericidal activity decreased in diabetic mice

The indicator strain of bacteria, E. coli K12, is a tetracycline-re-
sistant bacterial strain. Compared to the control group, the ex-
ogenous bacteria recovered from the proximal and distal intes-
tine of the UDM group were significantly increased (UDM group:
1.01+0.11x10° CFU/ml vs. control group: 4.12+0.61x10° CFU/ml
in the proximal, n=10, P<0.05; UDM group: 3.574+0.99x10’
CFU/ml vs. control group: 7.8+1.0x10% CFU/ml in the distal,
n=10, P<0.05; Figure 3), but that of the IDM group was com-
parable to the control group (n=10, P>0.05; Figure 3). These
findings suggest a defective innate defense in the intestines
of diabetic mice.

Abnormal expression of anti-bacterial gene and protein in
Paneth cells of diabetic mice

Paneth cells (Lyz* cells) were indicated by immunohistochem-
ical staining in the crypts of control, IDM, and UDM groups at
week 14 (Figure 4A). The quantification of Lyz* cells per crypt
in the distant small intestine revealed a slight increase in the
UDM group compared to the control and IDM groups (n=10,
P<0.05; Figure 2B). As shown in Figure 4C, the percentage
of Paneth cells (CD24"&"SSC* cell) detected by flow cytome-
try in intestinal epithelial cells of the UDM group was signif-
icantly higher than that of the control group (1.12+0.12% vs.
0.74+0.06%; n=6, P<0.05; Figure 4C). The IDM group and the
control group had the similar percentages of Paneth cells (n=6,
P>0.05; Figure 4C).
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Figure 3. Intestinal bactericidal activity decreased in diabetic mice. (A) Representative plates of E. coli K12 recovered from the proximal
and distal small intestines grown on LB media containing tetracycline (20 mg/l) are shown in this panel. (B, C) Compared to
the control group, the exogenous bacteria recovered from the proximal (B) and distal (C) intestine of the UDM group were
significantly increased (n=10, * P<0.05 compared with control and IDM group).

The mRNA expression of general Crps, matrix metallopeptidase
7 (Mmp7), and lysozyme 1 (Lyz1) in both the proximal and
distant small intestines was lower in the UDM group (n=10,
P<0.05; Figure 4D). Accordingly, the Lyz protein expression in
the proximal and distant small intestines of the UDM group
was significantly decreased compared with the control and
IDM group (n=10, P<0.05; Figure 4E).

Decreased bactericidal activity of Paneth cells in small
intestines of diabetic mice

To further explore the bactericidal function of Paneth cells in
response to bacteria, the small intestinal crypts with specific
appearance of Paneth cell granules and sheets of villi were iso-
lated from the proximal and distal small intestines (Figure 5A).
In this study, 10 ng/ml LPS was used to stimulate Paneth cells
secretion, which was then assessed by the bactericidal assay
using E. coli [8,31]. The primary Paneth cell secretion exhibit-
ed significantly reduced bactericidal activity after simulation
with LPS ex vivo in the UDM group (21.7+1.9% in the proxi-
mal, 35.2+3% in the distal) than in the control group and the

IDM group (n=10, P<0.05; Figure 5B). The IDM group failed to
reach significance over the control group.

Increased mRNA expression of IR-A/IR-B ratio in Paneth
cells of diabetic mice

As shown in Figure 6A, there were no significant changes in to-
tal IR levels of Paneth cells (CD24"&"SSC* cell) in the 3 groups.
Quantitative densitometry confirmed a significant increase in
the IR-A/IR-B ratio in Paneth cells of the UDM group compared
to the control group (n=6, P<0.05; Figure 6B). The control group
and the IDM group had similar relative levels of IR-A/IR-B.

Effects of glucose, insulin, and mannitol treatment on anti-
bacterial gene mRNA expression in crypt organoids

The primary mouse small intestinal crypts were isolated and cul-
tured using a Matrigel-based culture system in vitro (Figure 7A).
Without insulin treatment, higher glucose concentrations
(11 mM and 22 mM) did not increase the mRNA expression of
anti-bacterial genes (Crps, Mmp7, and Lyz1; Figure 7B). Insulin

Figure 4. Abnormal expressions of anti-bacterial gene and protein in Paneth cells of diabetic mice. (A) Paneth cells (arrowheads) were
indicated by immunohistochemical staining for Lyz in the crypts of control, IDM, and UDM groups at week 14 (Bar indicates
25 um). (B) The numbers of Paneth cells (Lyz* cell) per crypt in the proximal (upper) and distal (down) small intestines among
the 3 groups (n=10). (C) Flow cytometry was used to quantify Paneth cells (CD24"8"SSC* cells) from the intestinal epithelium
of individual groups (n=6). (D) mRNA expression of Crps, Mmp7, and Lyz1 in the proximal (upper) and distant (down) small
intestines of control, IDM, and UDM groups (n=10). (E): Protein levels of Lyz indicated by Western blots in the proximal and

distant small intestines of control, IDM, and UDM groups (n=10). (* P<0.05 compared with control and IDM group).
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(B) The relative mRNA expression
of IR-A/IR-B using primers spanning
exon 11 of IR mRNA and quantitative
analysis of IR-A/IR-B ratio of mRNA
expression (n=6). (* P<0.05 compared
with control and IDM groups).
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treatment (100 nM) significantly increased the levels of anti-
bacterial gene mRNA expression at 5.5 mM, 11 mM, and 22
mM glucose, whereas the mRNA expression of these genes in
the 5.5-mM glucose condition was significantly higher than
in the other 2 glucose conditions (n=6, P<0.05; Figure 7B).

To verify whether the osmotic property of glucose had an im-
pact on the expression of anti-bacterial genes, mannitol was
used instead of glucose. Mannitol did not lead to the upregula-
tion of the expression of anti-bacterial genes (n=6; Figure 7C).
In the 5.5-mM glucose condition, the mRNA expression of Crps,
Mmp?7, and Lyz1 in higher insulin concentrations (100 nM and
200 nM) was more significantly increased than that in the
lower insulin concentration (10 nM; n=6, P<0.05; Figure 7D).
However, 200 nM insulin did not further increase the expres-
sions of these genes.
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Discussion

T1DM has been associated with increased susceptibility to small
bowel infection. The pathogenic mechanism is not clear. The
establishment and preservation of beneficial interactions be-
tween the host and its associated intestinal microbiota have
been increasingly acknowledged as key requirements for health.
The disturbances in intestinal homeostasis have been linked
to infectious diseases [32]. In the present study, the intestinal
microflora and Paneth cells in TIDM mice were investigated.

Intestinal dysbiosis has been reported in many animal and hu-
man studies of TIDM. In previous studies, alterations in micro-
flora have been hypothesized to contribute to the pathogene-
sis of TIDM [33,34]. However, we found that the progression
of TIDM also had an impact on enteric bacteria. We used a
STZ-induced diabetic mice model in which STZ damages pan-
creatic B cells, resulting in hypoinsulinemia and hyperglycemia
(Figure 1) [35]. In this model, the intestinal bacterial load was
increased in the UDM group (Figure 2A). In accordance with our
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Figure 7. Effect of glucose, insulin, and mannitol treatment on anti-bacterial gene mRNA expression in crypt organoids. (A) Primary
crypt organoids were cultured in a Matrigel-based culture system. Differential interference contrast image reveals granule-
containing Paneth cells at crypt bottoms (arrowheads) (Bar indicates 100 pm). (B) The mRNA expression of Crps, Mmp7,
and Lyz1 in crypt organoids cultured in different glucose concentrations (5.5 mM, 11 mM, and 22 mM) and without/with
100 nM insulin (insulin —/+) treatment (n=6, * P<0.05 compared with the condition in which crypt organoids were cultured
in 5.5 mM glucose and without insulin, # P<0.05 compared with 5.5 mM glucose at the condition of insulin administration).
(€) The mRNA expression of Crps, Mmp7, and Lyz1 in crypt organoids cultured in 5.5 mM glucose and different mannitol
concentrations (0 mM, 5.5 mM, and 16.5 mM). (D) The mRNA expressions of Crps, Mmp7, and Lyz1 in 5.5 mM glucose and
different insulin concentrations (0 nM, 10 nM, 100 nM, and 200 nM; n=6, * P<0.05 compared with 0 nM insulin condition;

# P<0.05 compared with 10 nM insulin condition).

findings, Roza et al. showed that there was an overgrowth of
mucosa-associated bacteria in the untreated diabetic gut [36].
In addition, the UDM group showed that relative abundances
of Firmicutes were decreased and Bacteroidetes were increased
(Figure 2B). These results revealed qualitative and quantitative
changes in the microflora in the small intestine of the UDM
group. In our study, the main microbiota composition was ana-
lyzed at the phylum level. It would be interesting to investigate
the dysbiosis of diabetic mice at a lower level in the future. The
intestinal dysbiosis represented imbalances between the host
and microbiota. In addition, exogenous E. coli survived much
more easily in the small bowel of untreated diabetic mice. At
3 h after inoculation of bacteria, the intestinal innate immune
system played the major role in defending against exogenous
bacteria. Therefore, we suggest that in the UDM group, the in-
testinal bactericidal activity decreased, which suggests inade-
quacy in the intestinal innate immune system and more risks
of small bowel infection, resulting in the dysbiosis.

What factor changed the intestinal innate immune system of
the UDM group? It is well known that Paneth cells play a key

role in intestinal innate mucosal immunity [5]. Here, we report-
ed the dysfunction of Paneth cells in the long-term T1IDM mice
for up to 14 weeks. In our study, the expression of Paneth cell-
derived antimicrobial genes (Crps, Mmp7, and Lyz) was signif-
icantly reduced in the UDM group compared with the control
group, and the secretion of Paneth cells stimulated by LPS de-
creased in the UDM group (Figure 4). To recapitulate, our re-
sults show that the dysbiosis observed in the UDM group co-
incided with the dysfunction of Paneth cells in diabetic mice.

Intestinal microbiota and Paneth cells are closely associated,
both mutually affecting each other. In normal conditions, abnor-
mal overgrowth of lumen bacteria can promote the production
and export of Paneth cell-derived anti-microbial peptides [31].
Conversely, in the UDM group, this interplay has been shown
to operate in the other direction. Therefore, we believe that
the dysfunction of Paneth cells occurred prior to the altera-
tion of the intestinal microbiota, and the latter was an adap-
tive response to changes in Paneth cells secretion present in
the lumen. However, future studies may improve knowledge
of the effect of Paneth cells on the dysbiosis of diabetic mice.
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Salzman et al. demonstrated that a deficiency in cryptdin re-
sulted in changes in microbiota composition, but not in total
bacterial numbers [6]. However, in our study, both the bacteri-
al load and the major bacterial microbiome constituents were
changed in the luminal content of the UDM group. Decreased
expression of both Crps and Lyz in Paneth cells might re-
sult in the defective intestinal innate immunity system of the
UDM group, further supported by reduced bactericidal activ-
ity of Paneth cell ex vivo, leading to qualitative and quantita-
tive changes in the intestinal flora. It appears that there was
a synergistic effect between Crps and Lyz in establishing and
maintaining the intestinal microbiota.

Several studies have reported that the number of Paneth cells
increased in diabetic intestines [37,38]. This was further con-
firmed by the analysis of immunohistochemistry and flow cy-
tometry in our study. Interestingly, the expression of Paneth
cell-derived antimicrobial peptides exhibited the inverse trend
(Figure 4). This paradoxical phenomenon illustrates the inade-
quate maturation of Paneth cells in the UDM group while pro-
liferation increased. Our previous work showed that the Notch/
Hes1 signal pathway was depressed in diabetic mice [39]. The
inactivity of the Notch/Hes1 signal pathway can induce differ-
entiation of intestinal stem cells into secretory lineages, in-
cluding Paneth cells [40]. Therefore, the increased number of
Paneth cells may be the consequence of the depressed Notch/
Hes1 signal pathway. Once specified, Paneth cells undergo the
MMP-7/Crps maturation program activated by the Wnt sig-
naling pathway, but expression of Lyz is independent of the
Wnt signaling pathway [17]. The reduced expression of Crps,
Mmp7, and Lyz in diabetic mice indicates that the Wnt signal-
ing pathway may not be the only mechanism involved in the
maturity of Paneth cells. This remains to be further explored.

Andres et al. showed that IR-A and IR-B isoforms are expressed in
a gradient from proliferative stem and progenitor cells to differ-
entiated lineages along the crypt-villus axis [41]. IR-A enhances
cell proliferation, and IR-B mediates differentiation and metab-
olism [29,42]. In our study, we found that relative levels of IR-A/
IR-B in Paneth cells of the UDM group were elevated, but the
total IR mRNA expression was not changed (Figure 6). This may
reflect the immature status of Paneth cells in the UDM group,
which is consistent with the impaired bactericidal function of
Paneth cells (Figures 4 and 5), but it is unclear whether the IR sig-
nal pathway mediates differentiation or maturity of Paneth cells.

In our work, insulin treatment normalized blood glucose and
body weight in diabetic mice (Figure 1). The number of Paneth
cells, the levels of the mRNA and protein of Paneth cell-de-
rived antimicrobial peptides, the bactericidal activity of Paneth
cell secretions, and the relative expression of IR-A/IR-B in the
diabetic gut were restored by injection of exogenous insulin
(Figures 4-6). We postulated that deficiency of endogenous
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insulin might impair the bactericidal function of Paneth cells
during diabetes, resulting in attenuation of the innate immuni-
ty of the small intestine and leading to altered intestinal flora.

The primary mouse small intestinal crypt culture in vitro was
conducted to test whether insulin had an influence on the ex-
pression of Paneth cell-derived antibacterial protein (Figure 7A).
In the absence of insulin with different glucose concentrations,
Paneth cell-derived antimicrobial peptides were expressed at
relatively low and stable levels, but insulin supplementation
(100 nM) significantly enhanced their expression. This suggests
that insulin rather than glucose is needed for the optimal ex-
pression of antimicrobial peptides in Paneth cells. These re-
sults were in agreement with the in vivo finding that insulin
treatment normalized the expression of anti-bacterial genes
in diabetic mice. At higher glucose concentrations (11 mM
and 22 mM) in the presence of 100 nM insulin, lower expres-
sion of these genes was achieved compared with lower glu-
cose concentration (5.5 mM; Figure 7). These findings indicate
that higher glucose concentrations may lead to some degree
of insulin resistance. Furthermore, mannitol instead of glu-
cose had no impact on the expression of these genes, which
demonstrates that the expression of anti-bacterial genes at
elevated glucose concentrations with insulin treatment is not
affected by the osmotic property of glucose.

The average blood glucose level was 5.5 mM, which is controlled
by insulin in vivo. At 5.5 mM glucose condition, higher insulin
concentrations further increased the expression of Paneth cell-
derived antimicrobial peptides in the Matrigel-based culture
system. In our experiment, the highest levels of the expression
of these genes were achieved with 100 nM insulin (Figure 7).
Conclusively, these data emphasize the importance of insu-
lin for anti-bacterial gene expression in the small intestine.

Our findings suggest that insulin is essential to the optimal ex-
pression of antimicrobial peptides in Paneth cells. In other sys-
tems, insulin is known to activate B-catenin/TCF, downstream
mediators of the Wnt signal pathway [12,43]. In addition, it has
been shown that the influence of insulin on different intesti-
nal epithelial cell types varies depending on relative IR-A/IR-B
expression levels [41]. Consequently, it is possible that with
deficiency of insulin and increased relative levels of IR-A/IR-B,
Paneth cells in diabetic mice could not reach full maturity, re-
sulting in low expression of antimicrobial peptides.

Conclusions

Our study shows the bactericidal function of intestinal Paneth
cells was impaired in STZ-induced diabetic mice, resulting in
altered intestinal flora. We also provide evidence that the defi-
ciency of insulin results in the immaturity of Paneth cells. Our
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primary mouse intestinal crypt culture further demonstrated
that insulin was essential for the optimal expression of Paneth
cell-derived antimicrobial peptides.
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