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ARTICLE INFO ABSTRACT

Introduction: Environmental factors have a key role in the control of gut microbiota and obesity. TLR2 knockout
(TLR2~/7) mice in some housing conditions are protected from diet-induced insulin resistance. However, in our
housing conditions these animals are not protected from diet-induced insulin-resistance.
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LPS . . Aim: The aim of the present study was to investigate the influence of our animal housing conditions on the gut
g:g;uc protection microbiota, glucose tolerance and insulin sensitivity in TLR2™/~ mice.

Material and methods: The microbiota was investigated by metagenomics, associated with hyperinsulinemic
euglycemic clamp and GTT associated with insulin signaling through immunoblotting.

Results: The results showed that TLR2™/~ mice in our housing conditions presented a phenotype of metabolic
syndrome characterized by insulin resistance, glucose intolerance and increase in body weight. This phenotype
was associated with differences in microbiota in TLR2 ™/~ mice that showed a decrease in the Proteobacteria and
Bacteroidetes phyla and an increase in the Firmicutesphylum, associated with and in increase in the Oscillospira
and Ruminococcus genera. Furthermore there is also an increase in circulating LPS and subclinical inflammation
in TLR2™/~. The molecular mechanism that account for insulin resistance was an activation of TLR4, associated
with ER stress and JNK activation. The phenotype and metabolic behavior was reversed by antibiotic treatment
and reproduced in WT mice by microbiota transplantation.

Conclusions: Our data show, for the first time, that the intestinal microbiota can induce insulin resistance and
obesity in an animal model that is genetically protected from these processes.

1. Introduction

Although obesity and type 2 diabetes mellitus (T2DM) have genetic
components, it is becoming clear that the environment also has a strong
influence on the development of these metabolic disturbances, with the
appearance of insulin resistance preceding the onset of these diseases
[1-7]. In the past ten years, data from different sources have suggested
that the gut microbiota plays a key causal role in obesity and insulin
resistance [8-15]. Interestingly, the intestinal microbiota has been
shown to be modulated by environmental factors, as well as host ge-
netics [16,17], but recent evidence indicate that environment

dominates over host genetics in shaping gut microbiota [18].
Previous data, from animal models and human studies, showed that
the relative abundance of Firmicutes is higher in obese individuals,
when compared to lean controls [19,20]. Furthermore, the gut micro-
biota can induce host insulin resistance through a variety of mechan-
isms, including: a) induction of systemic inflammation through Lipo-
polysaccharide (LPS) [21]; b) reduction of short chain fatty acids
[22,23]; ¢) modulation of secondary biliary acids [24,25] and d) ele-
vations in branched chain amino acids as well as other less well in-
vestigated mechanisms. While it is possible that these modulations are
interdependent, the immune system is certainly involved in the
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coordination of these mechanisms.

The innate immune system is an important regulator of the gut
microbiota with pattern-recognition molecules, mainly Toll-like re-
ceptors (TLRs), having a central role in the process [26-28]. The
seminal work of Vijay-Kumar et al. demonstrated that TLR5 deficient
mice present hyperphagia and components of metabolic syndrome,
including increased adiposity, hypertension and insulin resistance [29].
Interestingly, this study showed that this phenotype is secondary to
alterations in the intestinal microbiota.

On the other hand, genetic and pharmacological TLR4 inactivation
protects animals from high-fat diet-induced insulin resistance [30-35].
However, it appears as though the protective effect against diet-induced
insulin resistance is independent of gut microbiota, since these mice are
protected from this metabolic phenotype under different environmental
and geographical conditions [26,27]. Similar to TLR4 KO mice, the
genetic ablation of TLR2 also protects mice from insulin resistance in-
duced by a high-fat diet [36-40]. However, in our housing conditions
TLR2 KO mice (TLR2 /™) gain more weight and are not protected from
insulin resistance.

Since the environment has great influence on gut microbiota, which
then modulates insulin action, it is expected a geographical variation in
insulin sensitivity secondary to changes in the microbiota. In this re-
gard, the aim of the present study was to investigate the influence that
our animal housing conditions have on the gut microbiota, glucose
tolerance and insulin sensitivity in TLR2™/".

2. Material and methods
2.1. Materials

Routine reagents were purchased from Sigma Chemical (St. Louis,
MO, USA). The regular insulin was purchased from Eli Lilly
(Indianapolis, Indiana, USA). Immunoblotting reagents were from Bio-
Rad. Protein A- Sepharose 6 MB, nitrocellulose and chemiluminescence
kits were from Amersham Biosciences (Little Chalfont, UK). Sense and
antisense oligonucleotides specific for TLR4 (sense, 59-C TGA AAA AGC
ATT CCC ACC T-39 and antisense, 59-A GGT GGG AAT GCT TTT TCA
G-39) were synthesized by Invitrogen Corp. (Carlsbad, CA). The anti-
bodies used in this study were obtained from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA), Abcam (Cambridge, MA), or Cell Signaling
Technology (Beverly, Massachusetts, USA), as depicted in figure le-
gends of immunoblots.

2.2. Animals

Four week old male TLR2™/~ and wild-type (WT) C57BL6/J mice
were obtained (six to eight mice per group) from the University of
Campinas Central Breeding Center and housed in a temperature con-
trolled room (22 °C) under a 12/12h light/dark cycle. This study was
approved by the animal ethics committee and adhered to all of the
university guideline recommendations pertaining to the use of animals
in experimental studies. TLR2™/~ and WT mice received water and
food ad libitum throughout the experimental protocol.

2.3. Measurement of food intake

The mice were placed in individual metabolic cages (Tecniplast,
Italy), and food intake was determined by measuring the difference
between the amount of food provided and the amount of food re-
maining, during a 24-hour period, and averages were calculated over
five days.

2.4. Hormones, cytokines and LPS serum determination

ELISA Kkits were utilized for the determination of serum insulin,
leptin, adiponectina (Millipore, St Charles, MO, USA), TNF-a and IL-6
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(ThermoFisher Scientific, Rockford, IL, USA) levels. While circulating
LPS levels were measured using the commercially available Limulus
Amebocyte Assay (Cambrex, Walkersville, MD, USA), according to the
protocol of the manufacturer.

2.5. Glucose tolerance test

The glucose tolerance tests were performed on mice that were fasted
for 6 h. To assess fasting glucose and insulin levels an unchallenged
blood sample was taken, and then the animals were challenged with an
injection of 20% glucose into the peritoneum. The glucose and insulin
levels were assessed in tail blood samples, at 30, 60, 90 and 120 min
after the challenge, as previously described [41,42].

2.6. Hyperinsulinemic—euglycemic clamp studies

Following a 6 h fasting period, mice were anesthetized and infused
with insulin and glucose, through catheters inserted in the jugular vein.
Another catheter was inserted into the femoral artery and used for
collecting blood samples. A 120-minute hyperinsulinemic—euglycemic
clamp was performed with a prime continuous infusion of regular in-
sulin (3 mU/kg/min). Blood glucose was measured at 5-minute inter-
vals, and glucose (10%) was infused at variable rates to maintain eu-
glycaemia [43].

2.7. Tissue extraction, immunoprecipitation and protein analysis by
immunoblotting

Mice, fasted overnight, were anesthetized with an intraperitoneal
injection of sodium thiopental and the anesthetic depth and in-
sensibility were assessed by the loss of pedal and corneal reflexes.
Insulin (10 U) or saline solution was injected intraperitoneally. Then
the liver and muscle were removed, coarsely minced and homogenized
in lysis buffer at 4 °C. Lysates were processed as previously described
[44]. Experiments utilizing immunopreciptation or immunoblotting
were performed according to previously published work [45-47].

2.8. Metagenome profile

Fecal samples were collected, frozen in liquid nitrogen and stored at
—80 °C until use. The genomic DNA was extracted using the QIAamp
DNA Stool Mini Kit (Qiagen, Hilden, Germany). For each sample the
V3-V4 hyper-variable region of the bacterial 16S rRNA gene was am-
plified followed by Illumina 16S Metagenomic Sequencing Library
Preparation guide [48]. The Illumina Truseq DNA Sample Preparation
v2 kit with bar code for each sample was used for the preparation of the
libraries. The sequencing was performed in the Illumina Hiseq2000
equipment by the Central Laboratory of High Performance Technolo-
gies in Life Sciences (LaCTAD) of UNICAMP. The following Computa-
tional analysis tools were used in the analysis: FastQC; QIIME; OTU
identification, with Greengenes reference OTUs (version 13.8).

2.9. Inhibition of ER stress

The animals were treated with Phenyl Butyric Acid (PBA) two times
a day (500 mg/kg at each dose) by gavage for 10 consecutive days. This
treatment protocol was adapted from Won et al. [49]. Untreated ani-
mals received the same volume of vehicle under the same treatment
regime.

2.10. Evaluation of LPS absorption

Following a 6 h fast, mice were challenged with an oral dose of LPS
(300 mg/kg) diluted in 100 mL of vehicle (water). Unchallenged ani-
mals received the same amount of water. LPS absorption was analyzed
in blood samples that were collected, from the cava vein, 60 min after



D. Guadagnini, et al.

the challenge. The plasma was separated and stored at -80 °C until use.
2.11. JNK inhibition

The potent and selective JNK inhibitor, SP600125, was prepared by
making a 7% solution, in PBS, with Solutol HS-15 added as an emul-
sifying agent. Mice were injected with 30 mg/kg/day, for 5 days [50].

2.12. Antibiotics treatment

A mixture of antibiotics (ampicillin 1g/L, metronidazole 1 g/L,
vancomycin 0.5 g/L and neomycin 0.5 g/L) was added to the drinking
water of 4 weeks old WT and TLR2 ™/~ mice for 3 weeks. Throughout
the duration of the experimental period, both food intake and stool
microbiota were monitored.

2.13. Microbiota transplantation

The microbiota transplantation experiments were performed with
pooled fecal content extracted from TLR2™/~ or WT mice. The fecal
extracts were suspended in PBS (1 fecal pellet of approximately 50 mg
suspended in 1 mL of PBS) and immediately administered (0.2 mL per
mouse) by gavage to 4 week old male mono-associated (MA) mice,
colonized only with bacteria from the Bacillus genus, obtained from the
Central Breeding Center at the State University of Campinas [51,52].
Microbiota transplanted mice were maintained in pathogen-free cages
and monitored for body weight [29].

2.14. Statistical analysis

Data are expressed as means = SD, and the number of mice is in-
dicated. The immunoblot results are presented as direct comparisons of
bands on acquired images, and quantified by optical densitometry
(Chemidoc XRS+ from BIORAD, Hercules, CA, USA). For statistical
analysis, all groups were compared using a Student's t-Test or one-way
ANOVA with the Bonferroni test for post hoc comparisons. The level of
significance adopted was p < 0.05.

3. Results
3.1. Animal characteristics

During the first 12 weeks of age, the average body weight of the
TLR2™/~ mice and control WT animals was similar. However, after
12 weeks, the body weight of the TLR2™/~ mice began to increase
(Fig. 1A). In accordance with this result, the epididymal fat weight was
also similar in TLR2 ™/~ mice and WT at 8 weeks of age, but was nearly
two-fold higher in TLR2™/~ mice at week 16 (Fig. 1B). To further in-
vestigate the cause of the observed increases in body and epididymal fat
weight, we first measured the average daily food intake for WT and
TLR2 ™/~ mice. Food intake showed no observable differences between
the WT and TLR2 ™/~ mice at 8 weeks (WT = 5.05 + 0.33 g/animal/
day x TLR2™/~ = 495 *+ 0.41 g/animal/day) or 16 weeks
(WT = 5.30 + 0.42g/animal/day x TLR2™/~ = 5.23 + 0.37 g/an-
imal/day) of age.

Since no difference in food intake was observed, we next analyzed if
energy expenditure could be responsible for the difference in the weight
of TLR2™/~ mice. For this, we observe that oxygen consumption in
TLR2 ™/~ mice is decreased when compared with WT mice (Fig. 1C),
suggesting a decreased energy expenditure. We also verified if UCP1, a
marker of thermogenesis, was altered in the brown adipose tissue of
both group. TLR2™/~ mice present a reduction in UCP1 when com-
pared to WT mice (Fig. 1D), again suggesting a decrease in energy
expenditure, corroborating the reduction in oxygen consumption.

Glucose tolerance and insulin sensitivity were evaluated in WT and
TLR2 ™/ “mice, at 8 weeks of age, to determine if alterations in these
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parameters could be observed before the increase in adipose tissue.
Interesting, at eight weeks of age the TLR2™/~ mice presented a de-
crease in glucose tolerance (Fig. 1E), indicating that this abnormality
was independent of body weight. Additionally, there was no significant
difference in fasting insulin concentrations between WT and TLR2 ™/~
mice (Fig. 1F). However, during the hyperinsulinemic-euglycemic
clamp experiment, TLR2™/~ mice displayed a significant decrease in
the glucose infusion rate (a decrease of 50% of control, p < 0.05;
Fig. 1G), thus characterizing the insulin resistance in these animals. The
circulating levels of IL-6, TNF-a, leptin, and adiponectin were similar in
WT and TLR2™/~ mice (Fig. 1H-K). It should also be pointed out that
the circulating levels of LPS were significantly higher in TLR2 ™/~ mice,
when compared to WT mice (Fig. 1L). Having confirmed the presence of
insulin resistance in the TLR2™/~ mice, it was then necessary to
identify the molecular mechanism(s) that contribute to this phenotype.

3.2. Molecular mechanisms of insulin resistance

Western blot analyses of samples from liver and muscle of TLR2 ™/~
mice indicated that the increase in insulin-induced IRf tyrosine phos-
phorylation, the association of IRS-1/IRS-2 with p85 subunit of PI3
kinase and serine phosphorylation of AKT were blunted (Fig. S1A-C
and Fig. 2A), which further confirmed this situation of insulin re-
sistance. Due to the fact that TLR4 activation and subsequent down-
stream signaling events can antagonize insulin signaling, TLR4 activa-
tion was investigated in the liver and muscle by immunoprecipitating
whole tissue extracts with an antibody against the combination TLR4-
MyD88. The blots were then probed using an anti-TLR4 and anti-
MyD88 antibodies, and showed that in the tissues of 8 week old TLR2 ™/
~ mice there was a clear association between TLR4 and Myd88 in liver
and muscle (Fig. 2B and Fig. S2A), which is indicative of TLR4 acti-
vation. Regarding total protein amount, the results show an increase in
TLR4 and MyD88 in TLR2~/~ mice (Fig. S2B and C). There was also
evidence of increased ER stress in the livers of TLR2 ™/~ mice. In both
the liver and muscle of TLR2™/~ mice, there was an increase in JNK
and c-jun phosphorylation, along with IRS-1 serine 307 phosphoryla-
tion, which provides evidence, at the molecular level, for insulin re-
sistance (Fig. S3A, Fig. 2C and D). Concerning PERK phosphorylation
levels, these were only found to be increased in the liver of TLR2 ™/~
mice (Fig. 2E). We next investigated NFxB activation, using nuclear
extracts from the liver and muscle. Surprisingly, there were no differ-
ences in the activation of this pathway between tissues from of TLR2 ™/
~ and WT mice (Fig. 2F). Since this pathway is downstream of TLR4
activation, this result suggests that in the absence of TLR2, TLR4
downstream signaling is not completely activated, but there is pathway
specific activation, with JNK activation but not NFkB pathway.

Previous data showed that in obese mice the increase in circulating
LPS is related to increased translocation of this lipid. We then in-
vestigated the increase in LPS in TLR2™/~ was also related to an in-
crease in translocation. Towards this goal, both WT and TLR2 ™/~ mice
were administered LPS by gavage, and then serum LPS levels were
measured 2 h later. After 2 h, there was an increase in serum LPS con-
centration in both groups; however, a more marked increase was ob-
served in the TLR2™/~ mice, when compared to WT (Fig. 3A). Based on
this result, it appears as though TLR2™/~ mice have an increased gut
permeability to LPS, which contributes to explaining why there are
increased circulating levels of this lipid.

To investigate the role of TLR4 activation in insulin resistance in
TLR2 ™/~ mice, TLR4 activation was blocked with an antisense RNA to
TLR4 (Fig. S4A). The antisense treated TLR2™/~ animals showed
higher glucose infusion during the euglycemic-hyperinsulinemic clamp
when compared with the untreated TLR2™/~ mice (Fig. 3B). The an-
tisense treated animals also exhibited an improvement in insulin-in-
duced AKT phosphorylation in liver (Fig. 3C).

With regards to JNK activation, this was investigated through
pharmacological blockage of the activation. It was found that, after
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Fig. 1. TLR2™/~ and WT mice metabolic characteristics.

(A) Weekly weight measurement from week 4 through 16 of age from TLR2™/~ (red squares) and WT (blue circles) mice. (B) Epididymal fat pad weight at 8 and
16 weeks from TLR2 ™/~ and WT mice. (C) Oxygen consumption (D) UCP-1 expression in the brown adipose tissue. (E) Blood glucose from TLR2™/~ and WT mice
during a glucose tolerance test (GTT) at 8 weeks of age. The inserted graph shows the area under the curve of the blood glucose during the GTT (arbitrary units). (F)
Fasting serum insulin concentration in WT and TLR2 ™/~ mice at 8 weeks of age. (G) Glucose infusion rate obtained from euglycaemic hyperinsunaemic clamp from
TLR2™/~ and WT mice at 8 weeks of age. (H) Serum concentration of IL-6, (I) TNF-a, (J) leptin, (K) adiponectin and (L) LPS from TLR2 ™/~ and WT mice at 8 weeks
of age. All evaluations were made with mice on standard chow. Data are presented as means + S.D. from six to eight mice per group. *p < 0.05 between TLR2 ™/~
mice and their controls. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Analysis of pathways involved insulin signaling impairment.

(A) Phosphorylation of serine 473 residue of Akt (antibody #9271 from CST) without insulin stimulation (-) or with 10U of intraperitoneal insulin injection (+) in
liver (left panel) and muscle (middle panel) of TLR2™/~ and WT mice. Akt (antibody #9272 from CST) and p -actin (antibody #4967 from CST) were measured as
loading controls and the phosphorylation ratio to loading controls are shown in the graph (right panel). (B) Activation of TLR4 (studied by the immunoprecipitation
of TLR4 (antibody SC-13593 from Santa Cruz Biotechnology) and blotted with MyD88 (antibody SC-11356 from Santa Cruz Biotechnology)) in liver (left panel) and
muscle (middle panel) of TLR2™/~ and WT mice. TLR4 (antibody #2219 from CST) was measured as loading controls and the activation of TLR4 are shown in the
graph (right panel). (C) Phosphorylation of threonine 183 and tyrosine 185 residues of JNK (antibody SC-12882-R from Santa Cruz Biotechnology) in liver (left
panel) and muscle (middle panel) of TLR2 =/~ and WT mice. JNK-1 (antibody SC-1648 from Santa Cruz Biotechnology) and p -actin (antibody #4967 from CST) were
measured as loading controls and the phosphorylation ratio to loading controls are shown in the graph (right panel). (D) Phosphorylation of serine 307 residue of IRS-
1 (antibody SC-33956 from Santa Cruz Biotechnology) in liver (left panel) and muscle (middle panel) of TLR2 ™/~ and WT mice. IRS-1 (antibody SC-559 from Santa
Cruz Biotechnology) and (3 -actin (antibody #4967 from CST) were measured as loading controls and the phosphorylation ratio to loading controls are shown in the
graph (right panel). (E) Phosphorylation of threonine 980 residue of PERK (antibody #3179 from CST) in liver of TLR2 ™/~ and WT mice. B -actin (antibody #4967
from CST) was measured as loading controls and the phosphorylation ratio to loading control are shown in the graph (right panel). (F) NFkB activation in nuclear
extracts of liver and muscle of TLR2 ™/~ and WT mice. All evaluations were made with mice on standard chow. Data are presented as means * S.D. from six to eight

mice per group. * p < 0.05 between TLR2—/— mice and their controls.

blockage with SP600125 (Fig. S4B), there was an increase in glucose
uptake and insulin-induced AKT phosphorylation in the liver of TLR2 ™/
~ mice. This indicates that JNK activation, at least in TLR2 ™/~ mice, is
relevant in the progression of insulin resistance (Fig. 3C).

It is also possible that JNK activation may be consequence of ER
stress in the liver cells. To test this hypothesis ER stress was inhibited
with PBA, and resulted in improved glucose infusion during the clamp
and increased Akt phosphorylation levels in the livers of TLR2™/~
mice, following insulin stimulation (Fig. 3C).

3.3. Gut microbiota composition in TLR2™/~ mice

To investigate how TLR2™/~ genotype affected the microbiota
phylogenetic richness, we analyzed the a-diversity, as assessed by
rarefication and phylogenetic diversity. The number of OTUs and
Faith's Phylogenetic Diversity in the WT group were significantly higher
than in the TLR2™/~ Group (p = 0.004) (Fig. 4A). The unweighted
UniFrac distance was used to compare bacterial composition of mi-
crobiota between WT and TLR2™/~, resulting in a spatial separation
between groups. PERMANOVA detected significant differences in the
gut microbiota among the groups (p = 0.001; Pseudo-F 12.045);
(Fig. 4B). Statistically significant dissimilarities were observed between
WT and TLR2™/~ with respect to bacteria B-diversity (p = 0.001).
Significant modifications in phyla and genera level between WT and
TLR2™/~ were shown by the Galaxy software [53]. The Linear Dis-
criminant Analysis (LDA) and Effect Size (LEfSe) were also used to
characterize the differences between biological conditions. It should be
emphasized that major differences were observed such as Bacteroidetes
and Protebacteria phyla and Lactobacillus and Bifidobacterium genera
were increased in WT group, while the Firmicutes phylum and Rumi-
nococcus and Oscillospira genera were increased in TLR2™/~ group.

3.4. Administering antibiotics to TLR2™/~ mice alters gut microbiota and
improves insulin sensitivity

Since it is well known that antibiotics can modulate gut microbiota,
a cocktail of antibiotics (ampicillin 1 g/L, metronidazole 1 g/L, vanco-
mycin 0.5 g/L and neomycin 0.5 g/L) was added to the drinking water
of TLR2™/~ mice for 3 weeks. This association of antibiotics has broad
spectrum and dramatically reduces gut microbiota. After this treatment,
we analyzed the microbiota composition in the cecal content of the
TLR2™/~ mice. The Faith's Phylogenetic Diversity in the
TLR2™/~ + AB group was significantly different from WT group
(p = 0.003) (Fig. 4A). However, the unweighted UniFrac distance was
used to compare bacterial composition of microbiota between groups,
resulting in a spatial separation between TLR2 ™’ group and other
groups, but not between WT and WT + AB group. (PERMANOVA de-
tected significant differences in the gut microbiota among the TLR2 ™/
~ 4+ ABand TLR2™/~ p = 0.031; Pseudo-F 6.93); (Fig. 4B). Statistically
significant dissimilarities were observed between TLR2™/~ + AB and

TLR2 ™/~ with respect to bacteria B-diversity (p = 0.031). There were
alterations in the relative abundance of three phyla of bacteria. There
was a decrease in the abundance of Bacteroidetes andProteobacteria, and
a dramatic increase in the abundance of Firmicutes in these mice
(Fig. 4C). Furthermore, the antibiotic treated TLR2 ™/~ mice showed
different profiles of bacterial genera (Fig. 5A).

The antibiotic treatment also resulted in a reduction of both epidi-
dymal and visceral fat weight in TLR2 ™/~ mice (Fig. 5B and C) without
a significant change in food intake (TLR2™/~ 5.16 + 0.36 g/animal/
day; TLR27/~ AB 4.98 + 0.31 g/animal/day). Additionally, it should
be pointed out that these parameters were not altered in either the
treated or the untreated WT mice (Fig. 5B and C WT 5.18 * 0.33g/
animal/day; WT AB 4.99 * 0.36 g/animal/day). Antibiotic-treated
TLR2 ™/~ mice also presented an amelioration in insulin resistance, as
evidenced by increased glucose tolerance (Fig. 5D), glucose infusion
rate during the euglycaemic-hyperinsulinaemic clamp (Fig. 5E) and
insulin-stimulated Akt phosphorylation in the liver (Fig. 5F). On the
other hand, we did not observe any differences in these parameters
when comparing treated and untreated WT mice (Fig. 5D-F). Accord-
ingly, the antibiotic treatment induced a significant reduction of the
inflammation in liver and muscle in TLR2™/~ mice, as evidenced by
lower association of TLR4/MyD88 and phosphorylation levels of JNK
and PERK (Fig. S5).

We then indirectly assessed the effects of antibiotic treatment on the
intestinal integrity, through the detection of ZO-1 in the colon. The
TLR2™/~ mice had diminished ZO-1 content and AB treatment in-
creased the expression of this protein to levels similar of control, and no
significant alteration was observed in WT animals (Fig. 5G). Together,
these data indicate that the changes in the gut microbiota of TLR2 ™/~
mice, induced by AB, reversed the insulin resistance and glucose in-
tolerance of these animals.

3.5. Transplanting TLR2™/~ microbiota to Monoassociated (MA) mice
increases weight gain and impairs insulin signaling

To further evaluate and confirm the important role of gut micro-
biota in the early steps of insulin resistance development in TLR2 ™/~
mice, we carried out microbiota transplantation studies in four week
old MA mice, colonized only with the Bacillus genus. When WT mi-
crobiota were transplanted into MA mice, while there was a trend in
increasing body and epididymal fat weights, no significant alterations
were observed; however, there was a significant increase in the relative
amount of visceral adipose tissue observed (Fig. 6A-C). On the other
hand, the body weight, relative epididymal fat, and visceral adipose
tissue were all significantly increased when TLR2 ™/~ microbiota were
transplanted into MA (Fig. 6A-C). Additionally, a slight impairment in
insulin sensitivity was observed in mice transplanted with the WT mi-
crobiota, while a major impairment was observed in mice that were
transplanted with TLR2™/~ microbiota, as evidenced by a large re-
duction in the glucose infusion rate, along with increased blood glucose
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(A) LPS measurement in the serum of fasted TLR2 ™/~ and WT mice gavaged with LPS (1.08 1078 g) diluted in 100 uL of water (+) or with 100 uL of water without
LPS (-). Blood was collected from the cava vein 60 min after gavage and serum LPS was determined. (B) Glucose infusion rate obtained by the euglycaemic
hyperinsulinaemic clamp from WT mice and TLR2 ™/~ mice treated or not with the drugs: JNK inhibitor, SP600125 (SP); endoplasmic reticulum stress inhibitor, 4-
phenil butyric acid (PBA); and TLR4 antisense oligonucleotide (ASO). (C) Phosphorylation of serine 473 residue of Akt (antibody #9271 from CST) after the
treatment with SP600125, PBA and ASO without insulin stimulation (-) or with 10 U of intraperitoneal insulin injection (+) in liver of TLR2™/~ and WT mice. Akt
(antibody #9272 from CST) and B -actin (antibody #4967 from CST) were measured as loading controls and the phosphorylation ratio to loading controls are shown
in the graph below. All evaluations were made with mice on standard chow. Data are presented as means = S.D. from six to eight mice per group from. *p < 0.05in
WT and TLR2—/— mice with LPS stimulus. ° p < 0.05 betweem WT and TLR2—/— mice; § p < 0.05 between TLR2—/— mice treated or not with ASO; $
p < 0.05 between TLR2 —/— mice, treated or not with SP; # p < 0.05 between TLR2 —/— mice with, treated or not with PBA.

and AUC during the GTT (Fig. 6D and E). present in 8 week old TLR2 ™/~ mice, and precede the development of
obesity, which was only observed after the 12 weeks of age, thus re-
4. Discussion inforcing the cause and effect relationship between intestinal micro-
biota modulation and increased body weight. Interestingly, the pre-
The results of the present study show that under our animal housing sence of insulin resistance before a detectable increase in adiposity has
conditions, the TLR2 ™/~ mice fed a standard chow diet develop insulin also been demonstrated in other animal models of obesity [54,55].
resistance and glucose intolerance early and then gain more weight These results are in contrast with previous data that showed that
than controls. These phenotypic characteristics are secondary to TLR2™/~ mice fed a HFD displayed less weight gain and adiposity, and
changes in the gut microbiota, as shown by an increase in the phylum did not develop insulin resistance, when compared to controls [36-40].
Firmicutes and a decrease in Bacteroidetes. The molecular mechanisms of It is possible that gut microbiota may account for these differences.
insulin resistance in these animals involve an increase circulating LPS Although our TLR2™/" animals have the same genetic defect as de-
associated with TLR4/JNK activation, liver ER stress and insulin sig- scribed in other studies [36,37], our animals have different housing
naling downregulation in the liver and muscle. These alterations were conditions, environments and food sources, which can all impact and
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modify the gut microbiota. In this regard, at least one previous study
investigated the microbiota in TLR2™/~ mice and showed that the
proportion of Firmicutes was lower and Bacteroidetes higher compared
with our animals [56]. Furthermore, in our conditions the genera Os-
cillospira and Ruminococcus were higher in TLR2 ™/~ animals and pre-
vious data showed that these genera are associated with adiposity and
metabolic dysfunction, gut inflammation and serum tryglicerides in
mice and humans [57-60].

It is important to mention that at least two key studies demonstrated
that the microbiota could account for the metabolic syndrome pheno-
type. The first study showed that TLR5 /" develops insulin resistance
and hyperphagia associated obesity [29] secondary to changes in the
composition of the gut microbiota. The second study utilized three
inbred strains of mice to show that the development of metabolic

syndrome and obesity is the result of interactions among host genetics,
diet and gut microbiota [61]. In this regard, our study is unique, be-
cause it shows that in mice genetically protected from insulin resistance
(TLR2™/7), the microbiota could overcome this protection and still
induce insulin resistance and obesity.

A plausible molecular mechanism by which microbiota modulation
can induce insulin resistance is through an increase in circulating LPS
levels. In fact, TLR2 ™/~ mice presented elevated LPS levels, despite
being fed standard rodent chow. This increase may be a consequence of
changes in the microbiota and/or altered intestinal permeability. The
genus Blautia was increased in TLR2 ™/~ and a recent study showed that
this genus could be positively correlated with increased intestinal per-
meability and secretion of inflammatory cytokines [62-64]. Proteo-
bacteria and Bacteroidetes are the main sources of LPS, and these phyla
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was measured as loading control and the ratio of ZO-1 over B-actin is shown in the graph below. Data are presented as means *= S.D. from six to eight mice per
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are decreased in TLR2™/~ mice, suggesting that the alteration in in- insulin resistance, circulating LPS levels and JNK and IRS-1ser307
testinal permeability is the main cause of this increase. Confirming the phosphorylation, and increased insulin signaling in the liver and
altered gut permeability in TLR2 ™/~ mice the administration of LPS by muscle. Thus, indicating the important role of the microbiota in the
gavage increased circulating levels of this lipid in TLR2™/~ mice. induction of insulin resistance in these animals. This role is further
In accordance with this alteration in gut permeability, the TLR2 ™/~ highlighted when it was shown that the transplantation of gut micro-
mice also displayed a decrease in the presence of colonic ZO-1 protein. biota from TLR2™/ mice to host WT MA (Bacillus-associated) mice
It is important to point out that previous studies have shown that TLR2 induced weight gain, reduced glucose tolerance and insulin sensitivity/
functions as an important regulator of tight junction (TJ) and epithelial signaling, characteristics consistent with host insulin resistance. Taken
barrier integrity [65,66]. In this regard, in addition to this genetic together the antibiotic treatment and transplantation results suggest
predisposition to altered intestinal permeability, the changes in mi- that the microbiota of TLR2™/~ mice play a key role in changing the
crobiota identified in our colony of TLR2 ™/~ mice may also contribute intestinal epithelial barrier integrity and/or function and increasing LPS
to this barrier function alteration. This is further supported by the fact circulating levels associated with insulin resistance.
that the antibiotic cocktail reduced the intestinal microbiota, which was The molecular mechanism by which the increase in LPS induced
accompanied by an improvement in intestinal permeability. In ac- insulin resistance in TLR2 ™/~ mice is unique and deserves analysis. We
cordance, Kellermayer et al. demonstrated that the microbiota also found that activation of TLR4/JNK was associated with an increase in
have an important role in the control of intestinal permeability [56]. IRS-1ser307 phosphorylation in tissues, which induces insulin re-
Overall, TLR2™/~ mice treated with antibiotics displayed reduced sistance. Moreover, in addition to antibiotics, there was an
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associated mice transplanted with TLR2 ™/~ microbiota (MA +TLR2 /7). (B) Relative epididymal fat pad weight of MA, MA+WT and MA +TLR2 ™/~ mice. (C)
Relative visceral adipose tissue weight of MA, MA + WT and MA + TLR2 ™/~ mice. (D) Glucose infusion rate obtained from euglycaemic hyperinsunaemic clamp from
MA, MA+WT and MA +TLR2 ™/~ mice. (E) Blood glucose from MA, MA +WT and MA+TLR2™/~ mice during a glucose tolerance test (GTT). The inserted graph
shows the area under the curve of the blood glucose during the GTT (arbitrary units). Data are presented as means + S.D. from six to eight mice per group. All
evaluations were made with mice on standard chow. * p < 0.05 between Bacillus-associated mice transplanted with TLR2—/— microbiota (MA +TLR2—/—) and
those transplanted with WT microbiota (MA+WT); # p < 0.05 between Bacillus-associated mice transplanted with WT microbiota (MA +WT) and Bacillus-asso-
ciated mice (MA).

improvement in insulin resistance observed in these animals after resistance in these animals begins with a modulation of the gut mi-
treatment with PBA (blocker of ER stress), JNK blocker and TLR4 in- crobiota, which leads to an increase in circulating LPS levels, activating
activation. We can then propose that the mechanism of insulin TLR4 and increasing JNK activation. In the liver, the JNK activation
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may be a consequence, at least in part, of ER stress, which can also
contribute to the development of insulin resistance. It is important to
mention that the TLR4 activation in the TLR2™/~ animals shows a
different pattern of signaling compared to obesity. Usually in high-fat
diet induced-insulin resistance and in obesity and type 2 diabetes there
is a well characterized inflammatory process [67-69] associated with
the activation of both JNK and NFkB pathways [30,35,43]. However, in
TLR2 KO mice the insulin resistance is only characterized by JNK ac-
tivation in liver and muscle, without any increase in TNF-a and IL-6
production, pointing for a unique molecular mechanism for the insulin
resistance in these mice. The reason for this specific activation induced
by LPS is not well established, but may involve a cooperation between
TLR2 and TLR4 [70,71]. Laflamme et al. [70] showed that the first
bolus of LPS injection in TLR2 KO mice induced genes encoding innate
immune proteins, however, a second bolus failed to increase TNF-a,
indicating that TLR2 is involved in the second wave of TNF-a expres-
sion through NFkB activation. We can thus speculate that in our
TLR2 ™/~ mice there is a similar pattern, in which the chronic increase
in LPS activated JNK but failed to induce NFkB activation in tissues of
these mice, suggesting the necessity of the cooperation between these
two receptors for the complete activation by LPS.

Our results demonstrate that the relationships between gut micro-
biota, environment and host genetics are complex. The microbiota may
interact in different ways with the host, depending on the genetic
background, diet and environmental factors that cause changes in the
microbiome as a consequence of the impact generated on host meta-
bolism [61,72,73]. It is important to highlight that we could demon-
strate by different methods, i.e. through antibiotic treatment and mi-
crobiota transplantation the influence of microbiota on the
development of obesity, even in an animal model of genetic protection
against insulin resistance. However, it is difficult to directly translate
our results to human situations mainly because the intestinal micro-
biota of mice is different from men [74].

In summary, the results of the present study showed that TLR2 ™/~
mice develop insulin resistance and gain body weight on a standard
chow diet, which was associated with glucose intolerance, under our
animal housing conditions. It was determined that these phenotypic
characteristics are secondary to changes in the gut microbiota, and are
associated with changes in the integrity of the intestinal epithelial
barrier and increased circulating levels of LPS. The molecular me-
chanisms involved in insulin resistance observed in these animals are
unique, and secondary to increased TLR4/JNK activation, elevated ER
stress in the liver and downregulated insulin signaling in the liver and
muscle, but not IKK/IkB/NF-kB pathway activation. The results from
this study reinforce the importance of intestinal microbiota in the de-
velopment of obesity and insulin resistance, and shows, for the first
time, that intestinal microbiota can induce insulin resistance and obe-
sity in an animal model genetically protected against these pathophy-
siological conditions.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.1fs.2019.116793.
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