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Alteration of gut microbiota by vancomycin and bacitracin
improves insulin resistance via glucagon-like peptide 1

in diet-induced obesity

Injae Hwang,*' Yoon Jeong Park,”' Yeon-Ran Kim,* Yo Na Kim,* Sojeong Ka,*
Ho Young Lee,” Je Kyung Seong,* Yeong-Jae Seok,*' and Jae Bum Kim*?

*Department of Biological Sciences, Institute of Molecular Biology and Genetics, TDepartment of
Biophysics and Chemical Biology, *College of Veterinary Medicine, and SCollege of Medicine,

Seoul National University, Seoul, Korea

ABSTRACT Firmicutes and Bacteroidetes, 2 major
phyla of gut microbiota, are involved in lipid and bile acid
metabolism to maintain systemic energy homeostasis in
host. Recently, accumulating evidence has suggested that
dietary changes promptly induce the alteration of abun-
dance of both Firmicutes and Bacteroidetes in obesity and
its related metabolic diseases. Nevertheless, the metabolic
roles of Firmicutes and Bacteroidetes on such disease
states remain unclear. The aim of this study was to
determine the effects of antibiotic-induced depletion of
Firmicutes and Bacteroidetes on dysregulation of energy
homeostasis in obesity. Treatment of C57BL/6] mice with
the antibiotics (vancomycin [V] and bacitracin [B]), in the
drinking water, before dietinduced obesity (DIO) greatly
decreased both Firmicutes and Bacteroidetes in the gut
as revealed by pyrosequencing of the microbial 16S
rRNA gene. Concomitantly, systemic glucose intolerance,
hyperinsulinemia, and insulin resistance in DIO were
ameliorated via augmentation of GLP-1 secretion (active
form; 2.03-fold, total form; 5.09-fold) independently of
obesity as compared with untreated DIO controls. Fur-
thermore, there were increases in metabolically beneficial
metabolites derived from the gut. Together, our data
suggest that Firmicutes and Bacteroidetes potentially me-
diate insulin resistance through modulation of GLP-1 secretion
in obesity.—Hwang, I., Park, Y. J., Kim, Y. -R., Kim, Y. N.,
Ka, S., Lee, H. Y., Seong, J. K., Seok, Y.J., Kim, J. B. Al-
teration of gut microbiota by vancomycin and bacitracin im-
proves insulin resistance via glucagon-like peptide 1 in diet-
induced obesity. FASEB]. 29, 2397-2411 (2015). www.fasebj.org
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OBESITY AND OBESITY-RELATED metabolic diseases including
cancer, type 2 diabetes, and cardiovascular diseases impose
a high social burden in terms of quality of life (1-3). Many

Abbreviations: Ab-NH, antibiotics-treated normal chow to
high-fat diet transited; B, bacitracin; CE-MS, capillary ethanol
mass spectrometry; DIO, dietinduced obesity; EAT, epididymal
adipose tissue; Ex(9-39), exendin 9-39 amide; GLP, glucagon-
like peptide; H-89, H-89 dihydrochloride hydrate; HFD, high-
fat diet; IAT, inguinal adipose tissue; LBM, lean body mass; NC,
normal chow-fed; NH, normal chow to high-fat diet transited;
SVC, stromal vascular cell; TCA, taurocholic acid; V, vancomycin
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groups have investigated the effects of genetic and envi-
ronmental factors on the development of obesity and
demonstrated that several factors such as adipose tissue
inflammation and hepatic lipid metabolism are associated
with the etiology of obesity (4, 5).

Anumber of studies suggest that gut microbiota is closely
linked to adiposity, insulin sensitivity, and glucose metab-
olism (6, 7). Studies performed in germ-free mice, which
are resistant to DIO, suggested that gut microbiota plays
a key role in the regulation of adiposity and host energy
homeostasis (6, 8). Furthermore, modulation of gut
microbiota with the antibiotic treatmentleads to reduction
of glucose intolerance, adiposity, and adipose tissue in-
flammation (9). For instance, treatment of a combination
of norfloxacin and ampicillin to obese mice resulted in
a decrease in the number of cecal aerobic and anaerobic
bacteria followed by improved glucose tolerance and liver
lipid metabolism independently of obesity (10). Among
the various phyla in the gut, it has been noted that a shiftin
the abundance of 2 major phyla, Firmicutes and Bacte-
roidetes, correlates with the development of obesity (7,11).
In genetically obese ob/obmice, the development of obesity
is associated with a reduction in the abundance of Bacte-
roidetes and a proportional increase in Firmicutes (7).
Moreover, analogous differences in gut microbiota have
been reported in studies of lean versus obese humans (12).
However, accumulating evidence has suggested that there
is no correlation between the proportions of Firmicutes
and Bacteroidetes and obesity (13, 14). Schwiertz et al.
reported that there is more Bacteroidetes in the gut of
overweight and obese humans as compared with lean
humans (13). Another group also suggested that higher
abundance of Firmicutes is present in lean people relative
to obese people (14). Therefore, there is controversy re-
garding changes in the relative abundance of Firmicutes
and Bacteroidetes in gut microbiota are related to obesity.
Intriguingly, Firmicutes and Bacteroidetes have been
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implicated in the regulation of lipid and bile acid metab-
olism, maintaining energy homeostasis in the host (15-17).
Particularly, both phyla are enriched with genes encoding
multiple enzymes that govern carbohydrate and lipid me-
tabolism (15). In addition, both Firmicutes and Bacte-
roidetes promptly engage in the regulation of bile acid
modification and govern bile acid-controlled endocrine
functions including triglyceride, cholesterol, and glucose
homeostasis (16). Importantly, it has been demonstrated
that perturbations of bile acid-mediated signaling pathway
influence risk of metabolic complications such as obesity
and diabetes (17). Despite such common features shared
by Firmicutes and Bacteroidetes, it has not been precisely
elucidated the possible roles of Firmicutes and Bacte-
roidetes in dysregulation of energy homeostasis in obesity
and its related disorder.

Gut hormones, glucose-dependent insulinotropic poly-
peptide, glucagon-like peptide (GLP)-1 and -2, are crucial
regulators of processes that contribute to whole-body en-
ergy metabolism, including satiety, gut motility, insulin se-
cretion, and glucose uptake (18). Among the 3 hormones,
GLP-1 is known to have antidiabetic effects and is secreted
by several cell types such as L-cells in the posterior gut tract
and neurons in the brain (19, 20). Although short chain
fatty acids produced by certain types of gut microbiota
stimulate GLP-1 secretion through G-protein-coupled
receptor signaling (21), it is largely unknown whether
changes in gut microbiota in response to nutrient cues
would modulate GLP-1 secretion.

In this study, we demonstrated that treatment with the
antibiotics, V and B, before DIO depleted Firmicutes and
Bacteroidetes in the gut and ameliorated insulin re-
sistance. Notably, we found that such beneficial effect on
systemic energy homeostasis in the host was mediated by
stimulation of GLP-1 secretion. Furthermore, there were
increments of gut metabolites, which positively regulate
host energy metabolism.

MATERIALS AND METHODS
Animal experiments

C57BL/6] mice were obtained from Central Lab Animal Inc.
(Seoul, South Korea) and were housed in colony cages undera
12-hour light-dark cycle with free access to food and water.
Mice were allowed to acclimate for 2 weeks before the study.
To assess the impact of antimicrobial strategies on metabolic
changes in DIO mice, 8-week-old male mice were fed normal
chow for 4 weeks and then fed a high-fat diet (HFD) for
4 weeks [normal chow to high-fat diet transited (NH) group].
For mice with changes in gut microbiota [antibiotics-treated
normal chow to HFD transited (Ab-NH) group], these mice
were administered drinking water containing V hydrochlo-
ride (0.5 g/L;v2002; Sigma-Aldrich, St. Louis, MO, USA) and
B zincsalt (1.0 g/L; B5150; Sigma-Aldrich). After 4 weeks, NH
and Ab-NH mice were switched from a normal chow to a HFD
comprising 60% kilocalories from fat composed of soybean
oil and lard (Research Diets Inc., New Brunswick, NJ, USA).
ADb-NH group continued to receive water with V + B. Age-
matched normal chow-fed (NC) mice were maintained
without antibiotics (V + B) and HFD. In the experimental
set, glucose tolerance tests, insulin tolerance tests, and
plasma insulin measurements were performed for each
group (NC, NH, and Ab-NH groups). After 2 weeks of
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recovery, on the day of killing, various metabolic parameters
of the Ab-NH group were compared with the NC and NH
groups. Each experimental group used 3 to 10 mice. All
experiments were approved by the Seoul National University
Institutional Animal Care and Use Committees.

Body weight, food intake, and water consumption

Bodyweight, food intake, and water consumption were measured
every week after the start of antibiotics or HFD treatment during
the indicated time periods. Premeasured amounts of food were
placed in the cage. After 24 hours, food was reweighed and the
amount of consumed food was calculated by difference. The av-
erage food consumption was calculated from 4 repeated experi-
ments. To measure water consumption, the volume of water
consumed was quantified once a week for 8 weeks after the start of
antibiotics (V + B) administration. Water (100 ml) with or without
antibiotics was provided in a sterile bottle. After 24 hours, the
remaining water was measured by mass cylinder.

Pyrosequencing data analyses

The basic analyses were performed on cecal contents according
to procedures described in other studies (22). The obtained reads
from the different samples were sorted by the unique barcodes of
each PCR product. The sequences of the bar code, linker, and
primers were removed from the original sequencing reads. Any
reads containing 2 or more ambiguous nucleotides, a low-quality
score (average score < 25), or reads shorter than 300 bp were
discarded. The taxonomic classification of each read was assigned
using the EzTaxon-e database (htlp://extaxon-e.ezbiocloud.net),
which contains the 16S rRNA gene sequence of type strains that
have valid published names and representative species-level
phylotypes of either cultured or uncultured entries in the
GenBank database with complete hierarchical taxonomic classi-
fication from the phylum to species level (23). This experiment
was performed at Chunlab Inc. (Seoul, South Korea).

Glucose tolerance test

As described previously (24), after 7 hours of food withdrawal, mice
were administered a glucose solution (2 g/kg glucose, 20% glucose
solution) through intraperitoneal injections or oral gavages. Blood
samples were collected at 15, 30, 60, 90, 120, and 150 minutes after
injection and blood glucose level was measured. For exendin 9-39
amide [Ex(9-39)] injection study using NH and Ab-NH mice, these
groups were intraperitoneally injected with either glucose alone
or glucose mixed with Ex(9-39) (25 nmol/kg; ab141101; Abcam,
Cambridge, United Kingdom). Glucose tolerance test was per-
formed by intraperitoneal injection of glucose at 2 g/kg body
weight, followed by measurement of blood glucose at 0, 15, 30, 45,
60, 75, 90, and 120 minutes after intraperitoneal injection.

Insulin tolerance test

As described previously (24), after 7 hours of food withdrawal,
mice were injected with insulin (I-5500; Sigma-Aldrich) via the
peritoneal cavity at a dose of 0.4 U/kg. Blood was sampled at 15,
30, 60, 90, and 120 minutes after injection by drawing 3 uL of
blood from the tip of the tail vein.

Western blot analyses

Muscle tissues and livers isolated from each mice were homoge-
nized with modified immunoprecipitation assay buffer [50 mM
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TrisHCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1% (v/v)
Nonidet P-40, 0.25% (w/v) Na-deoxycholate, and protease
inhibitor cocktail with 1 mM NaF and 10 mM NagVO, as
phosphatase inhibitors] and subjected to 8% SDS-PAGE.
As previously described (25), membranes were blotted with ant-
bodies against the following proteins: phospho-Akt (Ser473) (Cell
Signaling Technology, Beverly, MA, USA), Akt (Cell Signaling
Technology), phospho-GSK38 (Ser9) (Cell Signaling Technology),
GSK3B (BD Biosciences, San Jose, CA, USA), GAPDH (AbFrontier,
Gasan-dong, Seoul, Korea), and B-actin (Sigma-Aldrich).

RNA isolation and quantitative real-time PCR

As described previously (24, 25), each tissue was homogenized
with TRI Reagent (Molecular Research Center, Cincinnati, OH,
USA). cDNA was synthesized using M-MuLV reverse transcriptase
(Fermentas, Glen Burnie, MD, USA). Q-RT-PCR was performed
using the MyiQ quantitative real-time PCR detection system (Bio-
Rad Laboratories, Inc.) with SYBR Green I (BioWhittaker Mo-
lecular Applications; Rockland, ME, USA). The level of each
mRNA was normalized to the level of 18S rRNA or cyclophilin
mRNA. The primer sequences are available upon request.

Microcomputed tomography image acquisition

Each mouse was maintained under anesthesia with isoflurane
(2.5% flow rate) for the duration of the scan. Animals were po-
sitioned prone in the standard mouse bed. Limbs were positioned
lateral to the body to acquire uniform computed tomography
(CT) images. Whole-body CT images were acquired with a micro-
single-photon emission CT/CT scanner (NanoSPECT/CT, Bio-
scan Inc., Washington, DC, USA). For CT image acquisition, the
X-ray source was set to 200 wA and 45 kVp with 0.5 mm. The CT
images were reconstructed using cone-beam reconstruction with
a Shepp filter with the cutoff at the Nyquist frequency and a bin-
ning factor of 4, resulting in an image matrix of 480 X 480 X 632
and a voxel size of 125 um.

Adipose tissue volume measurement and lean body
mass measurement

To measure lean body mass (LBM), the weight of each mouse was
measured before image acquisition. On the whole-body image,
total adipose tissue and visceral adipose tissue volume were
measured as reported previously (26). LBM was defined as the
weight of the body excluding the weight of fat. In this study, LBM
was calculated as follows: LBM = {body weight (g) — [total adipose
tissue volume (cm®) X 0.9 (g/cm3)]}, where 0.9 g/cm3 is the
density of fat. Detailed methods were described in a previous
report (26).

Adipose tissue fractionation and flow cytometry analyses

Adipose tissue was fractionated as previously described (27).
Briefly, epididymal adipose tissues (EATs) were weighed, chop-
ped, and incubated in collagenase buffer for 30 minutes at 37°C
with shaking. After centrifugation, adipocytes in the supernatant
were removed. The pelleted stromal vascular cell (SVC) fraction
was used for flow cytometry. Adipose tissue SVC pellets were in-
cubated with red blood cell lysis buffer [a 1:9 mixture of 0.17 M
Tris (pH 7.65) and 0.16 M NH,Cl], centrifuged at 1300 rpm for
5 minutes, and resuspended in PBS. For macrophage analyses,
SVCs were stained with CD11b (BD Bioscience, San Jose, CA,
USA), F4/80 (eBioscience, San Diego, CA, USA), and CD11c
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(eBioscience) monoclonal antibodies for 30 minutes at 4°C. Cells
were gently washed with and resuspended in PBS. SVCs were
analyzed using a fluorescence-activated cell sorter Canto II (BD
Bioscience).

Gut permeability test in vivo

This examination is based on the intestinal permeability to 4000-
Da fluorescent-dextran (46944; Sigma-Aldrich) as previously de-
scribed (9). After 4 hours of food withdrawal, mice were orally
administered with FITC-dextran (600 mg/kg body weight, 125
mg/ml). After 1 hour, 300 ul of the blood were collected from the
heart. The blood were centrifuged at 4°C, 6000 rpm, for 10
minutes. Collected serums were diluted with same volume of PBS
and analyzed for FITC concentration at excitation wavelength of
485 nm and the emission wavelength of 535 nm. Standard curves
of the FITC-dextran concentration were obtained by continuous
diluting FITC-dextran solution with PBS (0-12.5 ug/ml).

Liver triglyceride measurement

Liver triglycerides were measured according to the manu-
facturer’s protocol (Bioassay Systems, Hayward, CA, USA). Liver
tissue samples (90-120 mg) were homogenized in 500 ul of 5%
Triton X-100 with a tissue homogenizer. Total tissue extracts were
incubated in a water bath to 80°C and cooled to room tempera-
ture. This step was repeated. After centrifugation of the total tis-
sue extract, the supernatant was collected and measured optical
density at 570 nm using a spectrophotometer (infinite M200;
TECAN, Ménnedorf, Switzerland) in 96-well plates as previously
described (5).

Cell culture experiments

NCI-H716 L-cell line was kindly provided by Dr. Young Min Cho
(Seoul National University). Cells were grown in suspension in
RPMI-1640 medium supplemented with 10% fetal bovine serum.
Cells were treated with fresh medium every 2-3 days at a
1:3 dilution. NCI-H716 cells were seeded in 24-well plates (10° cells,
1 ml per 1 well) with fresh RPMI-1640 medium without serum
supplementation. To test GLP-1 secretion, NCI-H716 cells were
treated with or without taurocholic acid (TCA) sodium salt hydrate
(I mM; T4009; Sigma-Aldrich), putrescine dihydrochloride
(1 mM; P5780; Sigma-Aldrich) and creatine monohydrate (1 mM;
(C3630; Sigma-Aldrich) followed by 2 hours incubation. H-89
dihydrochloride hydrate (H-89) (40 uM; B1427; Sigma-Aldrich)
was either treated alone or cotreated with TCA sodium salt hydrate
for 2 hours incubation. Each conditioned medium from cells
treated with different metabolites was carefully harvested and
centrifuged. Supernatant (200 ul) was collected for GLP-1 mea-
surement as described below.

Biochemical analyses for metabolic markers

Serum insulin, endotoxin, TNF-«, and cholesterol were mea-
sured using a mouse insulin ELISA kit (AKRIN-011T; Shibayagi,
Gunma Pref., Japan), ToxinSensor Chromogenic Endotoxin As-
say Kit (L00350; Genscript, Piscataway, NJ, USA), mouse TNF-«
detection kit (KMC3011; Invitrogen, Carlsbad, CA, USA), and
cholesterol detection reagent (TR13421; Thermo Scientific,
Waltham, MA, USA), respectively, following the manufacturers’
instructions. Active GLP-1 and total GLP-1 in serum were mea-
sured using GLP-1 ELISA (Active 7-36) (43-GP1IHU-E01; ALPCO,
Salem, NH, USA) and total GLP-1 (7-36, 9-36) ELISA

2399



(43-GPTHU-EO1; ALPCO), respectively. To measure endotoxin,
serums were diluted in PBS 1/50 to 1/100 ratio (v/v). For mea-
surement of the GLP-1 active form, glucose solution (2 g/kg) was
administered to mice by oral gavage. Mice rested 30 minutes
before killing and blood collection. To inhibit dipeptidyl pepti-
dase IV activity, blood samples were placed in BD P700 tubes
containing dipeptidyl peptidase IV inhibitors (BD Bioscience)
immediately. Blood samples were centrifuged at 2500 rpm for
10 minutes at 4°C to isolate serum. Serum samples were used for
measurement of active GLP-1 in samples that were never frozen.

Immunohistochemistry

After isolation from NC, NH, and Ab-NH mice, ileums were dis-
sected and washed with PBS (0.1 M). They were then fixed with
10% neutral buffered formalin overnight at room temperature.
After dehydration with a graded alcohol series and clearing, tis-
sues were embedded in paraffin. Tissue sections were cut to
a thickness of 4 um and were immunostained with anti-rabbit
GLP-1 antibody (1:1000; Abcam). Before heat-induced antigen
retrieval with TrisEDTA, pH 9.0 (Thermo-Scientific, Rockford,
IL, USA) for 15 min, endogenous peroxidase activity was blocked
with 0.3% HyOs in methanol. Sections were blocked in normal
goat serum and incubated in primary antibody overnight at 4°C.
They were then incubated in Alexa Fluor 488 donkey anti-rabbit
IgG (1:300; Invitrogen) for 2 hours at room temperature and
mounted in Vectashield containing DAPI. Immunoreactivity was
visualized with a confocal microscope system (LSM 510; Carl Zeiss,
Oberkochen, Germany).

Capillary ethanol-mass spectrometry-based metabolomics

Frozen ileal and cecal contents were homogenized with Dulbecco’s
PBS immediately after thawing. Supernatants were collected
without precipitation. Supernatants (100 ul) were centrifuged
and filtered using Ultrafree-MC filter units (Millipore, Billerica,
MA, USA). Samples were analyzed by capillary ethanol mass
spectrometry (CE-MS) at Human Metabolome Technologies,
Inc. (Yamagata, Japan). Detailed methods were described in a
previous report (28).

Statistical analyses

Data are presented as the mean with sem. Differences between 2
groups were assessed by using the Student’s ¢ test. Data involving
more than 2 groups were analyzed by ANOVA (GraphPad Prism;
GraphPad, San Diego, CA, USA). Significant ANOVA results were
followed by post hoc tests (1-way Tukey; 2-way Bonferroni). A value
of P<0.05 was considered significant.

RESULTS

Treatment with V and B depletes Firmicutes and
Bacteroidetes in the mouse gut

To investigate whether the modulation of intestinal mi-
crobial communities, with selective reduction of 2 major
gut phyla, Firmicutes and Bacteroidetes, protects against
obesity and insulin resistance, we challenged mice with
antibiotics before DIO. Eightweek-old C57BL/6] male
mice were fed normal chow for 4 weeks and then fed an
HEFD for 4 weeks (NH). As shown in Fig. 14, one NH group
(Ab-NH) was given free access to drinking water containing
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a'V+ B cocktail throughout the experiment to alter the gut
microbiota. V and B were selected because of their strong
sterilizing effects, especially on gram-positive bacteria and
anaerobes, which include major gut phyla such as Firmi-
cutes and a considerable number of species belonging to
Bacteroidetes (29-31). Moreover, V and B are minimally
absorbed by the host gastrointestinal tract after oral ad-
ministration (32, 33). We verified the depletion of Firmi-
cutes and Bacteroidetes at 4 weeks of antibiotic (V + B)
treatment to NC mice before HFD feeding (data not
shown). In agreement with previous reports (34), there was
a downward trend in the absolute abundance of gut
microbiota upon HFD challenge as compared with NC
group (Fig. 1B). Furthermore, the absolute abundance of
bacterial DNA in the Ab-NH was significantly reduced rel-
ative to the NH group, suggesting that absolute richness of
gut microbiota is altered by V + B. As shown in Fig. 1C, HFD
increased the proportion of Firmicutes and decreased
the proportion of Bacteroidetes compared with the pop-
ulations in NC group, and V + B greatly reduced the
proportions of Firmicutes and Bacteroidetes in DIO. With
the substantial decrease in these phyla, the proportion
of Proteobacteria increased markedly (Fig. 1C). Further-
more, at the class and species levels, Escherichia coli com-
prised more than half of the total bacteria (52.95%),
whereas the population of EF098132_g uc, belonging to
the family Lachnospiraceae of Firmicutes, and Porphy-
romonadaceae_uc_s, belonging to the family Porphy-
romonadaceae of Bacteroidetes, decreased considerably in
the Ab-NH group (Fig. 1D).

Gut microbiota alteration with V + B treatment
ameliorates insulin resistance in DIO mice

To examine the effects of V + B-mediated modulation of
gut microbiota on insulin sensitivity in DIO mice, a glucose
tolerance test and an insulin tolerance test were per-
formed. As expected, the NH group displayed impaired
glucose tolerance and insulin tolerance compared with the
NC group. In contrast, both of glucose and insulin in-
tolerance were improved in the Ab-NH group as compared
with the NH group (Fig. 24, B). Furthermore, the serum
insulin levels in the Ab-NH group were lower than those in
the NH group (Fig. 2C). Also, upon insulin treatment,
phosphorylation of Akt (Ser 473) and GSK38 (Ser 9), 2
major components of the insulin-signaling cascade, slightly
increased in the muscle and liver in the Ab-NH group (Fig.
2D). Because obesity-induced insulin resistance is closely
associated with pancreatic islet hypertrophy (35), the size
of pancreatic islets was investigated. As shown in Fig. 2F,
treatmentwith V + B alleviated pancreatic islet hypertrophy
in Ab-NH mice. Together, these data suggest that the
prominent reduction in the abundance of Firmicutes and
Bacteroidetes with V + B would ameliorate insulin re-
sistance in DIO.

Depletion of Firmicutes and Bacteroidetes does not
affect body weight gain and adiposity in DIO

Because it has been reported that the relative abundance
of Firmicutes and Bacteroidetes is correlated with obesity
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Figure 1. Experimental scheme and the population of the gut microbiota in NC, NH, and Ab-NH groups. C57BL/6] 8-week-old
male mice were given drinking water with or without V + B for 4 weeks and then fed normal chow or HFD. Analyses of gut
microbiota communities by 16S ribosomal DNA (rDNA) analyses from mice fed normal chow without antibiotics, an HFD
without antibiotics (NH), or an HFD with antibiotics (Ab-NH). A) Illustration depicting the experimental strategies used in this
study. Mice in the Ab-NH group were given antibiotics (0.5 g/L V with 1 g/L B; V + B) in their drinking water. After 4 weeks on
a normal chow, with or without antibiotics preconditioning, mice in the NH and Ab-NH groups, respectively, were fed an HFD for
another 4 weeks. Age-matched mice in the NC group were fed normal chow throughout the experimental period. B) Analysis of
the level of 16s rDNA copies in the cecal contents. n = 3 per group. C) Bacterial 16S rDNA pyrosequencing analyses of the cecal
contents of the NC, NH, and Ab-NH groups. Upper bar graphs imply gut microbiota in individual mouse and group average
values are indicated in lower panel. The percentage of the community contributed by each phylum is indicated. Each phylum is
denoted by a color, as shown beside the graph. D) Comparison of cecal microbial species compositions in NH and Ab-NH mice by
16S rDNA pyrosequencing. In the NH group, the prevalence of each species, from top to bottom, was 21.72, 9.79, 9.15, 9, 8.48,
6.07, 5.43,1.93,1.76, 1.73, and 24.91%. In the Ab-NH group, the prevalence of each species, from top to bottom, was 52.95, 22.35,
7.33, 6.85, 4.13, 0.36, 0.29, 0.29, 0.25, 0.25, and 4.93%. B) Each bar represents the mean * St of the individual samples.

(6), we have asked whether depletion of Firmicutes and
Bacteroidetes with V + B changed the body weight gain in
DIO. Interestingly, as shown in Fig. 34, body weight gain in
the Ab-NH group was comparable with that in the NH
group. When we examined the mass of several different
fat depots, there was no significant difference between the
NH and Ab-NH groups (Fig. 3B, C). In addition, adiposity,

GUT MICROBES IMPROVE INSULIN RESISTANCE VIA GLP-1

abdominal fatarea, whole-body fatvolumes, and LBM were
similar in the NH and Ab-NH groups (Fig. 3D, E). Fur-
thermore, food intake and water consumption were not
affected by V + B in DIO mice (Fig. 3F, G). These data
propose that significant reduction of Firmicutes and Bac-
teroidetes by V + B would not be associated with obesity and
adiposity.
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Figure 2.V + B treatment improves insulin resistance in DIO mice. A) At the end of the experimental period, mice were given an
intraperitoneal glucose tolerance test. n = 4 per time point for NC group and n = 5 per time point for NH and Ab-NH group. B)
The same mice tested in panel (A) were given an insulin tolerance test after 2 weeks of recovery. n = 4 per time point for NC
group and n =5 per time point for NH and Ab-NH groups. C) Blood samples were collected from the tail vein of each mouse after
7 hours of food withdrawal (“fasted” group) or normal feeding to measure the serum insulin concentration. D) Western blot images
(left) and bar graphs (right) showing quantitative analyses of Western blot data using Image] (NIH, Bethesda, MD, USA) software
of insulin signaling marker proteins p-Akt (s473) and p-GSK38 (S9) in the muscle and liver. Total Akt, total GSK38, GAPDH in
muscle and B-actin in liver were used as controls. ) Pancreatic islets from mice in the NC, NH, and Ab-NH groups were isolated
and stained with hematoxylin and eosin. Representative images of the pancreas are shown, with enlarged images of pancreatic
islets displayed in the upper right. Islet diameters (um) (n = 33, 31, and 35 for NC, NH, and Ab-NH, respectively) and density
were measured by Image] software. A, B, C, E) Each bar represents the mean * sE of the individual samples. *P < 0.05.
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Figure 3. Body weight and body composition do not differ in NH and Ab-NH mice. A) Body weights were measured every week
from 0 to 8 weeks during the experimental period. *Exhibits difference between NC and NH group. B) Major adipose tissue
depots, including EAT, IAT, renal adipose tissue (RAT), and brown adipose tissue (BAT), were isolated and weighed after the
experimental period. C) Representative images of EAT, IAT, RAT, and BAT in NC, NH, and Ab-NH are shown. Scale, 1 mm. D)
Representative transverse cross-sectional micro-CT images of NC, NH, and Ab-NH abdominal areas. ) Total fat volume (left)
and LBM (right) were quantified from micro-CT scans. F) Daily food intake was measured once a week for 8 weeks after the start
of antibiotics administration to the Ab-NH group. Mice in the Ab-NH group consumed 2.85, 2.7, 3.15, 2.4, 2.05, 2.05, 2, and 2.35 g
of food per day, respectively, similar to mice in the NH group. The average daily food intake over 8 weeks is shown. G) Water
consumption was quantified once a week for 8 weeks after the start of antibiotics administration to the Ab-NH group. Water (100 ml)
with or without antibiotics was provided in a sterile bottle. After 24 hours, the remaining water was measured by mass cylinder.
Ab-NH mice drank 2.65, 2.75, 3.65, 2.35, 1.9, 1.9, and 2.1 ml of water in each 24-hour period sampled, similar to mice in the NH
group. The average daily water consumption is shown. A, B, E, F, G) Each bar represents the mean * sk of the individual samples.
N.S., not significant. *P < 0.05 and **P < 0.01.
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Reduction of Firmicutes and Bacteroidetes by V + B
treatment does not affect the risk factors related to
insulin resistance in DIO mice

In severe obesity, chronic adipose tissue inflammation is
closely associated with insulin resistance (36, 37). In par-
ticular, an increase in proinflammatory macrophages (F4/
80", CD11b", and CDI11c") in the adipose tissue of obese
mice aggravates systemic insulin resistance (36). To test the
hypothesis that adipose tissue inflammation contributes
to improved insulin resistance in the Ab-NH group, in-
flammatory gene expression and macrophage infiltration
were analyzed in adipose tissue. The expression of proin-
flammatory genes such as Tnfo and I1-6in EAT was higher
in the NH and Ab-NH groups than in the NC group (Fig.
44). Similarly, the expression of macrophage surface
marker genes such as F4/80, Cd11b, and Cdllc was com-
parable in the Ab-NH and NH groups (Fig. 4A). Consistent
with the changes in gene expression profiling data, the
number of F4/80" and CD11b" macrophages in the adi-
pose tissues of the HFD-treated groups (NH and Ab-NH)
was higher than that in the NC group (Fig. 4B, C).

It is well recognized that a complex interplay between
the hostand the bacteria modulates systemic inflammation
in obesity (38). For instance, in addition to structural im-
balance and perturbation of the function of gut micro-
biota, disruption of gastrointestinal barrier integrity has
been reported to be a critical change in the host to ag-
gravate inflammation induced by dysbiosis of gut micro-
biota (9). However, there were no significant changes in
the extent of gut inflammation indicated by retained ex-
pression of Tnfa and /-10in the Ab-NH group relative to
NH group (data not shown). Furthermore, the expression
of the gut barrier gene mucin 6 and tight junction genes
such as occludin (Ocln) and claudin 10 (Cldn10) was not
greatly different between the NH and Ab-NH group (Fig.
4D). Also, HFD-mediated elevation of gut leakage was
substantially reduced in the Ab-NH group (Fig. 4F). In
turn, serum endotoxin and serum TNF-«, markers of sys-
temic inflammation, were similar in the NH and Ab-NH
groups (Fig. 4F, G).

Previous studies demonstrated that dysregulation of
lipid metabolism in liver was associated with obesity and its
related disorders (5, 39). In the present study, the levels of
serum cholesterol and hepatic triglyceride were trended
upward regardless of V + B treatment upon HFD feeding
indicating that HFD-induced dysregulation of lipid me-
tabolism in the liver would not be affected by the modu-
lation of the gut microbiota by V + B treatment (Fig. 4H, I).
Thus, these results suggest that amelioration of insulin re-
sistance in the Ab-NH group is not related with the allevi-
ation of chronic inflammation or hepatic lipid dysregulation.

V + B-mediated alteration of gut microbiota improves
glucose tolerance via stimulating GLP-1 secretion in
DIO mice

GLP-1 is a prominent gut hormone that modulates whole-
body insulin sensitivity (40). To investigate whether GLP-1
was involved in the improvement of insulin resistance in
the Ab-NH group, serum levels of GLP-1 (7-36 amide and
9-36 amide) were measured. Intriguingly, the level of total
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GLP-1 in food withdrawal status increased in the Ab-NH
group to an extent comparable to NC mice (Fig. 54). To
determine whether the increase in total GLP-1 in basal
status of the Ab-NH group was resulted from the different
ability of L-cells to secret GLP-1 upon glucose challenge,
GLP-1 release was examined after oral glucose adminis-
tration. As shown in Fig. 5B, the levels of active GLP-1 in the
serum were significantly higher in the Ab-NH group than
in the NH group. The reduction in active GLP-1 upon HFD
feeding (Fig. 5B) is consistent with previous report that
GLP-1 secretion is suppressed in obese humans (41). In
addition, the degree of GLP-1 staining in the ileum in-
creased in the Ab-NH group compared with the NH group,
suggesting that the production of GLP-1 in the ileum was
augmented in the Ab-NH group (Fig. 5C, D).

We next examined the involvement of GLP-1 in the en-
hancement of glucose tolerance in the Ab-NH group.
Treatment with Ex(9-39), a well-known GLP-1 receptor
antagonist, led to aggravation of glucose intolerance in NH
mice relative to the NH mice treated with vehicle (Fig. 5F).
Additionally, Ab-NH mice treated with Ex(9-39) exhibited
significantly impaired glucose intolerance to an extent
comparable to NH mice treated with Ex(9-39) (Fig. 5E).
These data imply that amelioration of obesity-induced
glucose intolerance in Ab-NH mice would be attributable to
GLP-1-mediated beneficial effects on energy metabolism.

Modulation of 2 major phyla stimulates production of
metabolically beneficial metabolites

Microbial communities actively produce various metabo-
lites, which have the potential to affect energy homeostasis
(28). As shown in Fig. 64, B, CE-MS analyses revealed dis-
tinct gut metabolite patterns in the NH and Ab-NH groups.
In contrast, serum metabolite profiles were not markedly
differentin the NHand Ab-NH groups (Fig. 6C, D). Among
the metabolites selectively up-regulated in the Ab-NH
group (Table 1), 8 metabolites including succinic acid,
creatine, putrescine, sulfotyrosine, TCA, mucic acid pu-
trescine, and 1-methylnicotinamide (Fig. 6F) were known
to benefithost energy metabolism (42—49). Given previous
studies reported that gut-derived metabolites are able to
stimulate GLP-1 secretion (50, 51), we tested the effects
of gut metabolites induced by removal of Firmicutes
and Bacteroidetes on GLP-1 section in L-cells. Among 3
metabolites prominently induced in the Ab-NH group,
TCA overtly enhanced GLP-1 secretion in L-cells, in-
dicating thatalteration of gut metabolites in Ab-NH group,
in part, contributes to an increase in GLP-1 secretion
in DIO (Fig. 6F). Further, protein kinase A (PKA) was
appeared to be engaged in TCA-mediated GLP-1 secretion
as treatment of H-89, a well-known PKA inhibitor, sub-
stantially reduced the positive effect of TCA on GLP-1 se-
cretion (Fig. 6G). Collectively, these results suggest that
depletion of Firmicutes and Bacteroidetes with V + B in
DIO would alter gut metabolites and subsequently aug-
ments insulin sensitivity via increasing GLP-1 secretion.

DISCUSSION

Compelling evidences indicate that Firmicutes and Bacte-
roidetes, 2 major phyla of gut microbiota, play a significant
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Figure 4. Adipose tissue inflammation, endotoxemia, serum cholesterol, and hepatic steatosis are not altered in Ab-NH mice. A)
Relative mRNA levels in EAT were measured. Proinflammatory cytokines, Tnfa and /16, and macrophage markers, 4/80, Cdl1b,
and Cdllc, were measured by quantitative real time-PCR. B) Flow cytometry of adipose tissue macrophages (ATM; F4/80" and
CD11b%) in EAT. C) Flow cytometry of M1 type macrophages (F4/80%, CD11b", and CD11c¢") in EAT. Total cell numbers are
indicated in the left graph, and the number of cells per gram of adipose tissue is shown in right graph. D) Relative expression of gut
barrier genes in the intestine: occludin (Ocln), claudin 1 (Cldnl), claudin 10 (Cldnl0), and Mucin 6 (Muc6). I-—I) Changes in gut
permeability (E), serum endotoxin (F), TNF-a (G), cholesterol (H), and hepatic triglyceride (/) induced by DIO were measured.
n =5 per group. Each bar represents the mean = sk of the individual samples. N.S., not significant. *P < 0.05 and **P < 0.01.

role in the regulation of host energy metabolism (6, 9),
although the association of relative abundance of Firmicutes
and Bacteroidetes with obesity and its related metabolic
diseases has been controversial. To elucidate the roles of
Firmicutes and Bacteroidetes on obesity and its related
metabolic complications, we developed a mouse model in
which gut microbiota is altered by treatment with an antibi-
otic cocktail of V + B before the establishment of DIO. V + B
treatment in DIO-altered gut microbiota, selectively by

GUT MICROBES IMPROVE INSULIN RESISTANCE VIA GLP-1

reducing the population of Firmicutes and Bacteroidetes,
and improved insulin resistance, without affecting obesity. Of
note, serum GLP-1 levels and GLP-1 expression in intestinal
L-cells were significantly augmented upon the V +
B-mediated alteration of gut microbiota. Additionally,
depletion of Firmicutes and Bacteroidetes increased
production of particular metabolites in the gut, which
would contribute to beneficial changes in the host en-
ergy metabolism including GLP-1 secretion. These data
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Figure 5. GLP-1 is elevated in the serum and intestinal L-cells of Ab-NH mice. A) Measurement of total (7-36 and 9-36 amide) GLP-1
under food withdrawal status in the NC, NH, and Ab-NH groups. n = 5 per group. B) Measurement of active (7-36 amide) GLP-1
after oral glucose administration (2 g/kg, 20% glucose solution). n = 10 per group. Cand D) Representative immunofluorescence
images of L-cells in the ileum (C) stained with anti-GLP-1 (green) and DAPI (blue) and quantification of the relatives GLP- l-positive
area (D). GLP-1-positive area was measured using Image] software. E) Mice were given glucose tolerance test with Ex(9-39) in the

NH and Ab-NH groups.

*Blood glucose levels of Ex(9-39)-treated groups showed statistical significance as compared with vehicle

treated groups from 30 to 120 minutes after glucose administration. *Exhibited dlfference between NH and Ab-NH groups. Each
bar represents the mean * st of the individual samples. N.S., not significant. *’ #P < 0.05 and **P < 0.01.

suggest that distinct shifts in gut microbial composition
by V + B treatment would ameliorate insulin resistance in
DIO by stimulating GLP-1 secretion.

Gut microbiota, particularly Firmicutes and Bacte-
roidetes, are involved in the control of host energy me-
tabolism including carbohydrate, lipid, and bile acid
metabolism (15, 52). More importantly, Firmicutes and
Bacteroidetes share roles to regulate the response of host
to dynamic changes in diets (53). Previously, it has been
suggested that there is correlation between obesity and
relative proportion of Firmicutes and Bacteroidetes (7).
However, several lines of evidence indicated that such
correlation is not always implicated in obesity and changes
in the relative abundance of Firmicutes and Bacteroidetes
may not be sufficient for the onset of obesity (54, 55). In
present study, we observed that body weight gain and
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adiposity upon HFD were not attenuated when Firmicutes
and Bacteroidetes were concurrently depleted. On the
other hand, we observed that obesity-induced insulin re-
sistance was improved in parallel with the reduction in the
abundance of Firmicutes and Bacteroidetes, indicating
a potential role of Firmicutes and Bacteroidetes in the
regulation of insulin sensitivity in DIO.

Previously, it has been reported that patients with type 2
diabetes are relatively enriched with gram-negative bacte-
ria belonging to the phyla Bacteroidetes and Proteobac-
teria (56, 57). Additionally, it has been shown that such
increases in gut microbiota are associated with metabolic
endotoxemia through increasing plasma LPS, leading
to oxidative stress, macrophage infiltration markers, and
most inflammatory markers inducing insulin resistance
(38). In particular, disruption of gastrointestinal barrier
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Figure 6. Analyses of gut and serum metabolites from NC, NH, and Ab-NH mice. Heat maps of the relative amounts of
metabolites identified in the ileal contents (A) and serum (C) using CE-MS. n = 3 per group. The relative amount of each
individual metabolite was indicated by color intensity: red for positive correlation and green for inverse correlation. B, D)
Principal component analyses (PCA) of metabolomics results. Dispersion of metabolites identified in the ileal contents (B) and
serum (D) in NC, NH, and Ab-NH groups. n = 3 per group. E) The cecal levels of 8 metabolites metabolically beneficial in
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TABLE 1. Metabolites exclusively up-regulated in the Ab-NH group

Relative folds of inductions®

No. Compound name KEGG ID NC NH Ab-NH P value®
1 Succinic acid C00042 —0.585 * 0.075 0.583 = 0.075 1.167 = 0.548 0.082969
2 Creatine C00300 —0.679 = 0.046 —0.501 = 0.213 1.180 = 0.483 0.056252
3 Pro C00148 —0.689 = 0.003 —0.527 * 0.103 1.216 = 0.455 0.05556
C00763
C16435
4 N-acetylputrescine C02714 —0.660 = 0.062 —0.573 = 0.075 1.233 *+ 0.426 0.0475
5 XC0065 - —0.623 —0.623 1.246 + 0.412 0.04535
6 Sulfotyrosine No ID —0.633 —0.633 1.266 = 0.362 0.034368
7 XA0036 - —0.634 —0.634 1.267 = 0.359 0.033863
8 3-methyladenine C00913 —0.638 —0.638 1.276 = 0.335 0.029358
9 Imidazolelactic acid C05568 —0.651 —0.625 = 0.026 1.276 *+ 0.332 0.02857
10 Glucuronic acid C00191 —0.885 —0.380 = 0.261 1.265 * 0.043 0.021719
11 Putrescine C00134 —0.638 = 0.018 —0.655 = 0.004 1.294 *+ 0.278 0.019725
12 TCA C05122 —0.648 —0.648 1.296 + 0.273 0.019123
13 Homovanillic acid C05582 —0.331 = 0.479 —0.810 1.141 = 0.264 0.017773
14 Mucic acid C00879 —0.649 —0.649 1.299 * 0.262 0.017548
C01807
15 1-pyrroline 5-carboxylic acid C03912 —0.650 —0.650 1.300 = 0.255 0.016711
16 1 H-imidazole-4-propionic acid No ID —0.724 —0.566 = 0.081 1.289 * 0.272 0.014741
17 Shexylglutathione C02886 —0.655 —0.655 1.310 = 0.216 0.011908
18 N'-methyl-4-pyridone C05843 —0.655 —0.655 1.310 = 0.214 0.011624
-b-carboxamide
19 7-methylguanine C02242 —0.740 —0.514 = 0.226 1.254 = 0.300 0.010997
20 XC0126 - —0.657 —0.657 1.313 = 0.200 0.010143
21 XA0035 - —0.657 —0.657 1.314 * 0.198 0.009986
22 Urea C00086 —0.657 —0.657 1.314 = 0.196 0.009728
23 Carboxymethyllysine No ID —0.503 = 0.024 —0.789 = 0.062 1.291 = 0.240 0.009505
24 l-methylnicotinamide C02918 —0.661 —0.661 1.322 + 0.147 0.005459
25 Cadaverine C01672 —0.722 = 0.014 —0.602 = 0.017 1.324 + 0.121 0.003372
26 Gluconolactone C00198 —0.664 —0.664 1.329 = 0.094 0.002235
27 Creatinine C00791 —0.760 = 0.069 —0.547 = 0.164 1.307 = 0.098 0.001635
28 Gluconic acid C00257 —0.292 + 0.173 —0.937 + 0.160 1.229 * 0.204 0.001428
29 Isethionic acid C05123 —0.654 = 0.073 —0.666 = 0.068 1.320 = 0.130 0.000838
(2-hydroxyethanesulfonic
acid)
30 Macetylhistidine C02997 —0.673 = 0.149 —0.636 = 0.093 1.309 = 0.128 0.000425

KEGG, Kyoto Encyclopedia of Genes and Genomes. “Average * sk, Logsy scale, n = 3. *Student’s ¢ test (NH vs. Ab-NH).

integrity appeared to cause a critical change in the host
to aggravate inflammation induced by dysbiosis of the
microbiome (38, 58). In the present study, there was an
increase in the relative abundance of Proteobacteria in
conjunction with the reduction of Firmicutes and Bacte-
roidetes in the Ab-NH group. However, our data suggest
that such modulation in gut microbiota would have limited
effects on obesity-mediated increment of gut leakage as
well as endotoxemia. Nevertheless, future studies are re-
quired to reveal the extent to which Proteobacteria mod-
ulate changes in the systemic energy homeostasis in
response to V + B in DIO.

Various biological pathways facilitate the crosstalk be-
tween host energy homeostasis and gut microbiota. Here,

our data suggest that V + B-induced alteration of gut
microbiota modulates insulin sensitivity by promoting
GLP-1 secretion. GLP-1 is a gut hormone mainly secreted
from L-cells in the gut in response to nutrient status (18,
40). Particularly, the active form of GLP-1 (7-36 amide)
governs systemic energy homeostasis by regulating satiety
in brain, insulin secretion in pancreatic islets, and glucose
uptake in muscle (59). Although a previous report has
shown that GLP-1 secretion is reduced in patients with type
2 diabetes (60), the dynamics of GLP-1 secretion in non-
diabetic obese rodent models have not been well docu-
mented. In Fig. 5B, the level of active GLP-1 in the NH
group was lower than that in the NC group. Notably,
treatment of Ex(9-39) aggravated glucose intolerance in

diabetes are shown. These metabolites only increased in the Ab-NH group. CE-time-of-flight/MS scans of cationic and anionic
metabolites covered a 50-1000 m/z range. The Y-axis represents the relative peak area [metabolite peak area/(internal standard
peak area X sample amount) or (measured value — theoretical value)/(measured value X 10° in the case of putative
metabolites] converted to logs ratio. F, G) The levels of GLP-1 in conditioned media. F) NCI-H716 cells were treated with TCA or
putrescine or creatine for 2 hours. G) NCI-H716 cells were either treated with TCA and H-89 alone or together. Each bar

represents the mean * st of the individual samples. **P < 0.01.
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Ab-NH group, indicating the significance of GLP-1-
mediated beneficial effects on energy metabolism in the
improvement of glucose intolerance in the Ab-NH group.
Previous studies showed that several kinds of prebiotics
stimulate GLP-1 secretion and that gut microbiota acts as
a mediator by fermenting indigestible prebiotics to short
chain fatty acids (61, 62). Consequently, short chain fatty
acids induce GLP-1 release from L-cells and modulate
systemic energy homeostasis (21). Here, we demonstrated
that depletion of Firmicutes and Bacteroidetes in DIO in-
creased production of gut-derived metabolites including
TCA, creatine, and protein tyrosine phosphatase 1B. In
consistent with previous studies demonstrating that TCA
stimulates GLP-1 secretion in humans (51, 63), TCA
treatment promoted GLP-1 secretion in L-cells. Thus,
findings both in our results and from those human data
suggest that an increase in TCA after depletion of Fir-
micutes and Bacteroidetes would be associated with GLP-
1-dependent amelioration of insulin resistance in DIO.
In addition to TCA, other metabolites have been repor-
ted to have beneficial effects on host energy metabolism
(42-46, 48, 49). For instance, sulfotyrosine represses
protein tyrosine phosphatase 1B and contributes to the
regulation of insulin signaling (45) and creatine is linked
with increased GLUT4 expression in muscle (43).
Therefore, it is of particular interest to investigate the
potential roles of these metabolites in the alleviation of
insulin resistance mediated by alteration of Firmicutes
and Bacteroidetes in DIO in the future.

In this study, the serum insulin levels of the Ab-NH
group were lower than those in the NH group in food
withdrawal and feeding conditions, implying that alterna-
tive mechanisms might enhance insulin sensitivity, in-
dependent of active GLP-1-mediated stimulation of insulin
release. In the pancreas, active GLP-1 (7-36 amide) binds to
GLP-1 receptor to activate PKA signaling, induces insulin
secretion, and promotes 3-cell survival (40). However, after
secretion into the blood, active GLP-1 is rapidly degraded
into the inactive GLP-1 (9-36 amide) metabolite within 1-2
min by dipeptidyl peptidase IV (64). Although the role of
inactive GLP-1 in glucose metabolism is still unclear, it has
been recently suggested that inactive GLP-1 may be in-
volved in the regulation of glucose homeostasis (65, 66).
Forinstance, inactive GLP-1 alone lowers the blood glucose
level in anesthetized pigs (65). In dogs, inactive GLP-1
significantly increases myocardial glucose uptake with di-
lated cardiomyopathy (66). Furthermore, inactive GLP-
1 is highly stable in blood, which would prolong the
effects of active GLP-1 to improve insulin resistance (51).
These findings are consistent with our data that an in-
crement of insulin sensitivity in V + B-treated DIO mice is
potentially attributable to increased levels of both active
and inactive forms of GLP-1.

Increased adipose tissue inflammation correlates with
insulin resistance in obese individuals. Moreover, de-
pletion or aggravation of gut microbiota with various
antibiotics alleviates insulin resistance and obesity by re-
ducing inflammatory responses (9, 67). In this study, ad-
ipose tissue and whole-body inflammation were similar
between NH and Ab-NH groups. However, in a recent
study, mice treated with subtherapeutic levels of antibiotics
displayed increased adiposity and insulin resistance with
subtle but significant changes in gut microbiota (68).

GUT MICROBES IMPROVE INSULIN RESISTANCE VIA GLP-1

These conflicting results might be derived from the selec-
tion and concentration of antibiotics, which would in-
fluence metabolic changes and adipose tissue
dysregulation.

In conclusion, we demonstrated that alteration of gut
microbiota, with significant depletion of Firmicutes and
Bacteroidetes, by treatment with V + B would improve in-
sulin resistance in DIO mice. Apparently, such modulation
in gut microbiota alters profiles of gut-derived metabolites
and consequently augments GLP-1 secretion. Taken to-
gether, these findings may provide an insight into the un-
derstanding of biologic mechanisms involved in the
regulation of insulin sensitivity in obese subjects.
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