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Abstract

In this study, we investigated the effect of diet supplementation with sodium butyrate (5% w/w),
a short-chain fatty acid produced by the intestinal microbiota, on metabolic parameters,
body adiposity, hepatic and pancreatic lipid accumulation, beta cell function/mass as well
as on the structure and function of the tight junction-mediated intestinal epithelial barrier in
both normal and obese/prediabetic C57 mice fed a regular (control) or high-fat diet for
60 days, respectively. Butyrate treatment significantly inhibited all the high-fat-induced
metabolic dysfunctions evaluated, i.e. significantly reduced the weight gain and body
adiposity as well as the insulin resistant state, hyperglycemia and hyperinsulinemia, without
changing food intake. In addition, high-fat-fed mice treated with this short-chain fatty acid
displayed no compensatory hyperplasia of pancreatic beta cells nor marked hepatic stea-
tosis as seen in prediabetic mice after high-fat diet only. Isolated pancreatic islets from high-fat-fed mice treated with butyrate
showed improvement of the insulin secretion, which was associated with a significant decrease in lipid accumulation within the
pancreas. Butyrate enhanced the intestinal epithelial barrier, as revealed by the FITC-Dextran permeability assay, which was
accompanied by a significant increase in the junctional content of the tight junction-associated claudin-1 in intestinal epithelia of
jejunum, ileum, and colon of both control and high-fat mice. In conclusion, our results showed that diet supplementation with
butyrate inhibits the deleterious effects of high-fat diet intake on metabolic parameters and structure/function of several tissues/
organs associated with type 2 diabetes mellitus in a mouse model, suggesting a potential use of this short-chain fatty acid in the

Impact statement

Butyrate is a short-chain fatty acid
produced by the intestinal microbiota
through the fermentation of
non-absorbable carbohydrates and
proteins (e.g. fibers). Sodium butyrate
incorporated into the diet displayed a
protective action on metabolic, hepatic,
pancreatic and intestinal alterations
induced by high-fat diet in mice, resulting
in significant inhibition of the development
of a prediabetic state. Thus, our data
suggest that butyrate may have a potential
therapeutic use in the treatment of type 2
diabetes and related disorders.

treatment of this endocrine-metabolic disorder.
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Introduction

Diabetes mellitus is a disorder that affects the metabolism
of carbohydrates (in particular, glucose) as well as of lipids
and proteins, as result of either a deficiency in insulin secre-
tion or reduced sensitivity of tissues to this hormone.'
There are two forms of diabetes, type 1 (TIDM) and type 2
diabetes mellitus (T2DM), that have distinct pathogenesis.
T1DM is an autoimmune disease that results from a combin-
ation of genetic susceptibility, immune dysregulation and
exposure to certain environmental factors (such as viral infec-
tion, dietary substances, etc.), leading to beta cell death and,
as a consequence, in a deficiency of insulin production.*
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T2DM has a more complex etiology/pathogenesis and a
higher incidence/prevalence in the world population now-
adays. Itis established that physical inactivity and obesity are
important contributors to the onset of this disease, although
there may be genetic and environmental predisposing factors
associated with T2DM.*?

Insulin resistance is one of the first signs of T2DM, being
characterized by a general decrease in cell sensitivity to insu-
lin, that leads to hyperglycemia due to reduced glucose
uptake (mainly in muscle and adipose tissue) or increased
glucose output (such as in the liver).® Although it is not
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completely known which factors trigger the insulin resist-
ance, high levels of circulating fatty acids and adipose
tissue-derived pro-inflammatory cytokines certainly contrib-
ute to this condition.***'® In addition, it has been recently
proposed that microbiota-derived lipopolysaccharides, cross-
ing a leaky intestinal epithelium, may also play a role in the
long-term development of insulin resistance in T2DM."**

In order to compensate the permanent state of insulin
resistance, pancreatic beta cells are capable of an adaptive
response that involves changes in their secretory function
and mass in the endocrine pancreas.’>® At initial stages,
beta cells increase insulin biosynthesis and release but, subse-
quently, due to the continuous resistance of biological tissues
to insulin, beta cell mass expands to promote a further
increase in secretion of this hormone necessary for the main-
tenance of normoglycemia.'>"”** In advanced stages, the con-
stant demand for insulin hypersecretion in association with
long-term exposition to hyperglycemia/dyslipidemia and a
chronic inflammatory state within the pancreatic islet milieu
result in secretory impairment and then beta-cell death by
apoptosis, reducing its mass in the pancreas.”>"?*%' As a
consequence, replacement therapy with insulin is needed to
recover glucose homeostasis.

In addition to hormone replacement treatment of T2DM,
alternative therapies have been proposed, particularly at
the early stages of this disease, in order to control obesity
and altered metabolism of carbohydrates, leading to a
reversal of the prediabetic state. These therapies involve
regular physical exercise and special diets and the intake
of prebiotic and probiotic in view of the recent discovery of
a possible association between microbiota and the develop-
ment of diabetes.'>**

Butyrate is a short-chain fatty acid (SCFA) produced by the
intestinal microbiota through the fermentation of non-absorb-
able carbohydrates and proteins (e.g. fibers). It has been
demonstrated that butyrate has beneficial effects on intestinal
mucosa, displaying anti-inflammatory, anti-oxidant and anti-
carcinogenic actions.?"® In vitro conditions, butyrate induces
an increase in the tight junction (T])-mediated epithelial bar-
rier function by increasing the expression of the TJ-associated
claudin-1 in intestinal cell line.** Regarding its systemic effect,
there has been recently suggested an anti-diabetogenic effect
of this SCFA in animal models of TIDM and T2DM, which
was related to its action as histone deacetylase (HDAC) inhibi-
tor.>1?5-3 Nevertheless, to the best of our knowledge, there is
no study looking at the relationship between the effect of
butyrate on the T2DM-associated metabolic, hepatic and pan-
creatic alterations and its action on the TJ-mediated intestinal
epithelial barrier. Therefore, the aim of the present work was
to investigate the effect of diet supplementation with sodium
butyrate on metabolic parameters, adiposity, hepatic and pan-
creatic lipid accumulation, beta cell function/mass as well as
on the structure and function of the intestinal epithelial barrier
of obese and prediabetic mice.

Materials and methods
Animals and diets

Male C57BL/6JUnib mice (aged four to five months)
were obtained from the breeding colonies of the

Multidisciplinary Center for Biological Investigation on
Laboratory Animal Science (CEMIB) of the University of
Campinas (UNICAMP, Brazil). The animals were divided
into four experimental groups: control (C), control +
butyrate (CB), high-fat (HF) diet and HF diet+ butyrate
(HFB). Sodium butyrate (cat number 303410, Sigma) was
incorporated into the regular and HF diets at a concentra-
tion of 5% (w/w) as previously described.* The C group
received a standard rodent diet (in powder) (containing
4.5% lipids, 53% carbohydrates, and 23% proteins; w/w).
The CB group received the standard diet mixed with 5% of
sodium butyrate (w/w). Animals from the HF group
received a prepared HF diet (in powder) (containing 21%
lipids, 50% carbohydrates, and 20% proteins; w/w), while
the HFB group received the same HF diet but mixed with
5% of sodium butyrate (w/w). The lipid composition of the
HF diet was mainly lard (20g/100g diet), but also con-
tained soy oil (1mL/100g diet). The different animal
groups had free access to food and water and were kept in
a controlled temperature environment (25°C) and 12-h light-
dark cycle during the entire experimental period (60 days).
All the experiments in this project were approved by
the Institutional Committee for Ethics in Animal
Experimentation of the University of Campinas (CEUA/
UNICAMP; under Protocol: 3439-1).

Weight gain and metabolic evaluation

The following parameters were evaluated in mice from all
experimental groups: the weight gain, the visceral (retro-
peritoneal and pelvic) fat accumulation, the fast and fed
glycemia, the fast insulinemia and response to the insulin
tolerance test (ITT, expressed as area values under the curve
(AUCQ)). These procedures were performed as previously
described'****! and at the same period during the day
(9a.m.-11a.m.). The blood glucose concentration was mea-
sured using an Accu-Chek Advantage II glucometer (Roche
Diagnostic, Switzerland). Insulin plasma concentration was
determined using a commercial ELISA kit (Rat/Mouse
Insulin ELISA Kit, Cat# EZRMI-13K, Millipore, USA).

Static insulin secretion

Pancreatic islets were isolated from pancreas by collagenase
digestion.*! Groups of five islets of similar size were col-
lected and preincubated in 24-wells plates with 0.5mL
Krebs solution supplemented with 3 mg.mL ™" bovine albu-
min (Sigma) and 5.6mM glucose for 30 min at 37°C.**
After this period, islet pools were incubated for 60 min at
37°C in Krebs solution supplemented with 2.8 mM or
16.7 mM glucose.40 After incubation, the supernatants
were collected, stored at —20°C until determination of insu-
lin concentration, expressed as ng.mL .islet ' using the
ELISA kit (Rat/Mouse Insulin ELISA Kit, Cat# EZRMI-
13 K, Millipore, USA).

Pancreas and liver histology and morphometry

Pancreas fragments were fixed, embedded in Paraplast®
(P3558, Sigma), and routinely processed for hematoxylin-
eosin (HE) staining or for immunoperoxidase detection of
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insulin.*’ To determine the relative volume of pancreatic
beta cells per pancreas, a morphometric analysis was per-
formed as previously described.*’ Briefly, six histological
sections from each animal (two sections per pancreas
region, i.e. head, body, and tail) were photographed using
a digital camera coupled to a conventional inverted micro-
scope (Nikon Eclipse E-400 - Nikon, Japan). The relative
volume of beta cells in the pancreas (as an estimate of
beta cell mass) was determined by the sum of all insulin
immunostained-islet areas divided by the respective pan-
creas section area using the software Image] (http://
rsbweb.nih.gov/ij/ download.html).

For the analysis of islet cytoarchitecture (i.e. the typical
arrangement of beta- and non-beta-cells within the islet),42
the pancreas sections were processed for dual immuno-
fluorescence for insulin (using the anti-insulin, cat
number A0564, Dako, USA) and glucagon (using the anti-
glucagon, cat number A0565, Dako, USA) using a standard
protocol'®*® and observed by confocal laser microscopy
(LSM 510-Zeiss, Germany).

For the evaluation of adipocyte infiltration within
the pancreas, we have used the same histological sections
processed previously for HE staining and insulin immuno-
peroxidase (totalizing 29 pancreas sections/group; 4-5
animals/group). Each pancreas section was scored accord-
ing to the amount of intralobular fat tissue as follows: score
0, absence of intralobular adipose tissue; score 1, low
fat accumulation (presence of one to three adipocytes
within pancreas parenchyma section); score 2, moderate
fat accumulation (presence of four to six adipocytes
within pancreas parenchyma section); score 3, high fat accu-
mulation (presence of more than seven adipocytes within
pancreas parenchyma section). The degree of fat accumula-
tion within the pancreas parenchyma was determined by
calculating the score mean value for each experimental
group according to this classification.

For the analysis of liver steatosis, liver fragments
were fixed, embedded in Paraplast® (P3558, Sigma), and
routinely processed for HE staining. Digital images (five
per liver section) were acquired randomly from three
5-um-thick sections per liver specimens using a digital
camera coupled to a conventional microscope (Nikon
Eclipse E-400 - Nikon, Japan). The morphometric estima-
tion of liver steatosis was performed by a point-counting
system, as previously described with some modifications,*’
using digital images obtained at high magnification
(100 x objective lens) and a test system of 88 points employ-
ing the Grid plugin of Image J. The sum of points hitting fat
droplets within the hepatocyte was divided by the total
points and expressed as percentage that was taken as an
index of liver steatosis degree.

Immunolabelling and immunoblotting of claudin-1 in
intestine fragments

The localization and distribution of the tight junctional pro-
tein claudin-1 in intestinal epithelia were determined by
indirect immunofluorescence in cryosections of intestine
fragments. For that, fragments of jejunum, ileum, and
colon, obtained from 12-h fasted mice were frozen in

n-hexane with liquid nitrogen and the cryosections
obtained were permeabilized and fixed with acetone at
—20°C for 3min. For the immunofluorescence reaction,
intestine cryosections were incubated with a blocking solu-
tion (phosphate-buffered saline (0.01mM PBS, pH 7.4)
containing 5% bovine serum albumin (BSA) plus 0.1%
Tween 20) for 1h and, then, incubated overnight at 4°C
with the anti-claudin-1 primary antibody (Abcam; cat
number ab15098; diluted 1:50 in PBS plus 3% BSA). After
washing with PBS, the intestine sections were incubated
with the FITC-conjugated specific secondary antibody
(Sigma) (dilution 1:100 in PBS plus 1% BSA solution)
and DAPI (D 9542 Sigma) (dilution 1:1000) for 2h at room
temperature (RT). All sections were mounted in a com-
mercial antifading agent (Vectashield, Vector Laboratories,
Burlingame, CA) and photographed by a digital cam-
era coupled to an inverted fluorescence microscope
(Observer.Z1; Zeiss - AxioCam, MRC, USA). Digital
images of the intestine sections from all experimental
groups were obtained and compared during the same ses-
sion using identical microscope parameters (gain and time
exposure). To determine the junctional content of claudin-1
in epithelia from the different intestine segments, five
images of intestinal epithelium were captured from each
cryosection from animals of all experimental groups.
Then, the integrated densities of 50 points per image,
placed at the intercellular region of enterocytes (immuno-
labelled for claudin-1), were measured in all captured
images using the free software Image] (given a total of
1250 points sampled per experimental group).

Fragments of jejunum, ileum, and colon, where the ser-
osal and muscular layers were removed, were sonicated in
an antiprotease cocktail (10mM imidazole, pH 7.4, 4mM
EDTA, 1mM EGTA, 05ugmL™' pepstatin A, 200
KIU.mL™! aprotinin, 2.5ug.mL™" leupeptin, 30pug.mL ™"
trypsin inhibitor, 200 uM DL-dithiothreitol, DTT, and
200 uM phenylmethylsulfonylfluoride (PMSF); Sigma) and
processed for Western Blotting, using a standard proto-
col.?*! Briefly, homogenate aliquots (containing 50 ug of
total protein) were applied on 12% polyacrylamide gels
and proteins were fractionated by electrophoresis and elec-
trophoretically transferred to nitrocellulose membranes
(Bio-Rad). After staining with Ponceau solution (Sigma) to
check the efficiency of sample loading and transfer, mem-
branes were blocked for 4h at RT with a buffer solution
(0.01M Trisma Base, 0.15M NaCl, 0.05% Tween 20; pH
7.4) containing 5% skimmed milk powder and then incu-
bated overnight at 4°C with primary antibody anti-claudin-
1 (Abcam; cat number ab15098; dilution 1:150 in basal solu-
tion containing 3% skimmed milk powder). After washing
with the buffer solution, the membranes were incubated
with specific secondary antibody conjugated with HRP
(Sigma) (dilution 1:500 in the buffer solution containing
1% skimmed milk powder) for 2h at RT. Immunoreactive
bands were detected using an enhanced chemilumines-
cence kit (Super Signal, Thermo Fisher Scientific, USA)
and an imaging system (Genome Gene, Syngene Bio
Imaging, UK). The relative size of the immunoreactive
bands was quantified by densitometry using the Image]
software. After stripping, the membranes were reincubated
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with an anti-beta-actin antibody, used as internal control.
Optical densitometric values were expressed as the ratio of
the claudin-1 and beta-actin signals.

Intestinal permeability to FITC-dextran

Intestinal permeability was assessed by using fluorescein
isothiocyanate-conjugated Dextran (FITC-Dextran, 4kDa,
(cat number 46944, Sigma, USA)) as a paracellular tracer.??
Animals fasted for 6h received by gavage FITC-Dextran
(FITC-DX) solution at a dose of 600mgkg ' and volume
of 48mL.kg " (diluted in PBS (0.01M pH7.4)). After 1h,
the animals were euthanized in a CO, chamber; blood sam-
ples were collected from the cervical veins (after decapita-
tion) and centrifuged at a speed of 8000g for 10 min at 4°C to
separate the plasma. Then, plasma aliquots were diluted in
an equal volume of PBS (pH 7.4), added to 96-wells plate
and read by a fluorescence microplate reader (Fluorskan
Ascent; Thermo Scientific, USA) at the excitation wave-
length of 485nm and the emission wavelength of 535 nm.
The values of intestinal permeability to FITC-DX were
expressed as absorbance absolute values of the marker
within the animal plasma.

Statistical analysis

The two-way ANOVA was used to assess the interaction
between the two treatments, exposure to butyrate and the
HF diet, followed by the Bonferroni post-test. For multiple
comparisons, we used the one-way ANOVA, followed by
the Bonferroni post-test. In the case of insulin secretory
response data, the Student’s t-test was employed to deter-
mine the degree of statistical significance between two
experimental groups. All statistical analyses were per-
formed using the GraphPad Prism Software version 5.00
(GraphPad Software, USA). Results are expressed as
means +SE (Standard Error), and the significance level
was set at P < 0.05.

Results

The exposure to HF diet (HF group) for 60 days induced a
significant increase in body weight gain (of 35.8%)
(P<0.001) (Figure 1(a)) and in visceral adipose tissue
deposition (of 6.3 fold) (P <0.0001) (Figure 1(b)) as com-
pared to control (C) group. HF diet also induced metabolic
disturbances that included, marked peripheral insulin
resistance (P <0.05) (Figure 1(c) and (d)), significant fast
(P<0.0001) and fed (P <0.0001) hyperglycemia (Figure
1(e) and (f)) as well as fast hyperinsulinemia (P <0.05)
(Figure 1(g)). Interestingly, diet supplementation with 5%
sodium butyrate (HFB group) significantly reduced the adi-
posity and all metabolic alterations induced by HF diet.
Butyrate treatment blocked completely the development
of insulin resistance and hyperinsulinemia states induced
by HF diet (Figure 1(d) and (g)). Mice from HFB group
displayed a significant decrease of 50.5% in body weight
gain, 27.7% in adipose tissue accumulation, and 19.7%
and 15.9% in fast and fed hyperglycemia, respectively, as
compared to those from HF group (Figure 1). In addition,
butyrate per se (CB group) has no adverse effects on the

parameters evaluated as compared to the control group
(Figure 1).

In order to confirm that the protective effect of sodium
butyrate on the parameters studied was not a result of dif-
ferences in diet ingestion, we have monitored the daily food
consumption in all experimental groups throughout the
experimental procedure. The food intake values expressed
in keal confirm that there was no significant difference in
kcal intake between HF and HFB groups (Figure 1(h)). In
addition, the food consumption in grams was similar
among the different treatments (C 6.04+0.16g; HF
6.354+0.08g; CB 5.19+0.18 g; HFB 6.05+0.09 g (1 =18)).

It is well known that the insulin resistance state in T2DM
can result in structural adaptations of the endocrine pan-
creas and functional defects in the insulin-secreting pancre-
atic beta cells.">™ To investigate whether supplementation
with sodium butyrate has also an effect on insulin secretion,
batches of isolated pancreatic islets from mice of all experi-
mental groups were in vitro exposed to 2.8 mM or 16.7 mM
glucose for 60min (Figure 2). At basal condition (2.8 mM
glucose), islets isolated from mice of the HF group
showed a significant increase in basal insulin release as
compared to control group (Figure 2(a)), which is in agree-
ment with our previous data?®*!' Interestingly, this
increased basal secretion was not observed in islets from
mice receiving diet supplementation with butyrate (HFB
group) (Figure 2(a)). At stimulated condition (when
exposed to 16.7mM glucose), the release of insulin by
islets isolated from HF-fed mice group was similar to that
by control islets (Figure 2(b)). Comparatively, islets from
mice receiving supplementation with butyrate (CB and
HFB groups) displayed a tendency of an increase, although
not statistically significant, in insulin secretion at the supra-
liminal concentration of glucose (16.7mM) (Figure 2(b)).
This change resulted in a significantly higher (P=0.012)
fold increase in glucose-induced insulin secretion in HFB
islets (56.5+£18.8 (10) fold as compared to basal secretion)
than HF islets (10.5+3.4 (13) fold as compared to basal
secretion), which, in turn, displayed a significant lower
(P=0.02) secretory response to glucose as compared to con-
trol (C) islets (32.4+7.9 (14) fold as compared to basal
secretion).

In accordance with our previous data,'*?**! 60 days of
exposure to HF diet induced a compensatory beta cell mass
expansion as revealed by the significant increase in the rela-
tive volume of beta cells in relation to the total pancreas
(Figure 3(b) and (e)) as compared to controls (Figure 3(a)
and (e)). This was accompanied by no changes in islet cyto-
architecture, characterized by a core of insulin-secreting
beta cells surrounded by a peripheral mantle of glucagon-
secreting alpha cells in HF mice, which was verified in all
other experimental groups (C, CB, HFB) (Figure 3(f) to (i)).
Interestingly, the compensatory beta cell mass expansion
was not observed in the groups that received supplemen-
tation with sodium butyrate (HFB and CB) (Figure 3(c)
to (e)).

Considering the protective effect of sodium butyrate
against the HF diet-induced adiposity and disturbance of
the beta cell insulin secretion, we also evaluated the degree
of lipid accumulation in the liver and adipocyte infiltration
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Butyrate treatment significantly reduced the high-fat diet-induced obesity and metabolic dysfunctions in mice without changing food intake. As compared

to control group, high-fat (HF) diet for 60 days induced a significant increase in weight gain (a), adiposity (b), in peripheral insulin resistance (c), as assessed by the insulin
tolerance test (ITT) and expressed as area values under the curve (AUC) (d), in fast (e) and fed (f) glycemia and in fast insulinemia (g), suggesting the development of
prediabetes in these mice. However, dietary supplementation with 5% sodium butyrate (HFB group) showed a protective effect reducing significantly all these
metabolic alterations induced by HF diet, without changing the food intake expressed as calories (h). Administration of butyrate per se (CB) did not significantly affect
the parameters evaluated as compared to control group (C). Data are expressed as means + SE of at least three independent experiments (n = 14-18 mice per group).
Groups: C =control (fed a regular diet alone); HF: high-fat diet alone; CB: Control + butyrate; HFB: high-fat diet + butyrate.*P < 0.05, **P < 0.001, ***P < 0.0001
compared to C group. *P <0.05, ##P < 0.0001 compared to HF group. (A color version of this figure is available in the online journal.)

in the pancreas in all experimental groups studied
(Figure 4). As compared to C group, exposure to HF diet
induces a significant accumulation of fat in the liver (21.3%
of total liver volume), which was characterized by the pres-
ence of large- and medium-sized lipid droplets within hep-
atocytes cytoplasm (macrovesicular steatosis) (Figure 4(e)).
Supplementation with sodium butyrate resulted in a sig-
nificant reduction in hepatic steatosis (11.3% of total liver
volume) (Figure 4(e)) (P <0.0001), where hepatocytes
of HFB mice displayed mainly a single small-sized lipid
droplet or multiple lipid vesicles of very small size in
their cytoplasm (Figure 4(d)). No evidence of hepatic lipid
accumulation was observed in the control groups, receiving

or not butyrate (C and CB) (Figure 4(a) and (c)). In addition,
adipocyte infiltration was observed in the pancreas of ani-
mals exposed to HF diet (Figure 4(g) and (j)) as compared to
the C group (Figure 4(f) and (j)). In HF diet-fed mice that
received diet supplementation with sodium butyrate, there
was a significant decrease in the intrapancreatic deposition
of adipose tissue (Figure 4(i) and (j)) as well as a reduction
in adipocyte size as compared to the pancreas from HF
group (Figure 4(g) and (j)). In contrast, the amount of intra-
pancreatic adipose tissue was negligible in the control
groups (C and CB) (Figure 4(f), (h) and (j)).

Considering the protective effect of butyrate on the meta-
bolic parameters studied, as well as on the reduction of the
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Figure 2 Pancreatic islets from high fat-fed mice show altered insulin secretion
that was not observed after treatment with butyrate. Batches of isolated islets
from mice of all experimental groups were exposed to 2.8 (a) or 16.7 mM glucose
(b) for 60 min. Compared to controls (C), islets from HF-fed mice (HF) showed
increased basal insulin secretion (expressed as ng.mL‘1.isIet‘1) in the presence
of 2.8 mM glucose (G 2.8) but a comparable insulin release when stimulated by
16.7 mM glucose (G 16.7) (b). This increased basal secretion was not observed in
HF-fed mice receiving diet supplementation with butyrate (HFB) as compared to
its control (CB)(a); but a tendency of an increase in stimulated insulin release (b)
was verified in mice with butyrate diet supplementation (CB and HFD groups) as
compared to those not receiving this SCFA (C and HF groups). Bars represent
means + SE of four independent experiments (10-14 batches of five islets iso-
lated from four mice per group). *P < 0.05 compared to C group

accumulation of lipids within organs directly related to the
insulin body response, we evaluated whether there was a
concomitant effect of butyrate on the intestinal epithelial
barrier. The evaluation of the intestinal epithelial barrier
by claudin-1 immunodetection in intestinal cryosections
showed a significant decrease in the intercellular content
of this TJ-associated protein in enterocytes of HF-fed
mice, in all studied intestinal segments ((jejunum (reduction
of 26.4%) (Figure 5(c) and (e)), ileum (of 25.6%) (Figure 5(c)
and (e)) and colon (of 19.4%) (Figure 6(c) and (e))) as com-
pared to that observed in the C group, suggesting an
impairment of the structure of the intestinal epithelial bar-
rier after HF diet treatment. Supplementation with sodium
butyrate reversed this alteration by inducing a significant
increase in the degree of junctional content of claudin-1
within intestinal epithelia (jejunum (increase of 46.4%)
(Figure 5(d) and (e)), ileum (34.3%) (Figure 5(d) and (e))
and colon (66.1%) (Figure 6(d) and (e)) in comparison with
that observed in the HF group. Besides the increased inter-
cellular content, we consistently observed a higher labeling
for claudin-1 at enterocyte cytoplasm of intestine fragments
from mice treated with butyrate, which suggested increased
protein expression. However, the immunoblotting analyses

Matheus et al.
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Figure 3 The compensatory beta cell mass expansion induced by high-fat diet
in mice was not observed after butyrate administration. Photomicrographs of
pancreatic islets processed for insulin immunoperoxidase (a—d) (brown) or for
double immunofluorescence to detect insulin (red) and glucagon (yellow)(f—i).
Note the increase in number and size of insulin-labelled islets (b,g), with no
change in the islet cytoarchitecture (g), in high-fat diet-fed mice (HF) in com-
parison with control group (C) (a,f). This increase in the relative volume of insulin-
producing beta cells induced by HF diet was not observed after butyrate treat-
ment (HFB) (d,i) as compared to its control (CB) (c,h); this result was confirmed
quantitatively as shown in (). Bars in graph (e) represent means + SE of six mice
per group. Images were obtained by light (a-d) or confocal laser microscopy (f-i).
Scale bars, 500 um in (a-d); 50 um in (f-i). ***P < 0.0001 compared to C group;
##ip < 0.0001 compared to HF group. (A color version of this figure is available in
the online journal.)

showed no significant change in total protein content of
claudin-1 in intestinal fragment homogenates among the
differents experimental groups. Nevertheless, we observed
a tendency of a decrease in claudin-1 protein content in HF
group as compared to C group as well as a tendency of
increase in claudin-1 protein content in the groups receiving
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Figure 4 Diet supplementation with butyrate inhibited hepatic steatosis and
pancreatic fat accumulation induced by high-fat diet in mice. Photomicrographs
of the liver (a—d) routinely processed for HE staining and pancreas processed for
insulin immunoperoxidase (brown) (f-i). Exposure to high-fat (HF) diet-induced
liver steatosis (b,e) and pancreatic fat accumulation (g,j) in HF mice as compared
to controls (C) (a,f,e,j) that were significantly reduced by administration of
butyrate (HFB) (d,i,e,j). No significant changes were observed with butyrate per
se (CB group) (c,h) in comparison with C group (a,f). Scale bars, 50 pm.

**P <0.0001 compared to C group ; **#P < 0.0001 compared to HF group.

(A color version of this figure is available in the online journal.)

supplementation with sodium butyrate (Figures 5 and 6).
A possible explanation for the apparent discrepancy
between the immunofluorescence and immunoblotting
data is that, in the case of immunofluorescence, measure-
ments of claudin-1 junctional content were made exclu-
sively in the region of the epithelium, that highly express
this protein, while the evaluation of the total cell content by
Western Blot was done in homogenates of intestinal frag-
ments that contain not only the epithelium but other tissues
(particularly the connective layer of the lamina propria and

submucosa) that make up the intestinal wall. The presence
of these tissues, where the expression of T] proteins is low
or non-existent, may interfere with the sensitivity of the
immunoblotting method to detect subtle differences in the
expression of these proteins in the epithelium, as probably
happened in our experiments.

Taken into account the marked increase in claudin-1
immunodetection seen in intestinal epithelial cryosections
of butyrate-treated mice in comparison with controls, we
performed a functional analysis of the intestinal epithelial
barrier using the FITC-Dextran (FITC-DX) permeability
test. This analysis revealed that CB (Abs DX-FITC 0.61 +
0.15(6)) and HFB mice (Abs DX-FITC 0.47 £0.13(6))
showed a significant decrease in intestinal absorption of
the paracellular marker compared to control (C) group
(Abs DX-FITC 2.14+0.55(6)) (P < 0.05), which was in agree-
ment with the immunofluorescence data.

Discussion

Type 2 diabetes (T2DM) associated with obesity is reaching
worldwide epidemic proportions."*? Therefore, there is an
increasing interest in understanding thoroughly the T2DM
pathogenesis in order to find new strategies for treatment
and prevention of this disorder. The central feature of the
T2DM is the development of a body resistance to insulin
that is characterized by a reduction in tissue response/sen-
sitivity (particularly of muscle, adipose, and hepatic tissues)
to this hormone and, as consequence, a chronic state of
hyperglycemia develops.®®** It has been recently sug-
gested that consumption of lipid-enriched diet results in
disruption of the intestinal epithelial barrier, allowing the
passage of noxious agents leading, in turn, to a systemic
inflammatory response that could be a primary cause of
the peripheral insulin resistance.'>?>?*2%> Recent works
have focused on changes in microbiota and in luminal con-
tent composition as a result of HF diet consumption and its
relation to intestinal barrier disruption, local/systemic
immune response and/or insulin resistance state in TIDM
and T2DM diabetes.'>*"*® These studies have opened a
new perspective of investigation aiming at the use of pro-
biotics, prebiotics, and postbiotics (such as SCFAs) as
adjunctive therapy of diabetes.**?%2313%4 gome studies
have demonstrated that sodium butyrate, a SCFA, has bene-
ficial effects on animal models of TIDM and T2DM.**?%3? In
the present work, we demonstrated that butyrate alleviates
the metabolic impairments induced by HF diet administra-
tion in mice, by inhibiting the development of an insulin
resistance state, which was associated with improvement
of insulin-secreting function of beta cells and strengthening
of the TJ-mediated intestinal epithelial barrier.

Confirming our previous works,'”?**" we described
herein that the exposure to a diet with high content of
lipids (21% w/w, corresponding to 45% of fat in calories)
for only 60 days induced, in C57 mice, obesity and predia-
betes, which were characterized by a significant body
adiposity, marked insulin resistance associated with
moderate hyperglycemia and significant hyperinsulinemia.
The treatment with sodium butyrate prevented all these HF
diet-induced alterations, which cannot be attributed to
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Figure 5 Butyrate, given as dietary supplementation, increased the junctional content of claudin-1, a tight junction-associated protein, in intestinal epithelia of the
small intestine (jejunum and ileum). The junctional and total cell contents of claudin-1 were evaluated by immunofluorescence in intestinal cryosections (claudin-1 in
green; DAPI/nuclei in blue) and by Western Blot in intestine homogenates, respectively. The analysis of the degree of fluorescence at the cell-cell contact showed a
significant decrease in the intercellular content of claudin-1 in enterocytes of small intestine from HF diet-fed mice (HF group)(c,e), which was inhibited by the
administration of butyrate to treated animals (HFB group) (d,e). The total cell content of this junctional protein displayed no significant changes after HF diet and/or
butyrate treatment as revealed by immunoblotting (f,g). Groups: C: control (fed a regular diet alone); HF: high-fat diet alone; CB: control + butyrate; HFB: high-fat
diet + butyrate. Scale bars, 15 um (insets); 50 um (images a—-d).*P < 0.05, ***P < 0.0001 compared to C group, **#P <0.0001 compared to HF group, ™ P < 0.0001
compared to CB group. (A color version of this figure is available in the online journal.)

differences in food intake since diet consumption in calories
was similar between the HF and HFB groups. Gao et al.,*
employing a comparable animal model of T2DM (mice fed
a HF diet containing 58% of fat in calories for up to
16 weeks), have shown similar results with butyrate. They
suggested that the anti-obesity effect of butyrate is a result
of an increase in body energy expenditure, induction of
mitochondria function and fatty acid oxidation, which
were mediated by the activation of PGC-1o in brown adi-
pose and skeletal muscle tissues.”” However, their study
lacked the control groups (receiving a regular chow diet
with or without supplementation with butyrate) which
made it difficult to establish the effectiveness of the butyrate
treatment in reaching control values regarding the param-
eters evaluated in HF diet-fed mice, as well as it did not
investigate the metabolic effects of this SCFA per se. This was
overcome in our study that interestingly showed that diet
supplementation with butyrate completely blocked the
development of the insulin resistance state in these HF
diet-fed mice, that displayed a sensitivity to insulin similar

to control values, as revealed by ITT analysis. In addition,
butyrate treatment significantly reduced the body weight
gain (in 50%), the visceral adipose tissue accumulation
(in 28%) and hyperglycemia at fast (in 16%), and fed
(in 20%) conditions after HF diet exposure when compared
to the group that did not received this SCFA (HF group).
However, in contrast to the response to ITT, the adiposity
and glycemia of animals from HFB group did not reach
control levels after butyrate. In addition, we showed that
butyrate treatment per se did not affect markedly body
weight and metabolic parameters in mice fed a regular
diet, indicating that this SCFA acts mainly when animal
metabolism is challenged by a modified diet.

One of the consequences of consumption of HF diet
is the development of a fatty liver, a condition known as
hepatic steatosis.”® Hepatic steatosis is closely related to
obesity, insulin resistance state, and T2DM, and, although
it is reversible, can aggravate the metabolic disturbances
associated with these disorders or evolved to a more ser-
ious condition known as non-alcoholic steatohepatitis
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Figure 6 Butyrate inhibited the reduction in the junctional content of claudin-1 in enterocytes of the large intestine (colon) induced by exposure to the high-fat diet in
mice. The junctional and total cell contents of claudin-1 were evaluated by immunofluorescence in colon cryosections (claudin-1 in green; DAPI/nuclei in blue) and by
Western Blot in colon homogenates, respectively. The analysis of the degree of fluorescence at the cell-cell contact showed a significant decrease in the intercellular
content of claudin-1 in enterocytes of colon from HF diet-fed mice (HF group)(c,e) as compared to controls (C group) (a,e); this was inhibited by the administration of
butyrate to treated animals (HFB group) (d,e). The total cell content of this junctional protein displayed no significant changes after HF diet and/or butyrate treatment as
revealed by immunoblotting (f,g). Groups: C: control (fed a regular diet alone); HF: high-fat diet alone; CB: control + butyrate; HFB: high-fat diet + butyrate. Scale bars,
15 um (insets); 50 um (images a—d). ***P < 0.0001 compared to the C group, **#P < 0.0001 compared to HF group, **P < 0.0001 compared to CB group. (A color

version of this figure is available in the online journal.)

(NASH).”>"? In our study, we investigated whether butyr-
ate could revert a possible hepatic steatosis in our animal
model. Firstly, as revealed by morphometric analysis, we
showed that 60 days of exposure to HF diet resulted in
the appearance of lipid-containing hepatocytes represent-
ing approximately 21% of total liver volume, that typically

characterizes a hepatic steatosis state (clinically defined as
the accumulation of lipids in at least 5% of hepatocytes).”*
Interestingly, the diet supplementation with butyrate
reduced significantly the hepatic steatosis in HF diet-fed
mice by decreasing not only the number of hepatocytes
affected (to only 11% of total liver volume) but also the



size and frequency of cytoplasmic lipid droplets. In agree-
ment with our data, Khan and ]ena35 have recently shown
that butyrate decreased the fat accumulation in the liver in
streptozotocin-induced diabetic rats fed a HF diet, although
they did not analyze these data morphometrically but only
qualitatively. It has been proposed that the accumulation of
triglycerides (TG)-based lipid droplets within hepatocyte
cytosol is result of one or a combination of the following
mechanisms: (1) increased uptake of free fatty acids (FFAs)
from HF food and of those released by adipocytes at IR
condition (where lipolysis is upregulated); (2) increased de
novo synthesis of FFAs in the liver from glucose or acetate
by IR; (3) decreased hepatic mitochondrial B-oxidation of
FFAs; and (4) decreased clearance of TG by VLDL particles
from the liver.”*~>* Therefore, the inhibitory effect of butyr-
ate on high fat diet-induced hepatic steatosis reported by
us may reside from the fact that at least three of these mech-
anisms (identified as 1, 2 and 3) could be potentially
reversed by this SCFA treatment as result of its beneficial
action on glucose homeostasis, peripheral insulin sensitiv-
ity, FFA oxidation and mitochondrial function as docu-
mented herein and by others.*

It is well known that the pancreatic beta cell plays a cen-
tral role in the T2DM pathogenesis, displaying an adaptive
response in order to compensate the resistance of peripheral
tissues to insulin.>'®"'° For that, beta cells initially enhance
the biosynthesis and release of this hormone followed by an
increment of beta-cell mass by hypertrophy and/or hyper-
plasia. When the beta cells fail to maintain the normogly-
cemia, T2DM is triggered, resulting in insulin secretory
impairment and then beta-cell death by apoptosis at
advanced stages, which leads to an irreversible body
dependence on exogenous insulin. In our animal model of
prediabetes, we observed an increased release of insulin at
basal glucose concentration (2.8 mM) by pancreatic islets
isolated from HF diet-fed mice as compared to controls,
which agrees with our previous works.*>*! Increased
basal insulin secretion is one of the features of the early
phase of T2DM in human®>* and rodents®>® and it has
been associated with an aggravation of the insulin resist-
ance state and glycemia dysregulation. Interestingly, we
demonstrated that butyrate diet supplementation pre-
vented this condition in HFB islets, which displayed a
basal insulin release level similar to control islets (C and
CB groups). In addition, we observed a tendency of an
increase in stimulated insulin secretion (at 16.7mM glu-
cose) in CB and HEFB islets. As a consequence, butyrate
treatment led to a significant improvement of the glucose-
induced secretory response of beta cells, assessed as fold
stimulation at 16.7 mM over that at 2.8 mM glucose expos-
ure, i.e. HFB islets displayed a 56-fold increase in contrast
with the 10-fold increase in glucose-stimulated insulin
secretion observed in HF islets. To the best of our know-
ledge, this is the first study reporting a positive effect of this
SCFA on insulin secretion in isolated islets. However, the
mechanism involved in this phenomenon is still unknown
as also is our knowledge very limited on the cellular pro-
cesses underlying the changes in basal insulin secretion
during T2DM. Nagaraj et al.”” have recently proposed that
the reduced presence of cholesterol-enriched membrane

rafts in beta cells, that well known determine the spatial
organization of the exocytosis-related SNARE proteins
and K* and Ca?* channels, could contribute to the elevated
basal insulin secretion seen in type 2 diabetes. Interestingly,
they also showed that prolonged high glucose exposure
(up to 72h) decreased membrane rafts in a beta cell lin-
eage in culture, suggesting that hyperglycemia could be
involved in the phenomenon.”” Therefore, the general pro-
tective action of butyrate on glucose homeostasis after HF
diet challenge may explain, at least partially, the effect of
this SCFA on insulin secretion at cellular level. Additionally,
Pinnick et al.>® have suggested that changes in the fatty acid
milieu of the islet, as result of adipocyte infiltration in pan-
creatic exocrine tissue associated with HF feeding in mice
and with type 2 diabetes in humans, can be deleterious to
islet secretory function. Taken this into consideration, the
fact that butyrate-treated mice displayed significant lower
adipose tissue infiltration within pancreas parenchyma
after HF diet exposure, as compared to HF mice, may be
another contributing factor.

Our prediabetic mice also displayed a significant beta
cell mass expansion, which was not accompanied by
changes in islet cytoarchitecture, as compared to control
animals. The increase of beta cell mass and basal insulin
secretion observed in our HF diet-fed mice corroborates
the data showing a significant hyperinsulinemia at a fast
condition in these animals. In previous works, we have
shown that the increased beta cell mass resulted from
beta-cell hypertrophy as well as from self-replication of
this cell type, as revealed by Ki67 immunodetection
(a marker of cell proliferation)."”?® In addition, Oliveira
et al.” showed that there is a direct correlation between
the degree of beta cell mass expansion and the level of
hyperglycemia (mainly at fed state), and insulin resistance
in HF diet-fed mice, where the former parameter displayed
a higher correlation index (r=0.929) than the latter
as assessed by ITT (r=0.817). In the present study, we
reported that butyrate treatment significantly reduced
the HF diet-induced increase in beta cell mass, which is in
line with our findings showing a marked inhibitory effect of
this SCFA on postprandial hyperglycemia and insulin
resistance state (that was completely blocked).

Besides the endocrine pancreas, the intestinal tract and
the associated microbiota have been considered as a pivotal
organ for the onset and evolution of both TIDM and
T2DM. 22432960 Based on clinical and experimental evi-
dence, the current hypothesis postulates that a disruption
of the intestinal epithelial barrier induced by a modified
microbiota or altered luminal content would lead to an
increased intestinal permeability to antigens from dietary,
viral or bacterial origin, that in turn could activate auto-
immune reactions against insulin-producing beta cells
(in TIDM) and/ or elicit secretion of pro-inflammatory cyto-
kines, locally and systemically, leading to insulin resistance
(in T2DM).'**#616% Given our current knowledge, one may
assume that reinforcing the intestinal barrier can offer and
open new therapeutic horizons in the treatment of these two
types of diabetes. Taken all into consideration, we went to
investigate the effect of butyrate supplementation on intes-
tinal barrier function in our animal model of T2DM,
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focusing on the structure and function of the intestinal TJ,
an essential element of this barrier.**

Exposure to HF diet for 60 days induced a significant
decrease in the junctional content of claudin-1, a constitu-
tive protein of intestinal T],63 and a tendency of reduction in
total protein content of this protein in the epithelium of
intestinal segments (jejunum, ileum and colon), as revealed
by immunohistochemistry and Western Blot, respectively.
The decrease of the claudin-1 junctional content in the intes-
tinal epithelium observed in our prediabetic mice may be a
result of the internalization of this protein from the TJ site to
the cytoplasm for degradation, which certainly leads to dis-
ruption of TJ function. Similar changes in molecular struc-
ture of TJ, associated with increased epithelial permeability
to paracellular markers, have been reported in vitro system
using colonic cell lines exposed to Escherichia coli
bST toxin® or to pro-inflammatory cytokines IFN-y and
TNF-0-*” To the best of our knowledge, this is the first
report showing changes in the molecular arrangement of
TJ in an animal model of T2DM and is in line with works
documenting enhancement of intestinal permeability,
as revealed by permeability assays with paracellular mar-
kers, in type 2 diabetic rodents and humans ?>*>4¢6869 1
addition, exposure to sodium butyrate induced a
strengthening of the intestinal epithelial barrier, as revealed
by the statistically significant decrease in intestinal perme-
ability to FITC-dextran in CB and HFB groups compared
to C group. In accordance with this data, we found that
treatment with butyrate resulted in significant increase in
immunostaining (both at intercellular and cytoplasmic
region) and a tendency to increase the protein content of
claudin-1 in the intestinal segments studied. This result is in
accordance with the inhibitory effect of this SCFA on the
metabolic alterations (particularly the insulin resistance
state) induced by HF diet feeding and corroborate
the hypothesis suggesting a role of the intestinal tract in
the T2DM pathogenesis.

Studies investigating the effect of butyrate on the expres-
sion of junctional proteins in epithelium are rare, but overall
they are in agreement with a positive action of this agent on
TJ function. Wang et al.>* have observed that sodium butyr-
ate induced increase in gene expression and protein content
of claudin-1 in the intestinal epithelial cell line IEC, possibly
due to a higher level of interaction between the SP1 tran-
scription factor, and its promoter. Additionally, Huang
et al.”® reported that the decrease in paracellular intestinal
permeability, as measured by lactulose/mannitol assay in
urine, is associated with increased expression of occludin in
jejunum and colon segments of newborn pigs after butyrate
treatment in combination with antibiotics. The authors sug-
gested that this effect on intestinal function was probably
due to an anti-inflammatory action of this SCFA since the
TNF-o concentration was lower in the mucosa of animals
receiving treatment with butyrate.”

The mechanism of action of sodium butyrate on cellular
expression of claudin-1 or other structural proteins of TJ is
still unknown; however, it may also be related to its action
as an inhibitor of the HDAC enzyme. Sodium butyrate
causes hyperacetylation of histones by inhibiting histone
affinity with DNA and thus increases the exposure of

regions for transcription of certain genes.”””" It is known
that proteins associated with intercellular junctions such
as connexins (the gap junction proteins), and ZO-1
(a TJ-associated protein) may undergo epigenetic regulation
under certain experimental conditions.”>”® However, future
experiments will be necessary to unravel, at the molecular
level, how butyrate affects junctional protein expression
and/or assembly/disassembly at intestinal T] in our experi-
mental model of type 2 prediabetes.

In conclusion, our data showed a protective action of
butyrate on metabolic, hepatic and pancreatic alterations
induced by HF diet in mice. Given the well-known associ-
ation between obesity and T2DM,*¢ the improvement of
glucose homeostasis and insulin sensitivity in HF-fed
mice after butyrate treatment may be related to the inhibi-
tory effect of this SCFA on adiposity as reported herein and
to the butyrate-induced increase in energy expenditure as
described elsewhere.”® In addition, the strengthening of the
intestinal epithelial barrier associated with butyrate treat-
ment may play a role in the process. A deeper understand-
ing of the molecular pathways involved in the regulation of
intestinal barrier and lipid/carbohydrate metabolism by
butyrate will have important clinical implications by poten-
tially opening new horizons in the treatment and preven-
tion of diabetes mellitus and related metabolic disorders, as
well as of unrelated intestinal diseases.
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