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Abstract

Tissue/cellular actions of butyrate on energy metabolism and intestinal barrier in normal metabolic conditions or prediabetes are still unclear. In this
work, we investigated the beneficial effect of dietary supplementation with sodium butyrate on energy metabolism, body mass composition, and intestinal
epithelial barrier mediated by tight junction (T]) in chow diet-fed normal and high-fat diet (HF)-fed prediabetic mice, considering the well-known butyrate
action as an epigenetic and inflammatory regulator. Butyrate significantly reduced the fat/lean mass ratio, slightly ameliorated dyslipidemia, restored oral
glucose tolerance, and increased basal energy expenditure in prediabetic HF-fed mice but had no effect on control animals. Such effects were observed in
the absence of significant alterations in the hypothalamic expression of orexigenic and anorexigenic genes and motor activity. Also, butyrate suppressed the
whitening effect of HF on brown adipose tissue but did not affect cell bioenergetics in immortalized UCP1-positive adipocytes in vitro. Butyrate reinforced
the intestinal epithelial barrier in HF-fed mice and in Caco-2 monolayers, which involved higher trafficking of T] proteins to the cell-cell contact region
of the intestinal epithelia, without affecting T] gene expression or the acetylation level of histones H3 and H4 in vivo. All metabolic and intestinal effects
of butyrate in prediabetic mice occurred in the absence of detectable changes in systemic or local inflammation, or alterations in endotoxemia markers.
Butyrate has no effect on chow diet-fed mice but, in the context of HF-induced prediabetes, it prevents metabolic and intestinal dysfunctions independently
of its anti-inflammatory and epigenetic actions.
© 2023 Elsevier Inc. All rights reserved.
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1. Introduction

Type 2 diabetes mellitus (T2D) is the most frequent form of
diabetes, accounting for approximately 90% of the diagnosed cases,
and is recognized as a serious global health issue [1]. T2D is pri-
marily the result of the insensitivity of target tissues to the action
of insulin (known as peripheral insulin resistance), which leads to
hyperglycemia [2,3]. Obesity and its associated conditions, such
as dyslipidemia, are positively associated with high systemic con-
centrations of inflammatory biomarkers (i.e., TNF-alpha, IL-1, IL-6,
IL-10), which, in conjunction, are predictive of insulin resistance

and the incidence of T2D [4,5]. The combination of hyperglycemia
and high free fatty acids (FFAs) is directly related to the onset
and aggravation of the insulin resistance state as well as beta-cell
dysfunction during T2D [3,6]. White adipose tissue (WAT) plays an
important role in T2D pathogenesis since it controls the levels of
circulating FFAs and releases cytokines and inflammatory factors
that impair insulin signaling [4]. Meanwhile, brown adipose tissue
(BAT) consumes high levels of glucose and lipids when activated,
and thus can counteract hyperglycemia and hyperlipidemia in
T2D [7].

Abbreviations: T2D, Type 2 Diabetes Mellitus; BAT, Brown Adipose Tissue; WAT, White Adipose Tissue; SCFA, Short-Chain Fatty Acid; TJ, Tight Junction.
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Several studies have also suggested an involvement of intesti-
nal microbiota and dysfunction of the intestinal epithelial barrier
in the pathogenesis of obesity-associated T2D [8-13]. According
to this hypothesis, changes in the intestinal microbiota can lead
to an increase in the proportion of Gram-negative bacteria associ-
ated with intestinal barrier impairment, favoring the absorption of
lipopolysaccharides (LPS) and other toxins, and, consequently, the
induction of metabolic endotoxemia that aggravates peripheral in-
sulin resistance [14,15].

One of the main components of what constitutes the intesti-
nal barrier is the selectively permeable intestinal epithelium, com-
posed of a monolayer of juxtaposed columnar epithelial cells that
separates the luminal environment from the internal environment
[16]. There are two ways in which ions and molecules (including
nutrients) can pass through the intestinal epithelial monolayer, i.e.,
the transcellular and the paracellular routes [16]. The integrity of
the paracellular pathway depends on the regulation of the protein
complex associated with the tight junction (TJ]), where an appar-
ent fusion of the plasma membranes of adjacent cells occurs [16].
The T] complex is composed of integral proteins, such as occludin
and those belonging to the claudin family, which interact indirectly
with the perijunctional ring of actin cytoskeleton through cytoplas-
mic proteins such as zonula occludens - ZO-1, ZO-2, and Z0-3, cin-
gulin, and 7H6 antigen, among others [16-19].

There has been an increasing interest in alternative therapies
for T2D using nutrients and natural substances that act against the
processes that trigger/aggravate insulin resistance, such as the ex-
cess of circulating glucose and FFAs, the release of cytokines and
inflammatory factors by the WAT, and the entrance of substances
from an altered microbiota into the circulation through a disrupted
intestinal barrier [9,20,21]. Sodium butyrate is a short-chain fatty
acid (SCFA) produced by the intestinal microbiota (mainly in the
colon) as the consequence of fermentation of nondigestible carbo-
hydrates [22-24]. Several studies have shown that butyrate sup-
plementation has metabolic benefits and anti-inflammatory actions
in animal models of T2D [22,25-30], while the production of this
SCFA is reduced in diabetic patients [22].

Previous results from our group showed that supplementation
with sodium butyrate ameliorates insulin resistance and improves
parameters associated with glucose intolerance, hepatic steatosis,
and intestinal barrier dysfunction in prediabetic C57BL6 mice fed
a high-fat diet [31]. This SCFA has also shown a beneficial effect
on gastrointestinal function [32] and, under in vitro conditions, re-
inforced the epithelial barrier by increasing the gene expression
of TJ proteins [33]. We have also observed that diet supplementa-
tion with butyrate significantly inhibited the decrease in claudin-1
junctional content in intestinal epithelia of prediabetic mice [31].

It has been suggested that part of the cellular effects of butyrate
results from its action as an epigenetic regulator through inhibi-
tion of the histone deacetylase (HDAC) [23,34-36]. It was demon-
strated, for instance, that the regulation of cell growth mediated by
this SCFA occurs via the activation or inactivation of genes related
to cell proliferation [37]. In addition, butyrate and other SCFAs are
well known for their anti-inflammatory actions, which can explain,
at least in part, their effects on metabolism [38-40].

However, studies to investigate the effect of butyrate on energy
metabolism and intestinal barrier at normal metabolic conditions
or the early stages of T2D (prediabetes) are scarce [25,31]. Also,
the mechanisms underlying the protective action of butyrate on
the TJ-mediated intestinal barrier disruption in prediabetic mice
remain unknown. Therefore, the objective of this work was to fur-
ther investigate the beneficial effect of sodium butyrate on energy
metabolism, fat/lean body mass, and the intestinal epithelial bar-
rier mediated by tight junction (TJ) in chow diet-fed mice and in

in vitro and in vivo model of type 2 prediabetes, considering its
action as an epigenetic and inflammatory regulator.

To extend our previous findings [31], we evaluated herein the
effect of butyrate on dyslipidemia, body composition (by micro-
tomography), basal energy expenditure (EE), as well as gene ex-
pression of Ucpl in BAT and orexigenic/anorexigenic genes in the
hypothalamus of C57BL6/Unib mice fed a chow or high-fat (HF)
diets. As an in vitro model of the epithelial intestinal barrier, we
employed the human colorectal adenocarcinoma cell line Caco-2,
which displays many physiological and morphological features of
mature enterocytes [41,42]. The function and structure of the in-
testinal epithelial barrier, in both in vivo and in vitro models, were
assessed by measuring the paracellular flux with the marker Lu-
cifer Yellow (LY), and by analyzing the cellular distribution and ex-
pression of proteins associated with TJ (namely, claudin-2 and -3,
occludin, and ZO-1) by immunofluorescence, immunoblotting, and
gPCR. The degree of acetylation of histones H3 and H4 in cryosec-
tions of the intestinal epithelium was also measured, as well as
the plasma/serum and intestinal concentrations of LPS, TNF-«, IL-6,
and zonulin (a known endogenous modulator of the TJ-associated
intestinal barrier) [43-45]. Finally, given the possible therapeutic
use of butyrate as an adjuvant in the treatment of metabolic and
intestinal diseases, we have also investigated the effect of butyrate
on hematological and biochemical parameters in the animals of the
different experimental groups.

2. Materials and Methods

2.1. Animals, treatments, and metabolic/biochemical/hemogram
analyzes

Male C57BL/6]JUnib mice, aged 16-18 weeks, were obtained
from the breeding colonies of the Multidisciplinary Center for Bio-
logical Investigation on Laboratory Animal Science (CEMIB) at the
University of Campinas (UNICAMP, Brazil). They were maintained
in micro isolator cages under controlled conditions of temperature
(22 + 1°C)/humidity, and a 12 h-light/12 h-dark cycle and had free
access to food and water during the entire experimental period (60
days). Sodium butyrate (cat# 303410, Sigma-Aldrich) was incorpo-
rated into a regular diet or a hypercaloric high-fat content (HF)
diet at the concentration of 5% (w/w) [31]. Mice were divided into
four experimental groups: (1) Control group (C), received a stan-
dard rodent diet (Nuvilab, Quintia - in powder; containing 4.5%
lipids, 53% carbohydrates, and 23% proteins, w/w; 11.8% of calories
in lipids); (2) Control + Butyrate group (CB), received the stan-
dard diet mixed with 5% of sodium butyrate (w/w); (3) High-fat
group (HF), received a prepared high-fat diet (in powder; contain-
ing 21% lipids (mainly lard and soy oil), 50% carbohydrates, and
20% proteins, w/w; 40.3% of calories in lipids); (4) High-fat + Bu-
tyrate group (HFB), received the prepared high-fat diet mixed with
5% of sodium butyrate (w/w).

The following parameters were evaluated in the animals: the
body weight gain, the weight of the retroperitoneal (rWAT) and
epididymal white adipose tissue (eWAT) and the interscapular
brown adipose tissue (iBAT), the fast and fed glycemia and the
lipidemia (plasma concentration of triglycerides, cholesterol, HDL,
and LDL) and response to the glucose tolerance test (oral GTT,
expressed as area values under the curve). These procedures were
performed as previously described [46-48]. The blood glucose
concentration was measured using an Accu-Chek Active glucome-
ter (Roche Diagnostic, Switzerland). Lipidemia was measured
using commercial kits (Enzymatic Colestat AA liquid, LDL Choles-
terol Reactive Precipitant, HDL Cholesterol Reactive Precipitant,
and TG Color GPO/PAP AA, Weiner Lab., St. Ingbert-Germany).
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Blood samples were also obtained for hematology/hematocrit
analysis and biochemical parameters (such as amylase, alanine
aminotransferase (ALT), aspartate aminotransferase (AST), and cre-
atinine) performed by a specialized veterinary laboratory (VetPat,
Campinas, SP, Brazil).

All the experiments were approved by the Institutional Com-
mittee for Ethics in Animal Experimentation of the University of
Campinas (CEUA/UNICAMP; under Protocol: 4185-1).

2.2. Evaluation of fat/lean mass ratio, the basal energy expenditure,
and locomotor activity

The measurement of the basal EE was performed using
a metabolic chamber system (Oxylet—Panlab/Havard Apparatus,
Barcelona, Spain). After 3 h of adaptation, the mice were moni-
tored, and the data was recorded for a period of 48 h. The basal
locomotor activity was measured for 24 h using a cage system cou-
pled to the equipment that counts each movement (Physiocage -
Panlab/Havard Apparatus, Spain). For both procedures, mice from
the different experimental groups were housed individually under
a light and dark cycle of 12 h at 24°C, with free access to wa-
ter and food [49]. The computerized microtomography technique
(Micro-CT) was used to evaluate the fat and lean masses per to-
tal body mass [50,51]. Anesthetized mice (with 80 mg/kg ketamine
hydrochloride and 10 mg/kg xylazine hydrochloride, intraperitoneal
injection) were placed in the micro-CT scanner (Bruker - Skyscan
1178 - USA). The X-Ray energy parameters were: 44 kV; 150 uA;
6.6 W. One thousand images were obtained along at 360° rotation,
followed by the reconstruction of these images to create a 3D im-
age using the program NRecon version 1.6.10.2 (SkyScan, USA) and
the Feldkamp algorithm. The region of interest was determined ac-
cording to differences in tissue radiodensity and processed accord-
ingly to measure relative volumes of fat and lean masses. The val-
ues of relative fat mass and lean mass were expressed as a per-
centage of the total volume of adipose tissue and total skeletal
muscle, respectively, in relation to the total body volume.

2.3. Histological analysis of intestinal segments and BAT

Fragments of the intestine (jejunum, ileum, and colon) and
BAT obtained from each experimental group were fixed in a 4%
paraformaldehyde solution, and then paraffin-embedded, sectioned
(5 um thickness), and processed for Hematoxylin-Eosin (HE) stain-
ing. Images were obtained using an optical microscope (Nikon
Eclipse E-400 - Nikon, Japan) coupled to a digital camera (Olym-
pus U-TV 0.5 C-3, Olympus Corporation, Waltham, USA). For the
morphometry of the BAT, a total of 10 images were randomly cap-
tured from two different sections per animal using the same mag-
nification (40x objective lens) and image capture parameters of
the microscope. The area for lipid droplets was quantified and ex-
pressed relative to the total image area by using Image] (http:
[[rsbweb.nih.gov/ij/).

2.4. Quantitative real-time PCR in hypothalamus and BAT fragments

Total RNAs were extracted from the total hypothalamus and
fragments of BAT using TRIzol. The reverse transcription in cDNA
was performed using the Superscript II kit (Invitrogen, Carls-
bad, CA, USA). Quantitation of mRNAs was performed using the
Real-Time PCR System 7500 with the Master Mix SYBR Green
PCR (AppliedBiosystems, Carlsbad, CA, USA). Primer sequences
used are shown in Table S1 (Supplementary Material). Absolute
amounts of mRNAs of interest were normalized by the control
gene Hypoxanthine-guanine phosphoribosyltransferase (HPRT), us-
ing the 2-AACt method [52].

2.5. Cultured 9W adipose cell line, treatment, cell viability, and
bioenergetics

Immortalized adipocyte precursor cells isolated from subcuta-
neous inguinal adipose tissue - 9W cells - were used in this study
to evaluate butyrate effects on cellular bioenergetics. Cells were
cultured in 90 x 15 mm plates on DMEM high glucose supple-
mented with 10% fetal bovine serum (Gibco) and 1% streptomycin
and penicillin (Gibco) and kept in an incubator at 37°C with 5%
CO, and 70% humidity. After confluency (8 days), cells were used
for experiments (for undifferentiated cells) or induced to differ-
entiate into 9W beige adipocytes by the addition of adipogenic
medium as previously described [53]. Undifferentiated or differ-
entiated 9W cells were treated for 6 or 24 hours with 0.5 mM
of sodium butyrate diluted in high-glucose DMEM. This concen-
tration of butyrate was chosen based on the following premises:
(1) it is within the physiological concentration range [54], and (2)
it has no apparent cytotoxicity besides displaying biological effects
on different cell types in vitro [55,56]. The cell viability after bu-
tyrate treatment was assessed using the MTT assay and absorbance
was measured at 570 nm using a microplate reader (PowerWave
XS2) [53]. Cellular bioenergetics of the 9W cells (undifferentiated
and differentiated) were measured by high-resolution respirometry
(Oroboros Oxygraph-02K, Oroboros Instruments, Innsbruck, Aus-
tria) at 37°C in Krebs-Ringer pH 7.4 (NaCl 130 mM, KCl 4.7 mM,
1.24 mM MgS0Qy, 2.5 mM CaCl,, 10 mM HEPES, 2.5 mM NaH, POy,
2% BSA). Cells at a density of 8 x 10° (differentiated) or 1.5 x 108
(undifferentiated) were added to oxygraph chambers to obtain oxy-
gen consumption fluxes according to a previously published proto-
col [57]. Briefly, oligomycin (2 ug/mL) was added into the chambers
aiming to obtain ATP-dependent and proton leak oxygen consump-
tion. Afterward, mitochondrial uncouplers were tritiated (0.05 uM
per addition) — CCCP (Carbonylcianeto m-chlorophenylhydrazone)
or FCCP (Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone -
to reach maximal respiration. Finally, antimycin A (2.5 uM) was
added for nonmitochondrial respiration values records. The results
were expressed as O, Flow per cell [pmol/(s*10° cells)].

2.6. LPS, Zonulin, IL-6, and TNF-« plasma/serum/intestine
concentrations

Blood samples were collected in heparinized microtubes and
centrifuged at 503 x g for 15 minutes using a refrigerated cen-
trifuge (2-4°C) (Hettich, German) for plasma separation. To ob-
tain the serum, blood samples (without heparin) remained at room
temperature for 2 hours for clot formation, then were centrifuged
at 503 x g for 15 minutes using a refrigerated centrifuge (Het-
tich). For homogenates, following the instructions of the respec-
tive kits, intestinal fragments (with no apparent presence of in-
testinal/fecal residues) were sonicated in 200 uL of LAL (LPS kit)
or 500uL of sterile phosphate-buffered saline (PBS)(cat# D8537,
Sigma) (Zonulin, IL-6, and TNF-« kits).

The LPS concentration was determined using the Limulus Ame-
bocyte Lysate (LAL) QCL-1000 Endpoint Chromogenic kit (Lonza,
Basel-SW). All endotoxin-free materials and reagents were pur-
chased from the same supplier of the kit (Lonza, Basel-SW). The
zonulin concentration was measured using the Elisa Mouse Zonulin
(MBS748504-MyBioSource). The IL-6 and TNF-« concentration was
assessed using the ELISA MAX Deluxe Set Mouse (cat# 431304 and
cat# 430904, BiolLegend' respectively). The absorbance measure-
ments were performed in a microplate reader (Power Wave XS2,
Biotek Inc., Winooski-US), at the wavelength of 405nm (LPS mea-
surement) or 450nm (zonulin, IL-6, and TNF-a measurements).

The values were expressed as plasma or serum concentration in
EU/mL for LPS, ng/mL for zonulin, and pg/mL for IL-6 and TNF-c.
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For the intestinal concentration, the values were expressed as the
ratio of the marker concentration obtained and the respective
total protein concentration (ug/mL), previously measured in an
aliquot of the respective homogenates using Bradford’s reagent
(Protein Assay Dye Reagent Concentrate, cat# 500-0006, Bio-Rad,
Hercules-USA).

2.7. Intestinal permeability

The intestinal permeability was assessed using Lucifer Yellow
(LY CH lithium salt, Invitrogen, cat# L453; MW 457.25 Da) as a
paracellular tracer [58]. After a 6 h fast, the animals were anes-
thetized (with 80 mg/kg ketamine hydrochloride and 10 mg/kg xy-
lazine hydrochloride, via intraperitoneal injection) and received by
gavage LY solution (concentration of 100 uM in sterile saline, vol-
ume 7mL/kg body weight). After 1 h of the solution administra-
tion, they were euthanized, and the blood sample obtained was
centrifuged at 8050 x g for 10 minutes at 4°C for separation of
the plasma. In a 96-well microplate, 50 L of the plasma samples
were added to 50 uL of PBS (0.05M, pH = 7.4) (1:1 dilution). The
reading was performed using a Fluorskan Ascent microplate reader
(Thermo Scientific, USA), at a wavelength of 458 nm excitation and
535 nm emission. The values were expressed as LY plasma ab-
sorbance value by subtracting the blank value (plasma absorbance
value of an animal that did not receive the marker by gavage).

2.8. Immunolabeling of tight junctional proteins and histone
acetylation degree in intestine cryosections

The localization of the tight junctional proteins (claudins-2, -3,
and ZO-1) and the degree of acetylation of histone (H3 and H4)
in intestinal epithelia were determined by indirect immunofluo-
rescence in cryosections of intestine fragments (jejunum, ileum,
and colon) obtained from 12 h-fasted mice as previously described
[31,58]. Briefly, intestine cryosections were incubated overnight at
4°C with the primary antibody (Supplementary Table S2; diluted in
3% BSA solution) and then, incubated with a FITC-conjugated spe-
cific secondary antibody (cat# F0382, Sigma; dilution 1:75 in BSA
1%) and DAPI (cat# D9542, Sigma; dilution 1:1000) for 2 h at room
temperature. All sections were mounted on coverslips with Pro-
Long Gold Antifade Mountant (Invitrogen cat# P36930) and pho-
tographed using a digital camera coupled to an inverted fluores-
cence microscope (Observer: Z1; Zeiss - AxioCam, MRC, Hamburg,
Germany). Digital images of the intestine sections from all experi-
mental groups were obtained and compared during the same ses-
sion using identical microscope parameters (gain and time expo-
sure). To determine the junctional content of each TJ protein, five
images of intestinal epithelium were captured from each cryosec-
tion from animals from all experimental groups. Then, the inte-
grated densities of 50 points per image, placed at the cell-cell
contact region of enterocytes, were measured in all captured im-
ages using the free software Image] (given a total of 1,250 points
sampled per experimental group for each T] protein). To evaluate
the degree of fluorescence of the different histones, five regions
of the images were delimited, containing only nuclei of intestinal
epithelial cells, and the degree of fluorescence and the delimited
area was measured using the Image] program (http://rsbweb.nih.
gov/ij/). The values were expressed as fluorescence intensity per
area.

2.9. Immunoblotting of tight junctional proteins in intestine epithelial
homogenates

Fragments of jejunum, ileum, and colon were collected, the ep-
ithelium scraped off using a scalpel, and then added to an antipro-

tease cocktail and sonicated. The epithelium homogenates were
processed for immunoblotting using a standard protocol [58,59].
In addition, some of the jejunum homogenates were prepared
to obtain Triton X-100-soluble (cytoplasmic) and Triton X-100-
insoluble (junctional) fractions as described previously [60]. Briefly,
epithelium homogenate aliquots (containing 50 pg of total pro-
teins) were applied on 12% (claudin-2, -3) or 6.5% (ZO-1) polyacry-
lamide gels, and proteins were fractionated by electrophoresis, and
electrophoretically transferred onto nitrocellulose membranes (Bio-
Rad). After incubation overnight at 4°C with the primary antibody
(Supplementary Table S3), the membranes were incubated with
the specific secondary antibody conjugated with HRP (anti-rabbit
IgG-HRP, cat# A4914, Sigma; dilution 1:600 in the basal solution
containing 1% skimmed milk powder) for 2 h at room temperature.
Immunoreactive bands were detected using an enhanced chemilu-
minescence kit (Super Signal, Thermo Fisher Scientific, USA) and an
imaging system (Genome Gene, Syngene Bio Imaging, UK). The rel-
ative size of the immunoreactive bands was quantified by densito-
metry using the Image] software. The same membranes were incu-
bated with an anti-beta-actin antibody, used as an internal control.
Optical densitometric values were expressed as a ratio of the re-
spective proteins and beta-actin signals. In the case of lack of sig-
nal for beta-actin after membrane reblotting, the T] protein band
densitometry was normalized by the total protein loading revealed
by the membrane previously stained with Ponceau.

2.10. Quantitative real-time PCR for Claudins-1 -2, -3, Occludin, and
Z0-1 genes in homogenates of intestine fragments

Fragments of jejunum, ileum, and colon were collected, the ep-
ithelium scraped off using a scalpel, and prepared for RNA extrac-
tion using the TRIzol Reagent (cat# 15596018; Invitrogen, Carls-
bad, CA; 1 mL of Trizol per 100 mg of tissue), homogenized with
polypropylene pestles (Axygen Tissue Grinder) in 1.5 mL centrifuge
tubes. To each 1 mL of Trizol was added 0.2 mL volume of chlo-
roform for precipitation (according to the TRIzol Reagent manufac-
turer’s recommendations). cDNA synthesis was performed from 0.5
g RNA samples of each fragment using High-Capacity cDNA Re-
verse Transcription Kit (Applied Biosystems, Foster City, CA, USA).
The primers for Claudins-1, -2, -3, Occludin, and ZO-1, and the
housekeeping Actb1, Gapdh, and Rps29 genes were designed and
tested against the Mus musculus genome (GenBank) (Supplemen-
tary Table S4). The absolute quantities of target transcripts were
normalized against the endogenous Actb1 control, which proved to
be the best internal control for the experimental conditions tested
using Bestkeeper for comparison with Gapdh and Rps29 (data not
shown). Analysis of gene expression was done by absolute quantifi-
cation of mRNAs as previously described [61]. The reactions were
performed in ¢cDNA samples (500 ng/uL), with the SYBR Green
method (ABI Fast SYBR Green Master Mix, cat# 4385612), using the
Applied Biosystems 7,500 Real-Time PCR Systems (Applied Biosys-
tems, Foster City, CA, USA).

2.11. Caco-2 cell culture and treatments

Caco-2 cells (human colorectal adenocarcinoma) were cultured
in Eagle medium modified by Dulbecco (high glucose) (DMEM),
supplemented with 10% fetal bovine serum, 2% nonessential amino
acids, 1% L-glutamine and 60 mg/L of gentamicin, and kept in a
humidified incubator at 37°C with 5% CO, (Incusafe Sanyo MCO-
17A, Sanyo Electric Ltd., Japan). The medium was changed at least
three times a week and the passages were performed by partial di-
gestion with a trypsin/EDTA solution. Before cell seeding, cell cul-
ture inserts containing a membrane with a diameter of 12 or 30
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mm (Millicell, Merck Millipore, German) were coated with colla-
gen solution extracted from the Wistar rat tails [62]. Then cells
were seeded at a density of 1.5 x 10% cells/cm?. After total con-
fluence (approximately 10-11 days), the monolayers were exposed
on both sides (apical + basal) to the luminal content of the small
intestine obtained from mice of the different experimental groups
(i.e., C, CB, HF, HFB). For that, mice from C, CB, HF, and HFB groups
were euthanized, the small intestine removed under sterile condi-
tions (within the laminar flow), and the luminal contents washed
with 15 mL of sterile Krebs-bicarbonate buffer (concentration in
mM: NaCl 115, KCl 5, MgCl, 1, CaCl, 1.24, NaHCO3; 1, HEPES 15;
pH = 7.4 equilibrated with 5% CO,) containing 100 mg/dL of glu-
cose. The small intestinal segment was chosen to obtain the lu-
minal content for in vitro exposure since, in previous work [41],
we have shown that the luminal content of the small intestine
had a greater disruptive effect on the intestinal epithelial barrier,
even at short period (6 h) than that from the large intestine. The
solution obtained by washing the intestinal luminal content was
centrifuged in Falcon tubes at 2,100 x g for 90 seconds, and the
supernatant was collected and diluted 1:5 ratio in sterile Krebs-
bicarbonate. This dilution of the intestinal contents of the small
intestine was necessary to eliminate/decrease the cytotoxic action
on cells, as noted and described previously [41]. Then, cell mono-
layers were exposed to the intestinal suspensions for 6 h on both
apical and basal surfaces.

2.12. Transepithelial electrical resistance (TEER) and paracellular flux
across Caco-2 cells

The TEER measurement was performed using two Ag/AgCl
"chopstick’ electrodes coupled to a combined voltmeter and a con-
stant current source (EVOM, World Precision Instruments, UK).
TEER was measured every hour during the 6 h interval after cell
exposure to the intestinal luminal content. The final TEER was cal-
culated as follows: the resistance of the blank membrane insert
(without cells) was subtracted from the gross TEER value across
Caco-2 monolayers and then multiplied by the membrane area
(113 cm?) to obtain the final TEER value (-Q.cm?). The TEER data
were depicted in the graph as a percentage of the initial mean
value (at 0 h, before exposure to luminal content).

To assess the paracellular permeability across Caco-2 mono-
layers, cells (cultured on 30 mm permeable culture inserts) were
transferred to a new plate containing the suspension of intesti-
nal luminal content (from the different experimental groups), or
Krebs’ solution, where the paracellular marker Lucifer Yellow (MW
457.25 Da) was added only to the basal solution at the final con-
centration of 100 pM. In the apical environment, an identical solu-
tion was added, but without LY. After the incubation period (6h),
samples of the apical and basolateral solutions were collected. The
samples were read in triplicate (0.2mL) on a 96-well plate using
the Synergy H1 microplate reader (Biotek Instruments, USA) at 428
nm (excitation wavelength) and 535 nm (emission wavelength).
The transepithelial flux of LY (Ft), taken as an index of paracel-
lular permeability, was calculated as follows: Ft = Apical fluores-
cence x 100/Apical fluorescence + Basal fluorescence.

2.13. Immunofluorescence and immunoblotting for junctional proteins
in Caco-2 monolayers

Caco-2 monolayers were fixed and maintained in methanol at
—20°C until the indirect immunofluorescence reaction. After wash-
ing with PBS, the monolayers were incubated with 3% fetal bovine
serum (FBS) in PBS for 30 min at room temperature and then incu-
bated with the primary anti-Claudin-1 (Abcam ab15098, 1:30) or
anti- ZO-1 (Invitrogen 7300, 1:50) antibodies diluted in PBS plus

3% FBS, overnight at 4°C. Subsequently, the monolayers were in-
cubated for 1 h with the FITC-conjugated specific secondary an-
tibody FITC (Sigma- F0382, 1:75) and DAPI (Sigma, cat# D9542)
(dilution 1: 1000 in PBS plus 3% FBS) at room temperature. The
monolayers were washed five times with PBS, mounted on cov-
erslips with ProLong Gold Antifade Mountant, and photographed
using a digital camera coupled to an inverted fluorescence micro-
scope (Observer.Z1; Zeiss - AxioCam, MRC, Hamburg. Germany) at
the same microscopic session, using the same gain/contrast param-
eters to compare the fluorescence degree between the treated and
control groups.

For immunoblotting, Caco-2 monolayers were scraped from the
30 mm tissue inserts using a cell scraper and added to 1 mL of
PBS. After centrifugation at 126 x g, the supernatant was dis-
carded, and the cell pellet was resuspended in 20 uL of antipro-
tease cocktail and then sonicated [41]. Aliquots containing an equal
amount of total proteins (20 pug) were processed for immunoblot-
ting as described above for intestine homogenates. The membranes
obtained were incubated sequentially overnight at 4°C with the
primary antibody (Supplementary Table S5) and then with the spe-
cific secondary antibody conjugated with horseradish peroxidase
(HRP-A4914-Sigma-1:600) for 2 h at room temperature. The im-
munoreactive bands were detected using the enhanced Super Sig-
nal chemiluminescence kit, the immunoreactive bands were quan-
tified by densitometry, and expressed as a ratio of the respective
proteins and beta-actin signals, as previously described [41].

2.14. Statistical analysis

To determine the degree of statistical significance among the
four experimental groups, we have used the One-way ANOVA, fol-
lowed by the Bonferroni post hoc test to compare selected pairs
of data. Two-way ANOVA, followed by the Bonferroni post hoc
test, was used to statistically analyze the GTT curve data. Results
were expressed as means + SEM (Standard Error of the mean),
and the significance level was set at P < .05. All statistical analyses
were performed using GraphPad Prism Version 5.00 for Windows
(GraphPad Software, USA).

3. Results and Discussion

3.1. Supplementation with sodium butyrate restores energy
metabolism compromised by a high-fat diet in prediabetic mice

SCFAs are being studied as possible interventions for the pre-
vention of metabolic disorders such as obesity and T2D due to
their involvement in several signaling pathways influencing cell
metabolism and inflammation [26,27,63]. Interestingly, the forma-
tion of SCFAs, particularly butyrate, is reduced after the ingestion
of high-fat diets [64], while dietary supplementation with butyrate
can inhibit some of the metabolic dysfunctions in diabetic animals
[22,25-29,31].

In the present work, we focused on the beneficial effect
of butyrate on metabolism and intestinal barrier at the early
stages of T2D using an animal model of prediabetes that has
been previously well-characterized [31,47,48,59]. Our mice dis-
play body/metabolic changes typical of type 2 prediabetes (i.e.,
increased body weight/adiposity, insulin resistance, moderate hy-
perglycemia, significant hyperinsulinemia associated with compen-
satory beta-cell hyperplasia) [41,47,48,65], besides showing im-
paired intestinal barrier that was not accompanied by endotoxemia
and local/systemic inflammation [58,59]. This model gives a unique
possibility to investigate the effect of butyrate on metabolism dur-
ing type 2 prediabetes not accompanied by an evident inflam-
matory state, which has not been directly explored by others
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[22,25,28,29,31]. Also, we included the control and control butyrate
groups to allow us to assess the systemic effect of this SCFA per se
(i.e., in the absence of the metabolic challenges provided by HF diet
feeding) that has been scarcely examined.

As shown in Fig. 1, exposure to HF diet for 60 days increased
fasting glycemia (Fig. 1a) and led to glucose intolerance as as-
sessed by GTT (Fig. 1b and c). HF-fed mice also displayed dys-
lipidemia characterized by significant increased plasma levels of
triglycerides (+78%) (Fig. 1d), cholesterol (+50%) (Fig. 1e), and low-
density lipoprotein cholesterol (LDL) (+72%) (Fig. 1f), but not of
low high-density lipoprotein cholesterol (HDL) (Fig. 1g) as com-
pared to the control group. Sodium butyrate had a marked effect
on fasting glycemia and glucose tolerance, improving both parame-
ters in the prediabetic mice treated with butyrate (HFB) in relation
to the HF group (Fig. 1a-c). This SCFA did not significantly alter
cholesterol, TG, and LDL levels in the HF-fed groups (HFB vs HF)
(Fig. 1d-f). Nevertheless, the HFB group seems to display a small
decrease in TG and LDL parameters in comparison with the HF
group (—14.1% TG; —13.9% LDL), which resulted in a nonsignificant
difference with its respective control (CB vs HFB). Yet, sodium bu-
tyrate per se did not change the serum concentration of glucose
and lipids in animals fed a chow diet (CB vs C) (Fig. 1a-g).

These effects of butyrate seen herein are in line with our previ-
ous study [31], which demonstrated that dietary supplementation
with butyrate had a beneficial effect on glucose homeostasis and
peripheral insulin sensitivity. All these alterations occurred with-
out significant changes in daily food consumption or energy intake,
as shown previously [31], suggesting a direct effect of butyrate on
glucose metabolism. As shown in Fig. 1h, qPCR analysis in the hy-
pothalamus from the groups receiving butyrate supplementation
(CB and HFB) showed no significant differences in anorexigenic
(Cart, Pomc) and orexigenic (Npy, Agrp) markers [66] when com-
pared to their respective controls (C and HF), confirming that bu-
tyrate does not affect food intake in our animal model as reported
before [31].

To investigate the mechanism through which butyrate protects
from HF diet-induced dysregulation of carbohydrate metabolism
during prediabetes, we assessed basal energy expenditure. The
group receiving a HF diet showed a decrease in EE (P < .05)
(Fig. 1i), oxygen consumption (VO,) (P < .05) (Fig. 1j), and respi-
ratory quotient (RQ) (P < .001) (Fig. 1k) compared to the control
group during the night cycle. The group receiving the high-fat diet
with supplementation with 5% sodium butyrate (HFB) showed an
increase in EE (P < .05) (Fig. 1i) and VO, (P < .05) (Fig. 1j) when
compared to the HF diet group, reaching levels similar to the C and
CB groups. However, butyrate did not affect the RQ (Fig. 1k). As
shown in Fig, 11, sodium butyrate (in CB and HFB groups) did not
significantly affect motor activity in comparison with the groups
that did not receive supplementation (C and HF). Again, the effects
of butyrate were exclusive to mice on a HF diet (Fig. 1i-1).

Taken altogether, butyrate significantly reversed the decrease in
EE and VO, observed in our prediabetic mice, restoring these pa-
rameters to control levels, without affecting motor activity. Gao
et al. [25] also reported the beneficial effect of butyrate supple-
mentation on EE changes induced by eating HF diet, though this
effect was not observed by others [30,67]. This discrepancy con-
cerning butyrate actions may be explained by differences in the
metabolic state, diet composition, and exposure among the differ-
ent animal models employed by these studies.

Interestingly, our prediabetic mice that received butyrate dis-
played a RQ level as well as a lipid profile that was similar to that
of mice fed only the HF diet. The RQ is the ratio of carbon dioxide
production to oxygen consumption and reflects the relative contri-
bution of fat, carbohydrate, and protein to fuel oxidation [68]. Our
HF diet-treated animals (HF and HFB) displayed a RQ of 0.85 (in

contrast to the RQ of 0.95 in C and CB groups), indicating a pref-
erence for fat over carbohydrate oxidation, which was not affected
by the butyrate administration. These data suggest that butyrate
displays a relatively small effect on circulating lipids in HF diet-
fed prediabetic mice, and it does not alter fat oxidation in these
animals. This contrasts with the marked protective action of bu-
tyrate on glucose homeostasis seen herein. Although we do not
have a conclusive explanation for this observation, it is plausible
to suggest that butyrate does not reduce the intestinal absorption
of lipids, and, by doing so, the circulating lipids remain at high
levels under HF diet ingestion that cannot be counteracted by the
metabolic actions of butyrate, at least at the early stage of T2D.
Consistent with this idea, it has been demonstrated that dietary fat
digestion and absorption in the gastrointestinal tract are identical
between HF diet-fed mice that received butyrate supplementation
and those that did not [25].

We next investigated the potential effect of butyrate on adipose
tissue depot at the early stages of T2D. As shown in Fig. 2, expo-
sure to HF-diet resulted in an increase in total body weight gain
(+438%) (Fig. 2a), and the weight of both eWAT (+328%) (Fig. 2b)
and rWAT (+457%) (Fig. 2c) as compared to C group. As revealed
by microtomography, increased fat mass (+253%) (Fig. 2d) and de-
creased lean mass (—37%) were also observed in prediabetic an-
imals in comparison with the C group (Fig. 2e), resulting in an
overall increase in fat/lean mass ratio (+459%). Dietary supplemen-
tation with 5% sodium butyrate (HFB) reduced body weight gain
(—46%) (Fig. 2a), rWAT mass (—26%) (Fig. 2c), and fat/lean mass ra-
tio (—38%) (Fig. 2d,e,f), but it did not change eWAT depot weight
(Fig. 2b) when compared to the HF group. Sodium butyrate (CB)
did not affect these parameters in chow diet-fed mice (Fig. 2a-f).

An increase in fat-to-lean mass ratio (i.e., increased body fat de-
pot associated with a reduction in muscle mass) is a good pre-
dictive indicator of insulin resistance and prediabetes, as well as
metabolic syndrome and cardiovascular risks [69-71]. Micro-CT
imaging revealed a marked inhibition of fat mass gain after bu-
tyrate treatment (Fig. 2f), which was associated with a significant
increase in lean mass leading to an improvement of the fat-to-lean
mass ratio in these prediabetic animals. Interestingly, the effect of
butyrate on adiposity seemed to be dependent on the type of adi-
pose depot, promoting a more significant reduction of the rWAT as
compared to the eWAT in prediabetic mice. This agrees with the
observation that each WAT depot has specific morphofunctional
characteristics and displays a differential response to caloric re-
striction, being the rWAT more responsive than the eWAT [72].

A possible contributing factor to the anti-diabetogenic and
anti-obesogenic effects of butyrate is its protective action on
BAT [22,30]. Due to the high expression of Ucp-1, BAT uncouples
substrate oxidation from ATP production by generating a process
called nonshivering thermogenesis [7,73]. BAT activity has been
inversely associated with adiposity and indexes of metabolic
disorders suggesting that increasing BAT mass and/or activity may
be a target for pharmacologic and nutritional interventions that
modulate EE to treat obesity and T2D [7,74]. HF diet induced
“whitening” of iBAT as revealed by the increase in intracellular
lipid accumulation, as confirmed morphometrically (P < .0001)
(Fig. 2g and h), increased iBAT weight (P < .0001) (Fig. 2i) and de-
creased Ucpl mRNA levels (P < .05) (Fig. 2j); butyrate significantly
attenuated these changes but did not affect these parameters in
control lean mice (CB vs C groups) (Fig. 2g-j). The decreased Ucp1
mRNA level in our prediabetic mice is consistent with the lower
EE displayed by these animals, as well as the increase in lipid
accumulation seen in BAT. The data show that supplementation
with butyrate preserved the histological characteristics of brown
adipose tissue, as well as restored the tissue expression of Ucpl to
control levels in HF diet-fed mice.
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Fig. 1. Effect of butyrate on glucose metabolism (a-c), lipidemia (d-g), hypothalamic expression of orexigenic/anorexigenic genes (h), and basal metabolism (i-1) in prediabetic
mice. In comparison with the control group, the high-fat diet (HF) induced a significant intolerance to glucose as assessed by the Glucose Tolerance Test (GTT) curve in b, the
area under the curve (AUC) in c associated with a significant increase in fasting glycemia (a), in the level of the triglycerides (TG) (d), cholesterol (e), and LDL fraction (f) but no
significant changes in HDL level and gene expression in the hypothalamus related to food intake (h). Dietary supplementation with 5% sodium butyrate presented a protective
effect by restoring the glucose homeostasis (a-c), but only partially inhibited dyslipidemia (d-f) induced by the HF diet (HF group) and had no effect on orexigenic/anorexigenic
gene expression in the hypothalamus (h). Also, high-fat diet group showed a significant decrease in Energy Expenditure (EE) (i), Oxygen Volume (VO2) (j), and Respiratory
Quotient (RQ) (k) at the nocturnal period. The diet supplementation with butyrate in the HFB group significantly reversed the changes in EE and VO, induced by HF diet (i
and j) but did not affect the RQ values (k). No difference in motor activity during day and night was observed among the experimental groups (L). Butyrate supplementation
alone (CB) did not affect the evaluated parameters when compared to the control group (C) (a-1). Data in a-l are expressed as means + SEM (n = 6-15 mice/group, 2-4
independent experiments). Groups: C: control (fed a regular diet alone); HF: high-fat diet alone; CB: Control+butyrate; HFB, high-fat diet+butyrate. *P < .05, **P < .001, ***P
< .0001 compared to C group; #P < .05 compared to HF group; ++P < .005, +++P < .0001 in relation to CB (one-way ANOVA followed by Bonferroni’s post-test for all data
except the GTT curve (b) that was analyzed by two-way ANOVA followed by Bonferroni’s post-test).
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Fig. 2. Effect of butyrate on body weight (a), fat/lean mass (b-f), and brow adipose tissue (g-1) in prediabetic mice. The fat depot was assessed by the weight of epididymal
(eWAT) (b) and retroperitoneal white adipose tissue (rWAT) (c), expressed as grams. The intake of a high-fat diet induced a significant increase in body weight gain (a), eWAT
(b), TWAT (c), and fat mass (d) associated with a significant decrease in lean mass (d)(d and e determined by microtomography). In f, representative tomography images of
mice from each experimental group. Dietary supplementation with butyrate partially reversed these alterations in the HFB group (a-f) but did not display an effect per se in
the CB group. Data in a-e are expressed as means + SEM (n = 11-19 mice/group, 2-6 independent experiments). In g, representative photomicrographs of interscapular brown
adipose tissue (iBAT) histological sections stained with HE of each experimental group. Scale bar, 50um. In comparison with the control group, the HF diet induced an increase
in the intracellular lipid storage (g and h) and weight (i) associated with a decrease in Ucp-1 expression (j), indicative of “whitening” of iBAT. All these changes in iBAT were
significantly inhibited by dietary supplementation with 5% sodium butyrate (HFB group) (g-j). The Ucp-1 expression was determined in iBAT homogenates by qPCR (j). In vitro
experiments, assessing cellular bioenergetics in undifferentiated (k) and differentiated (1) 9W cells, showed no significant (ns) changes after 0.5 mM butyrate exposure. Data
in h-l are expressed as means + SEM (h-j, n = 5-8 mice/group, 2 independent experiments; k-1, n = 3-4 cell monolayers, two independent experiments). Groups: C, control
(fed a regular diet alone); CB, Control+butyrate; HF, high-fat diet alone; HFB, high-fat diet+butyrate. *P < .05, ***P < .0001 compared to C group. #P < .05, ##P < .001, ###P
< .0001 compared to HF group, ++P < .001, +++P < .0001 compared to CB group (one-way ANOVA followed by Bonferroni’s post-test).
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Since sodium butyrate increased EE and restored BAT morpho-
functional characteristics in vivo after HF diet intake, we investi-
gated whether it could have a direct effect on the bioenergetics
of preadipocytes in vitro. For this, we used a murine white sub-
cutaneous adipocyte precursor cell line, 9W, with the potential to
differentiate into Ucp1-positive adipocytes [53]. The in vitro exper-
iments performed herein were designed to evaluate whether bu-
tyrate has a cell-autonomous effect on Ucp1-expressing adipocytes.
As shown in Fig. 2k and |, the addition of butyrate at 0.5mM con-
centration to the cell media for 6 h and 24 h did not affect the
oxygen consumption by cultured 9W cells in any of the experi-
mental conditions tested, besides showing no cytotoxic effect (vi-
ability after 24 h exposure to 0.5mM: Control 9W cells 100%; un-
differentiated 9W cells 101.2 + 6.6 (4) %; differentiated 9W cells
95.6 + 6.6 (4) %). It is noteworthy that this work used a concen-
tration of 0.5 mM sodium butyrate that was not toxic for this cell
type and is well above the physiological concentration range in hu-
mans [27,75], and HF-fed rodents [76]. Therefore, the effect on EE
observed in vivo with sodium butyrate supplementation was not
seen in our in vitro system. Despite the limitation of using cul-
tured adipocytes as an indicator of in vivo metabolic alterations in
adipose depots, these preliminary data suggest that butyrate does
not have a direct effect on Ucpl-positive adipocytes. This finding
reinforces the idea suggested by others [7,30] that the mechanism
of action of butyrate may be systemic and involve neural circuits
or other body regulatory pathways of BAT function.

3.2. Sodium butyrate reverses the disruption of the intestinal
epithelial barrier through membrane trafficking of TJ proteins in
prediabetic mice

In the next step of this work, we investigated whether the
beneficial effect of butyrate on metabolism is associated with ac-
tions on intestinal permeability in our type 2 prediabetes animal
model. Previous data already indicated that butyrate has a protec-
tive effect on the intestinal barrier, as this SCFA decreased intesti-
nal permeability to FITC-Dextran in CB and HFB groups as com-
pared to the C group, as well as inhibited the redistribution of
claudin-1 in the intestinal epithelium in prediabetic animal [31].
Fig. 3 shows the intestinal permeability to the LY marker in the
different experimental groups studied (C, HF, CB, and HFB). The
reason for using LY here was based on our previous work indi-
cating that this molecule constituted a more adequate marker for
the assessment of intestinal permeability in vivo than FITC-Dextran
[58,59]. These studies demonstrated that the prediabetes state in
our animal model involves selective regulation of the permeability
of the paracellular barrier, favoring the transepithelial transport of
small molecules (such as LY) rather than of large molecules (with
an MW= 4,000) such as FITC-Dextran. The increase of paracellu-
lar transport to small molecules is often associated with modu-
lation of the T] permeability [59,77] rather than being involved
with general damage to the integrity of the epithelium [43,78].
In accordance with these results, we observed here an increase
in the plasma concentration of the LY marker in mice that were
fed a high-fat diet (HF group) (P < .0001) compared to the control
group (C), which indicates an increase in intestinal permeability
for this marker in the prediabetic mice (Fig. 3). Supplementation
with sodium butyrate reduced the presence of this marker in the
plasma (P < .0001) in mice from the HFB group compared to the
HF group. Also, there was no difference in intestinal permeability
to LY between mice that received a standard diet with butyrate
(CB) compared to the group that received a standard diet without
butyrate (C), which reinforces the idea that butyrate has its biolog-
ical effect manifested mainly in conditions of metabolic dysfunc-
tion, such as after the administration of a HF diet.

Intestinal Permeability
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=2 1000
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Fig. 3. Dietary supplementation with sodium butyrate inhibits the increase in in-
testinal permeability to the paracellular marker, Lucifer Yellow (LY), in prediabetic
mice. Sodium butyrate restored intestinal permeability in HF diet-fed prediabetic
mice (HFB), while butyrate per se (CB) maintained these parameters at the level
of the control group (C). The values represent the means + SEM. (n = 10-12 an-
imals/group, 4 independent experiments). Groups: C, control (fed a regular diet
alone); CB, Control+butyrate; HF, high-fat diet alone; HFB, high-fat diet+butyrate.
**P < .001 compared to C group; ##P < .001 compared to the HF group (one-way
ANOVA followed by Bonferroni’s post-test).

Following the idea that sodium butyrate has a positive effect on
the intestinal epithelial barrier confirmed here by the paracellu-
lar permeability test, we have investigated the structural integrity
of the intestinal epithelial barrier by immunodetection of proteins
associated with TJ (claudin-2, -3, and ZO-1) in cryosections of frag-
ments of the small intestine (jejunum and ileum) and large intes-
tine (colon). As shown in Figs. 4-6, exposure to HF-diet resulted
in significant changes in the junctional content of these proteins
in the intestinal epithelium, which included a significant decrease
in the intercellular labeling of claudin-2 (Fig. 4e and j), claudin-3
(Fig. 5e and j), and ZO-1 (Fig. 6e and j) in both jejunum and ileum
(P < .0001), while, in the colon, we observed a decrease of claudin-
3 (Fig. 50) in association with an increase in junctional content of
claudin-2 (Fig. 40) and ZO-1 (Fig. 60) (P < .0001), which were con-
sistent with data previously reported by our group [58,59]. These
changes indicate significant disorganization of TJ structure in the
intestinal epithelium of prediabetic mice, which certainly can have
a functional impact on the intestinal barrier properties [16,79].
In particular, the reduction in the junctional content of the well-
known barrier-forming claudins, Cld-1, as reported previously [31],
and Cld-3, suggests a rupture of the intestinal epithelial barrier al-
lowing the passage of molecules, which agrees with the data ob-
tained from intestinal permeability to LY in HF-diet fed prediabetic
animals.

Interestingly, sodium butyrate supplementation (HFB group)
completely reversed or significantly inhibited these alterations in
the TJ junctional content in intestinal epithelial cells, as assessed
by immunofluorescence, except for the ZO-1 protein in the colon,
when compared to the HF group (Fig. 4-6). Also, in comparison
with the CB group, the HFB group showed a further increase in
the ZO-1 (P < .0001 jejunum, Fig. 6¢, d, e; P < .05 ileum, Fig. 6h,
i, j), and in claudin-3 junctional contents (P < .0001 in the ileum,
Fig. 5h, i, j, and colon, Fig. 5m, n, 0), suggesting a greater reinforce-
ment of the TJ-mediated paracellular barrier when butyrate was
administered in conjunction with the HF diet. Yet, the CB group
showed no significant change in the junctional content of T] pro-
teins (Cld-2, -3, and ZO-1) in any of the intestinal segments stud-
ied (jejunum, ileum, and colon) when compared to the C group
(Fig. 4-6), suggesting that butyrate has no effect per se on the in-
testinal paracellular barrier.
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Fig. 4. Effect of the dietary supplementation with sodium butyrate on the cellular distribution of Claudin-2 (Cld-2) in the epithelium of small intestine (jejunum and ileum)
and large intestine (colon) of mice fed a standard or high-fat (HF) diet. Images show the immunofluorescence detection of Cld-2 (in green; DAPI/nuclei in blue) in cryosections
of intestine segments of mice from the different experimental groups (C/Control, HF/High-fat diet, CB/Control+Butyrate, and HFB/High-fat diet+Butyrate). The analysis of the
degree of fluorescence at the cell-cell contact showed that HF diet induced a significant reduction of the Cld-2 content at the intercellular region of the epithelial cells of the
jejunum (e) and ileum (j) but led to an increase in the junctional content of this protein in the colon epithelium (o). Butyrate supplementation partially reversed the effects
of the HF diet on the junctional content of this TJ protein in the three intestinal segments studied (e, j, o). Bar, 25 pum. The values of the degree of junctional fluorescence
represent the means + SEM (5 animals/group, 2-4 independent experiments). ***P < .0001 compared to C group; ###P < .0001 compared to HF group; +++P < .0001

compared to CB group (one-way ANOVA followed by Bonferroni’s post-test).

The regulation of the T] structure/function may occur through
alteration in the expression of T] genes, in the protein amount,
and/or cellular redistribution of its structural proteins, which
can involve epigenetic regulation, changes in the turnover pro-
cess, or post-translational modifications such as phosphoryla-
tion/dephosphorylation, palmitoylation and/or ubiquitination [80-
84]. Another possibility of modulating the selective permeability
of the TJ is through the interaction between its main constitutive
proteins, the claudins that can be barrier-forming (e.g.: Cld -1, -3,
-4, -5, -8) or pore-forming (e.g.: Cld -2, -7, -12) proteins [17,18,85].

The supplementation with sodium butyrate reversed or signif-
icantly inhibited the effects of the HF-diet on the organization of
proteins at TJ site in the intestinal epithelia of prediabetic mice.
Since butyrate is a well-known inhibitor of HDAC causing histone
hyperacetylation, it can potentially facilitate or increase the cell

expression of certain genes [22,23,36,86]. To investigate whether
butyrate has an epigenetic effect on enterocytes of prediabetic
mice, we assessed the levels of acetylated histones H3 and H4 in
cryosections of the intestinal segments (jejunum, ileum, and colon)
by indirect immunofluorescence. As shown in Fig. 7, no signifi-
cant changes were observed in the nuclear levels of acetylated hi-
stones in the intestinal epithelium from the different experimental
groups, except in the case of acetylated H3 histone which showed
a significant increase in its immunodetection in the colon of HFB
mice compared to the C group (Fig. 7d). These results point to an
absence or a subtle epigenetic action of butyrate on enterocytes
depending on the intestine segment in our animal model. Corrob-
orating these data, the positive effect of butyrate on the T] struc-
ture was not associated with changes in T] protein expression, as
assessed by Western Blot (Fig. 8a and Figure S1 (Supplementary
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Material)) or gene expression as assessed by qPCR (Fig. 8b and Fig-
ure S2 (Supplementary Material)).

To determine whether butyrate treatment affects the cellular
distribution and the specific amount of the protein fraction as-
sociated with the TJ [60,84], we further analyzed the changes in
the amount of claudin-3 in detergent-soluble (cytosolic or loosely
associated with membrane) and detergent-insoluble (representing
protein incorporated in the TJ) fractions in jejunum fragments of
mice from the different experimental groups (Fig. 8c). Following
the rationale of our work, claudin-3 was chosen since it partic-
ipates directly in the formation of the paracellular barrier struc-
ture (“gate”) to ions and molecules [17,18]. Therefore, Cld-3 seems
to be the appropriate marker to investigate the possible effect of
butyrate on the cellular trafficking of a T] barrier-forming protein.
Our data on immunoblotting for the soluble (S)(cytoplasmic) and

insoluble (I)(junctional) fractions of jejunum homogenates show a
relative increase in the translocation of claudin-3 from the cyto-
plasm to the T] region after supplementation with butyrate (CB
and HFB vs C and HF) (Fig. 8c), that was statistically signifi-
cant in the case of HFB group (*P < .05, HFB-I vs HFB-S). Also,
the result in Fig. 8c showing a higher content of Cld-3 in the
junctional fraction in HFB-I in comparison with HF-I (#P < .05)
agrees with the immunofluorescence findings depicted in Fig. 5e,
which also shows higher junctional immunolabeling for Cld-3 in
jejunum epithelial cells after butyrate in mice fed a HF diet (Fig. 5d
HFB vs Fig. 5b HF). Therefore, our data suggest that butyrate has
an action on the intestinal barrier in vivo by probably inducing
the trafficking of junctional proteins from their cytoplasmic pools
to the TJ] region at cell-cell contact, reinforcing the paracellular
barrier.
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followed by Bonferroni's post-test).

So, these findings highlight another possible mechanism of bu-
tyrate action on the intestinal epithelial barrier during the early
stages of T2D, besides its well-known positive effect on gene ex-
pression of some TJ proteins through inhibition of the HDAC as
described by other in vitro and in vivo studies [26,33,87-90]. In-
terestingly, using the Caco-2 cell model of the intestinal epithe-
lium, Peng and colleagues also demonstrated that butyrate incu-
bation did not significantly increase protein expression of claudins,
occludin, and ZO-1 but enhanced their location at the cell-cell con-
tact site, facilitating T]J assembly, during a calcium switch assay
[91]. This dynamic process involved the activation of the AMP-
activated protein kinase (AMPK). Further work is needed to deter-
mine the molecular mechanism underlying the effect of butyrate
on the T] barrier in prediabetic mice. Nevertheless, AMPK seems
to be a good candidate for a signaling molecule given the fact that

it is activated by butyrate in the liver and muscle of diabetic mice
[25] and it plays a key structural and regulatory role in cell-cell
junctions [92,93].

3.3. Exposure to the intestinal luminal content from mice that
received butyrate supplementation maintains the TJ structure in
Caco-2 cells

In pioneering work, Oliveira and coworkers (2019) [41] have ob-
served that in vitro exposure to the intestinal content, particularly
of the small intestine, of mice fed a HF diet induced disruption of
the TJ-mediated epithelial barrier in Caco-2 monolayers. This result
suggests a possible involvement of a component of the intestinal
lumen in the increased intestinal permeability seen in vivo after
HF-diet intake [59]. Following this idea, we investigated whether
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(one-way ANOVA followed by Bonferroni's post-test).

the intestinal luminal content from mice fed a diet supplemented
with butyrate would also have a protective effect on the epithelial
barrier in vitro.

As shown in Fig. 9, the exposure of Caco-2 cells to the luminal
content of the small intestine from prediabetic mice (HF) did not
alter cell viability (Fig. 9a), but resulted in a tendency to decrease
the TEER (P = .06) (Fig. 9b) associated with a significant increase
in paracellular permeability to LY (P < .05) (Fig. 9c) when com-
pared to cells exposed to the luminal content from mice that re-
ceived a standard diet (C) or to Krebs. These changes, indicative of
impairment of the paracellular barrier [41,77,94|, were accompa-
nied by a significant decrease in the junctional labeling of TJ pro-
teins (claudin-1 and ZO-1) (Fig. 9d), suggesting a disruption of TJ in

Caco-2 cells when exposed to the luminal content of small intes-
tine from HF-fed prediabetic mice compared to those exposed to
the luminal content from control mice (C). In contrast, cells treated
with the intestine luminal content from mice receiving butyrate
(either with a high-fat diet (HFB) or a standard diet (CB)) main-
tained the TEER values close to those of cells exposed to the in-
testine luminal content of mice that received a standard diet (C),
as well as showed the restoration of paracellular permeability at
similar levels to those of cells exposed to Krebs (Fig. 9b and c).
Corroborating these functional data, immunofluorescence anal-
yses showed that cells exposed to the intestine luminal content
from mice treated with butyrate supplementation reestablished
the typical structure of TJ, with immunostaining for Cld-1 and ZO-
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intestinal epithelium from prediabetic mice. Cld-3 gene expression (b) and cell protein content (a) were assessed by absolute qPCR and immunoblotting, respectively, in
epithelium homogenates obtained from the jejunum, ileum, and colon segments of all experimental groups (C/Control, HF/High-fat diet, CB/Control+Butyrate, and HFB/High-
fat diet+Butyrate). For junctional/cytoplasm fractions (c), jejunum homogenates were prepared to obtain Triton X-100-soluble (S)(cytoplasmic) and Triton X-100-insoluble
(I)(junctional) fractions and then processed for immunoblotting to reveal Cld-3. Graphs a and b show the values of the ratio between TJ protein signal/f-actin band densito-
metry or T] protein/total protein (Ponceau) band densitometry. No significant difference was observed in the protein content (a) and gene expression (b) of Cld-3 among the
groups. Nevertheless, we note an increase in the T] protein content associated with the Triton X-100-insoluble fraction, which represents the protein pool associated with the
junctional membrane site, in the HF-fed animals treated with butyrate (HFB) in comparison with those that did not receive this SCFA (HF) (c). This indicates a reinforcement
of the intestinal barrier with butyrate particularly in prediabetic mice. The values in a and c represent the means + SEM of the ratio between Cld-3/S-actin or Cld-3/total
protein (Ponceau) band densitometry (4-6 animals/group, 2-3 independent experiments). Values in b represent the means + SEM of the ratio between Cld-3/Actb1 expression
(5-7 animals/group, 2 independent experiments). *P < .05 HFB-I fraction in relation to the HFB-S fraction group; #P < .05 HFB-I group in relation to the HF-I group (one-way
ANOVA followed by Bonferroni’s post-test).

1 like those of cells that were exposed to the luminal content from markers (i.e., LPS, zonulin, TNF-c, and IL-6) during type 2 predia-
control mice or Krebs (Fig. 9d). These changes in the junctional dis- betes.
tribution of T] proteins were not accompanied by significant alter- The link between T2D and a systemic low-grade inflammation
ations in Cld-1, Occludin, and ZO-1 cell content in Caco-2 cells, as state is well established [5,45,96]. Studies have shown that diabetic
revealed by immunoblotting (Fig. 9e-g). Altogether, these results patients and animal models display an increase in the blood level
are in accordance with our previous work [41] and demonstrate of LPS, zonulin, and proinflammatory cytokines [45,97], although
that there is a direct association between altered components of endotoxemia (high systemic level of LPS) and inflammation may
the intestinal luminal content and integrity of the intestinal ep- not be detected in the prediabetic state [58]. It has been proposed
ithelial barrier during type 2 prediabetes in mice, which is re- that a dysfunction of the intestinal epithelial barrier would pro-
versed with butyrate supplementation. By reproducing the in vivo mote the transepithelial passage of LPS resulting in endotoxemia,
actions of the butyrate on the intestinal epithelial barrier, this in which contributes to the development of peripheral insulin resis-
vitro Caco-2 model can provide an interesting tool to further inves- tance in T2D [15,19,45]. Zonulin, in turn, an endogenous molecule
tigate the cellular and molecular mechanisms of butyrate on the TJ secreted by several cell types that increases intestinal permeability
barrier during type 2 prediabetes. [44,45,98], would facilitate the transport of luminal antigens, stim-
ulating an immune response and the release of proinflammatory
3.4. Sodium butyrate has no further effect on the plasma/serum and cytokines, such as TNF-a, and IL-6, by macrophages and adipocytes
intestinal levels of LPS, zonulin, TNF-c, or IL-6 at the prediabetic [38,99].
state In the present study, neither the administration of the HF diet
nor the supplementation with butyrate significantly altered the
Based on evidence suggesting an anti-inflammatory effect of concentration of the pro-inflammatory cytokines TNF-o (Fig. 10a-
butyrate [39,40,89,95], we investigated whether butyrate would ¢) and IL-6 (Fig. 10d-f), or LPS (Fig. 10g-i) and zonulin (Fig. 10j

have any effect on the systemic/tissue levels of some inflammatory
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Fig. 9. Exposure of Caco-2 monolayers to the luminal content of small intestine isolated from mice from the different experimental groups. (a) Cell viability, (b) transepithe-
lial electrical resistance (TEER), (c) paracellular permeability to Lucifer Yellow (LY), and (d) intercellular distribution of tight junctional proteins (claudin-1 and ZO-1) were
evaluated in Caco-2 monolayers after 6 h-exposure to Krebs buffer or to the luminal content of small intestine from mice of different groups (C/Control, HF/High-fat diet,
CB/Control+Butyrate, and HFB/High-fat diet+Butyrate). Cell viability was assessed by the Neutral Red assay. The images in (d) are representative of Caco-2 monolayers im-
munolabeled for claudin-1 and ZO-1 (in green - FITC; DAPI/nuclei in blue) (e, f, g) Immunoblotting for junctional proteins (claudin-1 - Cld-1, occludin - Occld, and ZO-1) in
homogenates of Caco-2 monolayers exposed to the luminal intestine contents using the beta-actin as the loading control. Exposure of Caco-2 monolayers to luminal small in-
testine content of prediabetic mice (HF) induced a significant reduction in TEER (b) as well as an increase in LY paracellular permeability (c) that was associated with a marked
decrease in junctional immunodetection of Cld-1 and ZO-1, indicative of disruption of the epithelial paracellular barrier (d). These changes in the structure and function of TJ
were not observed when the cells were treated with the luminal intestine content of HF-fed mice receiving butyrate (CB and HFB). Immunoblotting shows no alteration in the
total cell content of the TJ proteins studied (e-g). Graphs in e-g display the mean values + SEM (4 membranes/group, two independent experiments) of the optical density
analysis of the TJ protein bands. Results in a-c are expressed as means + SEM (in a, 12-21 monolayers/group; in b and c, 6-8 monolayers/group, 2 independent experiments).
*P < .05 in relation to Krebs (one-way ANOVA followed by Bonferroni’s post-test).

and k) in plasma/serum, adipose tissue and/or intestine of mice prediabetic mice, as reported herein and in previous work [31],
from the different experimental groups (C, HF, CB, HFB). Normal cannot be explained by its potential anti-inflammatory actions.
plasma/intestinal LPS levels observed herein indicate that our type This is a novel finding since several works have attributed the
2 prediabetes mice model did not develop endotoxemia, while nor- metabolic improvement of diabetic animals to the reduction of the
mal plasma and adipose/intestinal levels of zonulin and TNF-¢/IL- endotoxemia and low-grade inflammation state seen after butyrate
6 suggest an absence of marked general systemic and intestinal treatment [89,90,95,100-102]. Instead, our results indicate that,
inflammatory state mediated by these molecules in the animals, at the early stages of T2D, the metabolic effect of butyrate on
which agrees with our previous work [31,58]. Taken altogether, our peripheral tissues (i.e., brown/white adipose tissue, muscle, liver),
data show that butyrate treatment has no further effect on the not on systemic/local inflammation, may play a more important
level of these markers in the context of prediabetes. role in its protective actions against obesity and diabetes-related

Therefore, the benefits of diet supplementation with butyrate insulin resistance and glucose and lipid metabolism disturbances.

on insulin resistance, energy metabolism, and intestinal barrier in These butyrate effects may include increases in the AMPK/PGC-
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la-induced B-oxidation of lipids in WAT and liver [25,67,100,102],
the oxidative mitochondrial capacity in muscles [25,67,100,102],
the BAT thermogenesis [25,102] (Fig. 2g-i), and the gut secre-
tion of GLP-1 (that increase insulin secretion and sensitivity)
[100,102,103], as well as a decrease in ectopic deposition of lipids
in the liver, muscle and pancreas (associated with an enhancement
of insulin sensitivity) [22,31,100].

3.5. Butyrate supplementation does not present systemic toxicity and
attenuates liver dysfunction marker and lymphocytosis induced by
the high-fat diet

Given the possible therapeutic use of butyrate as an adjunct in
the treatment of metabolic and intestinal diseases, we look at the
possible systemic toxicity of sodium butyrate by evaluating the red
and white blood cell count and the biochemical profile for mark-
ers of liver function (ALT and AST), pancreatic (amylase) and renal
(creatinine) in mice from the different groups (C, HF, CB, and HFB)
(Table 1). The hematological analysis showed no changes in the

hematocrit, red blood cell, and platelet count in mice from the dif-
ferent groups. However, the HF group showed a significant increase
(P < .05) in hemoglobin levels compared to the C group, with no
changes in the other groups (Table 1). There was also a signifi-
cant increase in the total leukocyte count (P < .05) and specifically
in the lymphocytes (P < .05) in the HF group compared to the C
group, with no changes in the other groups (CB and HFB), indi-
cating inhibition of lymphocytosis with treatment by sodium bu-
tyrate. In biochemical analyses, a significant increase in the blood
level of ALT, a liver function marker, was observed in the HF group
compared to the C group, and supplementation with sodium bu-
tyrate significantly reduced this change in the HFB group com-
pared to the HF group mice. The latter result corroborates our pre-
vious work showing that supplementation with sodium butyrate
inhibits the hepatic steatosis developed in HF diet-fed prediabetic
mice [31]. Yet, there was no significant alteration in the other in-
vestigated biochemical parameters (AST, creatinine, and amylase)
among the groups (Table 1). Overall, butyrate seems to display no
toxic effect besides ameliorating some blood parameters.



V.A. Matheus, R.B. Oliveira, D.A. Maschio et al./Journal of Nutritional Biochemistry 120 (2023) 109409 17

Table 1
Hematology analysis and biochemical parameters

Control High-fat diet Control+B High-fat+B
Creatinine (mg/dL) 0.37 + 0.10 0.24 £+ 0.12 0.34 + 0.08 0.39 + 0.08
ALT (U/L) 37 + 4.63 105 + 10.48T 33 +£3.80 46 + 7.86¢
AST (U/L) 219 + 39 279 + 43 268 + 46 223 + 46
Amylase (U/mL) 1.00 £+ 0.12 1.05 + 0.12 0.99 + 0.15 0.95 + 0.08
Hematocrit (%) 36 + 0.82 38 + 0.63 38 +£0.90 37 £ 0.36
Hemoglobin (g/dL) 11 £ 0.52 13 + 0.24* 12 £ 0.29 12 £ 0.29
Erythrocytes (x10%/ul) 8.44 + 0.40 9.02 + 0.15 9.08 + 0.26 8.90 + 0.19
Leucocytes (cells/ul) 3713 + 484 6160 + 446* 4057 + 889 4860 + 593
Neutrophils (cells/uL) 1080 + 175 1417 + 251 1181 + 311 1355 + + 261
Lymphocytes (cells/uL) 2514 + 340 4566 + 410* 2771 + 603 3426 + 409
Platelets (x106/uL) 1.21 + 0.09 1.25 + 0.07 131 £+ 0.09 146 + 0.15

Values are expressed as mean + SEM (n = 5-10 animals/group; 4 independent experiments).

* P < .05 in relation to Control.
T P < .0001 in relation to Control.
¥ P <.0001 in relation to HF.

4. Conclusions

The present work demonstrated that butyrate treatment has
no effect on lean control mice concerning the parameters ana-
lyzed (glycemia, glucose tolerance, lipidemia, fat/lean masses, basal
metabolism, WAT and BAT depot, and TJ-mediated intestinal ep-
ithelial barrier integrity), which suggests that this SCFA acts mainly
when animals are challenged by a HF diet. In the context of pre-
diabetes, sodium butyrate protects against HF diet-induced body
weight gain and fat/lean mass ratio imbalance, it restores basal
energy expenditure and the integrity of in vivo and in vitro in-
testinal epithelial barrier, as well as preserves the morphological
and some molecular features of BAT in type 2 prediabetic mice.
These positive effects of butyrate occur independently of the rec-
ognized anti-inflammatory and/or epigenetic actions of this SCFA,
suggesting that the metabolic action of butyrate on peripheral tis-
sues/organs is more important at this stage of T2D. Regarding its
action on intestinal T], we demonstrated, for the first time, that bu-
tyrate induces the trafficking of T] proteins to the cell-cell contact
region of the epithelia, thereby reinforcing barrier function. There-
fore, we provide further evidence of the beneficial effect of bu-
tyrate administration to prevent the metabolic and intestinal dys-
function associated with type 2 prediabetes.
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