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ARTICLE INFO ABSTRACT

Aim: High-fat diet (HFD) intake has been associated with changes in intestinal microbiota composition, in-
creased intestinal permeability, and onset of type 2 diabetes mellitus (T2DM). The aim of this work was twofold:
1) to investigate the structural and functional alterations of the tight junction (TJ)-mediated intestinal epithelial
barrier of ileum and colon, that concentrate most of the microbiota, after exposure to a HFD for 15, 30 and 60
days, and 2) to assess the effect of in vitro exposure to free fatty acids (FFAs), one of the components of HFD, on
paracellular barrier of colon-derived Caco-2 cells.

Methods/key findings: HFD exposure induced progressive metabolic changes in male mice that culminated in
prediabetes after 60d. Morphological analysis of ileum and colon mucosa showed no signs of epithelial rupture
or local inflammation but changes in the junctional content/distribution and/or cellular content of TJ-associated
proteins (claudins-1, -2, -3, and occludin) in intestinal epithelia were seen mainly after a prediabetes state has
been established. This impairment in TJ structure was not associated with significant changes in intestinal
permeability to FITC-dextran. Exposure of Caco-2 monolayers to palmitic or linoleic acids seems to induce a
reinforcement of TJ structure while treatment with oleic acid had a more diverse effect on TJ protein dis-
tribution.

Significance: TJ structure in distal intestinal epithelia can be specifically impaired by HFD intake at early stage of
T2DM, but not by FFAs in vitro. Since the TJ change in ileum/colon was marginal, probably it does not contribute
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to the disease onset.

1. Introduction

One of the major risk factors for the development of type 2 diabetes
(T2DM) is obesity, which in turn is a result of intake of high fat and
high carbohydrate diet associated with a sedentary lifestyle. T2DM is a
metabolic disease highly prevalent worldwide and, although its pa-
thogenesis has not yet been fully elucidated, it is known that the in-
teraction between genetic predisposition and environmental factors
(such as obesity itself) are crucial for the disease onset [1,2]. T2DM is
initially characterized by moderate hyperglycemia and insulin re-
sistance associated with compensatory hyperinsulinemia and low-grade
systemic inflammation [2,3]. As the disease progresses, the pancreatic
compensatory response to insulin resistance is no longer efficient and
exogenous insulin is needed at later stages to regulate glycemic levels
[1,4-6].

The increase in serum lipids and free fatty acids (FFA) associated

with high-fat-feeding have been proposed to be key factors leading to
an increased tissue resistance to insulin and P-cell dysfunction that
culminates in T2DM [7,8]. It has been suggested that a lipid-rich-diet
intake may also lead to a change in the gut microbiota, which is asso-
ciated with an impaired intestinal barrier, endotoxemia and low-grade
inflammation that together may play a role in the development of
T2DM [9-11]. The current hypothesis, which attempts to explain the
involvement of the intestinal microbiota in the pathogenesis of dia-
betes, suggests that the change in the composition and diversity of this
microbiota, due at least in part to a low-fiber and high-fat diet, is as-
sociated with impairment of the intestinal barrier. This, in turn, would
lead to the systemic entry of bacteria and their products, as well as food
allergens, resulting in hypersensitivity of the immune system in the case
of type 1 diabetes, or a low-grade endotoxemia and systemic in-
flammation, contributing to the triggering or aggravation of the per-
ipheral resistance to insulin in type 2 diabetes [10,12-17]. Therefore,
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according to this hypothesis, the intestinal barrier would constitute a
central factor in the relationship between microbiota and metabolic
alterations associated with diabetes.

The intestinal barrier relies on a set of different elements, such as
the intestinal epithelium itself in conjunction with antimicrobial pep-
tides, antibodies, and mucus secreted by mucosa-associated cells. This
barrier controls the intestinal bacterial growth and limits intestinal
microorganism translocation and/or the absorption of harmful agents
present in the intestine milieu [18-22]. The intestinal paracellular
barrier is regulated by the tight junctions (TJ) that bind intestinal
epithelial cells together [20,23-25]. The TJ is a plasma membrane
specialization constituted by integral transmembrane proteins (such as
claudins and occludin), which interact laterally with each other and to
intracellular proteins (such as ZO-1, -2, -3, cingulin, 7H6 antigen,
simplekin, etc) that, in turn, are anchored to the cytoskeletal actin
microfilaments. Besides taking part in cell adhesion and cell polarity,
the TJ acts as a selective barrier that restrains the free passage of ions,
molecules, and cells through the paracellular space (between cells),
thus forming an important element of the intestinal barrier
[22,24,26,27].

Studies on the relationship between diet, intestinal barrier and
diabetes have mainly focused on the role of the modified intestinal
microbiota and its metabolites on the metabolic changes and immune
response of the organism affected by this metabolic dysfunction and
possible reversion of the condition after treatment with pre-, pro- and
post-biotics [17,28-30]. Few works have addressed the role of TJ-
mediated epithelial barrier in this process, even so this was marginally
done [10,12,15]. In a pioneering work, Cani et al. [10] described an
increased intestinal permeability associated with the reduction of ZO-1
and occludin gene expression in intestinal homogenates of C57 mice fed
a hyperlipidic diet, that also displayed metabolic alterations and en-
dotoxemia. Corroborating the idea of a role of the intestinal para-
cellular barrier in the obesity-related T2DM pathogenesis, we have re-
cently shown that in vitro exposure to intestine luminal content isolated
from high-fat diet-fed prediabetic mice induced a significant increase in
paracellular permeability in Caco-2 and MDCK epithelial cell lines,
which was accompanied by a significant decrease in junctional content
of barrier-forming claudins, occludin, and ZO-1, indicative of disruption
of the TJ barrier [31].

Despite all evidence of the relationship between impaired intestinal
barrier and diabetes, the mechanisms underlying the phenomenon are
still unclear. Does the increased intestinal permeability observed in
patients and diabetic animals [10,13,32-35] involve specific regulation
of the TJ in the intestinal epithelium or this would be result from lesion
of the epithelium as a consequence of a local inflammatory process?
What is the temporal correspondence between the onset of T2DM-as-
sociated metabolic alterations and the TJ-mediated intestinal barrier
disruption? Which intestinal luminal component would be responsible
for the impaired intestinal barrier observed in diabetic patients
[13,32,35], in animal models of T2DM [10,30,33,34] and in vitro con-
ditions [31]? In order to address some of these questions, the aim of the
present work was two-fold: 1) to investigate the structure and function
of TJ-mediated intestinal epithelial barrier in parallel to the metabolic
alterations in our animal model of type 2 prediabetes [5,30,36], by
employing C57 mice fed a high-fat diet for different periods of time (i.e.
15d, 30d, and 60d); and 2) to study the effect of FFA, one the main
components of a high-fat diet (particularly palmitic acid, oleic acid, and
linoleic acid) [37-39], on the epithelial paracellular barrier function in
vitro. For the in vivo study, we evaluated the structure and function of
the TJ-mediated intestinal barrier in the ileum and colon, since these
segments are representative of the small and large intestine, respec-
tively, and concentrate most of the intestinal microbiota [16,40,41].
For the in vitro experiments, we have used a human colon adenocarci-
noma-derived epithelial cell line, the Caco-2 cells, that share several
features of enterocytes [42,43].
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2. Material and methods
2.1. Animals and diet

Male C57BL/6JUnib mice, aged between 16 to 20 weeks, were
obtained from the Multidisciplinary Center for Biological Investigation
on Laboratory Animal Science (CEMIB) of the University of Campinas
(UNICAMP, Brazil) and kept at 22-25 °C on a 12 h light/dark cycle. The
animals were fed a standard chow diet (content in 100 g: 4.5 g lipids,
53 g carbohydrates and 23 g proteins) (Nuvital CR1, Colombo, Parana,
Brazil) (Control, Ctrl) or a high-fat diet (HFD) (content in 100g: 21 g
lipids, 50 g carbohydrates and 20 g proteins) ad libitum for 15, 30 or 60
days. All experimental protocols were approved by the Ethics
Committee on Animal Use (CEUA) of UNICAMP under protocol
#3040-1.

2.2. Metabolic evaluation

Mice from each experimental group (control and HFD) exposed to
their respective diet for one of the time period tested (15, 30 or 60d)
were independently evaluated regarding their metabolic state. Body
weight, fasting and fed glycemia, and insulin tolerance test (ITT) were
evaluated after the experimental period. For ITT, fed mice had their
initial blood glucose measured (using Accu-Chek Advantage II gluc-
ometer — Roche — Switzerland) before intraperitoneal insulin injection
(t = 0) (0.5 U/kg — Biobras — MG - Brazil) and at 10, 15, 30, and 60 min
thereafter. The plasma biochemical analysis, i.e. fast plasma insulin (Kit
Rat/Mouse Insulin ELISA Kit - Merck EZRMI-13K), serum cholesterol
(Colestatt Enzymatic AA - Weiner Lab, REF 1220114), serum trigly-
cerides (TG Color - Weiner Lab, REF 1780105), serum HDL (HDL
Cholesterol - Weiner Lab, REF 1220103) and serum LDL cholesterol
(Weiner Lab, REF 1220104) were carried out using commercial kits and
following the manufacturer's instructions. Body weight and blood
samples were collected between 9:00 and 11:00 a.m.

2.3. Histology of the intestinal segments

Distal ileum and proximal colon fragments from all experimental
groups were fixed for 18 h in 4% paraformaldehyde solution (in 0.1 M
Phosphate buffered saline (PBS), pH 7.4), then washed 4 times in dis-
tilled water and kept in 70% alcohol in the refrigerator for up to 3 days.
Subsequently, fragments were dehydrated in a series of ethanol solution
of increasing concentrations (80%, 95%, 100% I, 100 II and 100% III
for 30 min each), followed by diaphanization (1:1 ethanol/xylene, xy-
lene I and xylene II for 15 min each), paraffin embedding (1:1 xylene/
paraffin 30 min and paraffin for 2h) and finally paraffin inclusion
(Histosec-Merck). Fragments were then semi-serially sectioned (5 pum-
thick slice), followed by a standard protocol for hematoxylin and eosin
staining. The sections were photographed by a light microscope
(Olympus - BX51) coupled with a digital camera (Olympus Q-Color 3).
Images from intestinal histological slices were obtained with an ob-
jective of 10x (villus) or 40x (crypt) for posterior morphometric ana-
lysis [44]. Villus length/width or crypt depth/width were measured
using the straight-line tool of the ImageJ software (https://imagej.nih.
gov/ij/) and expressed as um. The measurement of the villi was con-
sidered from its apex to its base, while crypt was measured from its
opening to its base. The villus width was measured near the base of the
villus. At least 10 villi and 10 crypts per image were analyzed from at
least 2 histological slices per animal (number of animals/group: 5-6).
The mean values of each measured parameter for each portion of the
intestine in each animal were evaluated and entered as raw data on the
database.

2.4. Immunofluorescence for tight junction proteins

Immunofluorescence was performed to assess whether HFD induces
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changes in the distribution of TJ-associated proteins (claudins-1, -2,
and-3, and occludin). Therefore, intestinal fragments (ileum and colon)
were collected, washed in 0.05M PBS (pH7.4), and frozen with Tissue-
Tek® medium at —65 °C in n-hexane. Subsequently, the cryosections
were fixed in —20°C acetone for 3min and stored at —80 °C until
immunofluorescence staining. Slides were washed in PBS, permeabi-
lized with 0.1% Triton (TPBS, 0.1% Tween 20 in 0.05M PBS plus 5%
albumin), and incubated with primary antibody (in PBS plus 3% al-
bumin; Rabbit anti-Claudin-1, dilution 1:30 (Abcam ab15098); Rabbit
anti-Claudin-2, dilution 1:30 (Abcam 53032); Rabbit anti-Claudin-3,
dilution 1:50 (Invitrogen 34-1700); Rabbit anti-Occludin, dilution 1:40
(Abcam ab31721)) for 2 h at room temperature (RT). Cryosections were
then washed with PBS, incubated for 2 h with secondary antibody
conjugated with FITC (Goat anti-Rabbit-FITC, dilution 1:75 (Sigma
F0382) in PBS plus 1% albumin + DAPI, dilution 1: 1000 (Sigma
D9542)), washed again in PBS, mounted with Vectashield (Vector
Laboratories, Inc., Burlingame, CA) or ProLong® Gold Antifade
Mountant (Invitrogen P36930), and finally photographed using a
fluorescence microscope (Observer.Z1; Zeiss - Axio Cam MRC,
Hamburg, Germany, or Leica DM5500 B). To evaluate fluorescence
intensity and compare experimental groups, intestine sections from
both groups (control and HFD groups) were processed for immuno-
fluorescence at the same time and analyzed at the same observation
session, using identical microscope parameters for image capture. The
fluorescence degree was evaluated using the ImageJ software, in which
60 points per image were randomly selected from 5 random areas of
each cryosection photographed (2-3 sections/animal, 3-11 animals/
group, from at least three independent experiments). Each point was
placed exclusively at the intercellular contact in the intestinal epithe-
lium (adding up to 833-2770 points sampled per experimental group).
Fluorescence degree data, which represents the junctional content of a
given TJ protein, were expressed as an arbitrary unit of fluorescence.

2.5. Western blotting for tight junction-associated proteins

Ileum and colon fragments were washed with PBS, the epithelium
scraped with a surgical scalpel and homogenized in an anti-protease
cocktail (composition: 10 mM imidazole pH 7.4; 4 mM EDTA; 1 mM
EGTA; 200 uM DTT; 0.5ug/mL pepstatin A; 200 KIU/mL aprotinin;
200 uM PMSF; 2.5 pg/mL leupeptin e 30 pg/mL trypsin inhibitor). An
amount of 40 pg of protein from each sample was incubated for 1 h at
37 °C in Laemmli sample buffer (30% of volume), separated by elec-
trophoresis in 12% polyacrylamide gels, and then transferred to a ni-
trocellulose membrane (Bio-Rad). Subsequently, membranes were
blocked overnight at 4°C with TTBS (0.1% Tween 20 in 0.05M Tris-
saline Buffer plus 5% dry skimmed milk) and then incubated at RT for
2h with a primary antibody (Rabbit anti-Claudin-1, dilution 1:300
(Abcam ab15098), Rabbit anti-Claudin-2, dilution 1:200-1:500 (Abcam
ab53032), Rabbit anti-Claudin-3, dilution 1:500 (Invitrogen 34-1700),
Rabbit anti-Occludin, dilution 1:500 (Abcam ab31721), Rabbit anti-
Beta-actin, dilution 1:500-1:700 (Cell Signaling 4970S)) diluted in
TTBS plus 3% dry skimmed milk. Membranes were rinsed with TTBS
and incubated with HRP-conjugated specific secondary antibody (Goat
anti-rabbit HRP, dilution 1:500-1:1000 (Sigma A4914)) diluted in
TTBS plus 1% skimmed milk powder for 2h at RT. Band signal was
developed by an enhanced chemiluminescence kit (SuperSignal West
Pico Chemiluminescent Substrate, Thermo Fisher Scientific), acquired
in a G:box system (Syngene - UK), and quantified by optical densito-
metry (Image J). Finally, membranes were reprobed with anti-beta-
actin antibody (internal control) and optical densitometry values were
expressed as the ratio of the TJ protein/beta-actin.

2.6. Intestinal permeability to FITC-dextran

2.6.1. Gavage
The intestinal paracellular permeability was assessed employing the
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fluorescein isothiocyanate (FITC)-dextran 4000 (Sigma) as a perme-
ability marker. At the end of the experimental period, mice were fasted
for 6 h before receiving the FITC- dextran (Sigma 46944) solution via
gavage, (600 mg/kg in 7 ml/kg in sterile saline) [10]. After 2 h, animals
were euthanized, the blood sample was collected from the cervical
vessels and centrifuged at 10,644 x g, at 4 °C, for 10 min. FITC-Dextran
concentration was measured in the plasma with a Fluorskan Ascent
microplate reader (Thermo Scientific), at wavelengths of 458 nm (ex-
citation) and 535 nm (emission). As a positive control, a different ex-
perimental group developed colitis by ingestion of dextran sodium
sulfate (3% w/v - Sigma 42867) mixed with drinking water for 7 days
[45]. The FITC-dextran plasma concentration was expressed as absolute
Absorbance value after subtracting the blank plasma value (obtained
from tail vein blood of mice that not received the marker).

2.6.2. Intestinal sacs

A surgical procedure was performed to assess the paracellular per-
meability in the two intestine segments, ileum and colon, separately
[46]. Mice were fasted for 12 h, anesthetized with ketamine/xylazine
(80 + 10 mg/kg) and had their blood sampled from the tail vein for
blank plasma measurement. The intestine was exposed through a la-
parotomy incision, an intestinal sac (2 cm in length) was created with a
suture-loop at each end in the ileum or proximal colon and 50 pL FITC-
dextran solution (100 mg/mL sterile saline) were injected with BD
Ultra-Fine™ needle into the intestine sac lumen. Subsequently, the in-
testine was placed back into the abdominal cavity, the animal was su-
tured and kept under anesthesia until euthanasia. After 1 h, the animals
were decapitated, blood was collected from the cervical vessels in he-
parinized microtubes and centrifuged (10,644 X g/10min at 4°C) to
obtain the plasma. The samples were diluted 1:4 in sterile saline and
plasma fluorescence measured on the Synergy H1 (Biotek) microplate
reader at wavelengths of 458 nm (excitation) and 535 nm (emission). As
described above, the FITC-dextran plasma concentration was expressed
as absolute Absorbance value after subtracting the blank plasma value.

2.7. Cell culture and in vitro paracellular barrier analysis

Caco-2 cells were cultured in high glucose DMEM medium supple-
mented with 10% FBS, 2% non-essential amino acids, 1% L-glutamine
and 60 mg/L gentamicin (Cultilab - Campinas, Brazil) at 37 °C in a 5%
CO, humidified incubator (Incusafe Sanyo MCO-17A, Sanyo Electric
Ltd., Japan). Cells were seeded, at the density of 1.5x10* cells/cm?, on
12 mm diameter cell culture inserts (MILLICELL), coated with collagen
extracted from Wistar rats tails [47]. When fully confluent (10-11 days
after seeding), monolayers were exposed at both sides (apical + basal)
to Krebs solution (composition in mM: NaCl 115, KC1 5, MgCl, 1, CaCl,
1.24, NaHCO3; 1, HEPES 15; pH = 7.4 equilibrated with CO, 5%),
containing or not 200 uM or 400 uM palmitic, oleic or linoleic acid
(Sigma) for 24 h. The concentrations and time of exposure to these fatty
acids have been chosen since they are parameters below to those with
known cytotoxic action [43,48,49], but are within the plasma con-
centrations reported for obese and/or diabetic individuals [50-52].

Transepithelial electrical resistance (Rt) across Caco-2 monolayer
was evaluated for 24h with a voltmeter (EVOM, World Precision
Instruments, UK). The final Ry value (Q-cm?) was calculated by sub-
tracting the cell culture insert membrane resistance (without cells) and
multiplied by the membrane area (1.13 cm?) [31]. For the measurement
of the transepithelial flux (Fy), we have used the FITC-dextran (MW
4000 Da) and a small-sized molecule, the phenol red (MW 354 Da -
Sigma), as paracellular markers [31]. Monolayers grown on 30 mm
diameter inserts were exposed at both apical and basal surfaces to
different concentrations of fatty acids, and phenol red (100 uM) or
FITC-dextran (100 uM) was added only in the basal solution. After the
incubation period, a volume of 0.2 mL of each apical and basal solution
was collected in triplicate. The absorbance reading of phenol red
samples was performed in a microplate reader (Power Wave, Biotek
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Instruments, U.S.A) using a wavelength of 492 nm. FITC-Dextran sam-
ples were read at wavelengths of 458 nm (excitation) and 535nm
(emission) using the Fluorskan Ascent microplate reader (Thermo Sci-
entific). For the calculation of Fr, the absorbance of the apical solution
was expressed as a percentage in relation to the sum of the absorbance
of the basal plus the apical solution (considered as 100% of the marker
concentration), according to the formula below:

Fr = Absa x 100 / (Absa + Absb)

where Absa represents the absorbance of the apical solution and Absb is
the absorbance of the basal solution.

The immunofluorescence reaction for some junctional proteins
(namely claudin-1, occludin, and ZO-1) was performed in Caco-2
monolayers kept in methanol at —20 °C. Monolayers were washed with
PBS, incubated with 3% fetal bovine serum in PBS for 30 min and
subsequently, we followed the same steps and used the same primary
antibodies and respective dilutions described above for immuno-
fluorescence in cryosections. As for Western Blot, Caco-2 monolayers
were scraped from cell culture inserts and processed as described above
for intestine homogenates, except that an amount of only 20ug of
proteins was loaded into the polyacrylamide gel, using the same pri-
mary antibodies and dilutions described above for immunoblotting.

2.8. Statistical analysis

Statistical analysis was performed using the GraphPad Prism 5
software (GraphPad Software, La Jolla, Ca, USA). Results were ex-
pressed as the mean # standard error of the mean (SEM). Statistical
differences between the two groups (control and HFD) were assessed by
Student's t-test (two-tailed). For multiple statistical comparisons among
the groups in the in vitro experiments, we have used the One-way
analysis of variance (ANOVA) followed by the Bonferroni's post-test to
compare pairs of data. The statistical significance level was set at
P < 0.05, except for the immunofluorescence data where the limit was
P < 0.0001.

3. Results

Body weight, fasting and postprandial glycemia, fasting in-
sulinemia, peripheral insulin resistance test (ITT) and lipid profile were
assessed to characterize the metabolic state of the animals fed a high-fat
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(HFD) or chow diet (Ctrl) for 15d, 30d and 60d.

As shown in Fig. 1, after 15d, HFD induced a significant increase
(P < 0.01) in body weight (Fig. 1a) and post-prandial glycemia
(Fig. 1c) in relation to Ctrl group. At 30d, in addition to weight gain
(P < 0.001) and postprandial hyperglycemia (P < 0.001), HFD in-
duced an increase in fasting glucose (Fig. 1b) (P < 0.05). At the end of
the treatment (60d), HFD-fed mice became obese (P < 0.001) and
displayed fasting (P < 0.001) and postprandial hyperglycemia
(P < 0.001), as well as fasting hyperinsulinemia (Fig. 1d) (P < 0.001)
when compared to the Ctrl group. Insulin tolerance test (ITT, Fig. 1e)
showed no significant changes in the response to this hormone in mice
fed a HFD for 15d or 30d in relation to Ctrl animals, however, after 60d
they developed insulin resistance (P < 0.05) as shown by the analysis
of the incremental area under the ITT curve (Fig. 1e). Moreover, the
lipid profile revealed that, in relation to the Ctrl group, HFD-fed mice
showed increased serum cholesterol from 15d of treatment (Fig. 1f)
(P < 0.001), total triglycerides from 30d (Fig. 1g) (P < 0.05), and
LDL levels at 60d (Fig. 1h) (P < 0.05) with no significant alteration in
HDL concentration (Fig. 1i).

Histological analysis of ileum and colon did not show apparent le-
sions in the intestinal lining epithelium of mice fed a HFD in relation to
the Ctrl group, during all periods studied (Fig. 2). Also, no structural
changes were observed in the lamina propria and submucosa layers nor
an abnormal or increased presence of lymphocytic infiltrates in treated
mice, which would indicate a local inflammatory process.

In order to analyze the HFD effect upon the TJ structure in the in-
testinal epithelium, the cellular distribution and content of some TJ
proteins (i.e. claudins-1, -2 and -3, and occludin) were evaluated by
immunofluorescence in intestine cryosections and by immunoblotting
in intestinal epithelium homogenates, respectively (Figs. 3-6). Im-
munofluorescence analysis of the Cld-1 junctional content in the ileum
and colon regions (Fig. 3e, k, q) revealed a significant decrease
(P < 0.0001) in both segments in mice exposed to HFD for 60d, in
comparison to the Ctrl group. Regarding the analysis of the total cel-
lular content of Cld-1 in ileal and colonic epithelium homogenates by
immunoblotting, no significant difference was observed between HFD
and Ctrl groups in any of the studied periods (Fig. 3f, 1, r). The HFD
intake induced a significant decrease in the junctional content of Cld-2
(P < 0.0001) in the epithelial cell of colon at 15d and ileum at 60d,
and an increase of this protein in the colon epithelium at 60d (Fig. 4e, k,
q). In addition, the total cellular content quantification of Cld-2 showed

Fig. 1. Metabolic parameters in mice fed
a standard (Ctrl) or high-fat diet (HFD)
for 15d, 30d and 60d. HFD induced a sig-
nificant weight gain (a), hyperglycemia in
the fed state (¢) and cholesterol (f) from
15d. After 30d, HFD-fed mice also displayed
fast hyperglycemia (b) and high triglycer-
ides plasma level (g). In addition to all these
alterations, the 60d-HFD-fed mice devel-
oped insulin resistance as demonstrated by
the incremental area under the curve (AUC)
(e) and fast hyperinsulinemia (d) as well as
high levels of LDL (h). Results are expressed
as mean = SEM from n samples shown in
the graph bar. *P < 0.05, **P < 0.01 and
***P < 0.001 as compared to its Ctrl group
(Student t-test).
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Fig. 2. Histological analysis of the ileum and colon of mice fed a standard (Ctrl) or a high-fat diet (HFD) for 15d, 30d and 60d. Morphological analysis of
these intestinal segments was performed on histological sections stained with Hematoxylin and Eosin. In all periods studied, no marked morphological alteration in
the intestinal epithelium was observed in ileum and colon segments (400x images) from animals treated with HFD in comparison with the Ctrl ones. Also, there were
no changes suggestive of inflammation (inflammatory cell infiltration) in the lamina propria and submucosa, in the experimental groups (100x and 400x images).
Bar: 400 pm (100x images) and 100 um (400x images).
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Fig. 3. Cellular distribution and content of Claudin-1 in the epithelium of ileum and colon from mice fed a standard (Ctrl) or high-fat diet (HFD) for 15d,
30d and 60d. Images a-d, g-j, m-p show the junctional labeling of claudin-1 evidenced by immunofluorescence (FITC in green, DAPI-blue labeling of the nucleus) in
cryosections of ileum and colon of mice treated with HFD for different periods. The images of Ctrl and HFD groups are representative, obtained from the same
immunofluorescence and microscopic session. At 15 d and 30 d, HFD did not induce a significant change in the Cld-1 junctional labeling (e, k), but after 60d of
treatment, the animals showed a significant reduction of this protein at the intercellular region of the epithelium of ileum and colon (q). The immunoblotting did not
show significant alteration in the total cellular content of Cld-1 in homogenates of the epithelium of the ileum and colon between the groups during the time periods

studied (f, 1, r). Bar, 25 um. The number inside the bars shows the number of animals for each group. The values represent the mean =+

SEM. ***P < 0.0001

compared to its Ctrl group (Student t-test). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

only a significant decrease in the ileal epithelium of animals fed HFD
for 60d (P < 0.05; Fig. 4f, 1, r). In relation to Cld-3 junctional content,
a significant decrease of this TJ protein in the ileal epithelium
(P < 0.0001) was observed after 30 and 60d of HFD treatment (Fig. 4e,
k, q). Similarly, to Cld-1, the total cellular content of Cld-3 remained
unchanged between the intestinal segments, groups and time periods
studied (Fig. 5f, 1, r). Occludin immunofluorescence revealed a sig-
nificant decrease in this protein content at the intercellular contact in
the ileal epithelium at 15d and in the colon at 30d and 60d (P <
0.0001) in mice treated with HFD (Fig. 6 e, k, q) as compared to the
Ctrl groups. These alterations, however, were not accompanied of

significant changes in the total protein content of occludin in homo-
genates from the intestinal epithelium of HFD mice in comparison with
the Ctrl group (Fig. 6 f, L, r).

The function of the TJ-mediated intestinal epithelial barrier was
assessed using the paracellular FITC-dextran marker given to the animal
by gavage or injected within intestine sacs in situ. The gavage method
showed an increase of 174% (P < 0.001; Fig. 7 a) of the presence of
the probe in the plasma of mice that received DSS (an animal model of
colitis) in comparison with its control group. As for mice exposed to
HFD for 15d, 30d or 60d, however, there were no significant changes in
the intestinal permeability when compared to the Ctrl group (Fig. 7 a).
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Fig. 4. Cellular distribution and content of Claudin-2 in the epithelium of ileum and colon from mice fed a standard (Ctrl) or high-fat diet (HFD) for 15d,
30d and 60d. Images a-d, g-j, m-p show the junctional labeling of claudin-2 evidenced by immunofluorescence (FITC in green, DAPI-blue labeling of the nucleus) in
cryosections of ileum and colon of mice treated with HFD for different periods. The images of Ctrl and HFD groups are representative, obtained from the same
immunofluorescence and microscopic session. HFD intake induced significant changes in the junctional content in the epithelium of the colon at 15 d (e) and of the
ileum and colon after 60 d (q). The immunoblotting shows no significant alterations in the total cellular content of claudin-2 in intestinal epithelia of HFD-fed animals
during the 15d (f) and 30d (1) periods, but a significant reduction in the epithelial content of this protein was observed in the ileum of 60d-HFD treated mice (r). Bar,
25 pm. The number inside the bars shows the number of animals for each group. The values represent the mean * SEM. ***P < 0.0001 compared to its Ctrl group
(Student t-test). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

In agreement with these results, the analysis of the permeability in of a decrease of the intestinal absorption surface area. To test the latter,

isolated segments of the intestine (intestine sacs) also showed no sig-
nificant changes in the ileum and colon permeabilities in 30d or 60d
HFD-fed mice as compared to their controls (Fig. 7b and c). It should be
mentioned though that, with both methods, a tendency of a decrease in
the intestinal permeability to the FITC-dextran was observed in the
HFD-fed mice (particularly regarding the ileum permeability) (Fig. 7 b).
This observation could indicate a slight increase in tightness of the
intestinal barrier after HFD intake (contrasting with our data on TJ
proteins that suggest TJ disruption) or, alternatively, would be a result

we performed a morphometric analysis to measure several parameters
(i.e. villus/crypt width and length, in micrometers) of the intestinal
mucosa of the different experimental groups. In ileum, we observed a
significant  decrease in  villus length  (60d-HFD  group
222.80 = 12.67 um (n = 5 mice; 51 villi) vs Ctrl 259.40 = 8.31 uym
(n = 5 mice; 67 villi); *P < 0.05), crypt depth (60d-HFD group
48.66 *+ 1.99 um (n = 5 mice; 55 crypts) vs Ctrl 59.50 * 3.39(n =5
mice; 61 crypts); *P < 0.03) and crypt width (60d-HFD group
23.75 * 1.09 (n = 5 mice; 55 crypts) vs Ctrl 29.82 + 1.67 (n = 5
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***P < 0.0001 compared to its Ctrl group (Student t-test). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

mice; 61 crypts); *P < 0.02) but no change in villus width (60d-HFD
group 54.88 = 2.57 (n = 5 mice; 51 villi) vs Ctr] 56.94 = 3.75(n =5
mice; 67 villi)). Meanwhile, in the colon, no difference in crypt depth or
width was found between the 60d-HFD and Ctrl groups (crypt depth,
60d-HFD group 70.57 = 2.31 (n =6 mice; 131 crypts) vs Ctrl
69.27 + 4.73 (n = 6 mice; 131 crypts); crypt width, 60d-HFD group
29.54 = 1.18 (n = 6 mice; 131 crypts) vs Ctrl 30.31 = 1.21 (n=6
mice; 131 crypts)). Taken all together, these results indicate a reduction
in the surface area of the ileum of HFD-fed mice in comparison with the
controls, corroborating the intestinal permeability data.

As part of the objectives of the present work, we went to investigate
whether in vitro exposure to FFA, one of the main components of HFD,
could affect the TJ-mediated epithelial barrier of Caco-2, a human co-
lonic cell line frequently used as a model of intestinal epithelial barrier
in general [42,43]. As shown in Table 1, no significant changes in Ry
and Fr to the paracellular small-sized marker phenol red were observed
across Caco-2 monolayers when exposed to different FFAs, namely the
palmitic acid (PA), the oleic acid (OA), and the linoleic acid (LA), for
24 hat concentrations of 200 uM and 400 M, in comparison with
control monolayers. Treatment with the highest concentration tested
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cryosections of ileum and colon of mice treated with HFD for different periods. The images of Ctrl and HFD groups are representative, obtained from the same
immunofluorescence and microscopic session. HFD induced a significant decrease of occludin junctional content in the ileal epithelium after 15 d (e) and in the colon
epithelium after 30 d (k) and 60 d of treatment (q) in comparison with the control group. The immunoblotting did not show significant changes in the total cell
content of occludin in mice fed HFD during 15d (f), 30d (1) or 60d (r). Bar, 25 um. The number inside the bars shows the number of animals for each group. The
values represent the mean + SEM. ***P < 0.0001 compared to its Ctrl group (Student t-test). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

(400 uM) of each FFA also did not altered the paracellular permeability
to the FITC-dextran across the Caco-2 monolayers (Control
3.54 * 0.45% (5); PA 3.52 * 0.36% (5); OA 3.08 = 0.32% (5); LA
3.71 * 0.83% (5), percentage in relation to the sum of the absorbance
of basal plus apical solutions (Abs,)(considered as 100% of the
marker concentration)). Nevertheless, the immunofluorescence analysis
of some TJ proteins revealed an increase of the junctional content of
claudin-1 and ZO-1, but not of occludin, in monolayers when exposed
to 400 uM of palmitic acid and 200 uM and 400 uM of linoleic acid
(Fig. 8). However, western blotting showed no differences in the total

cell content of these proteins after exposure to the two FFAs at both
concentrations (Fig. 8). Meanwhile, the treatment with oleic acid re-
sulted in a more diverse effect that included no significant changes in
claudin-1 at both concentrations, a decrease in occludin associated with
an increase in ZO-1 junctional contents at concentration of 200 uM but
a decrease in junctional content of both proteins at the higher con-
centration (400puM) (Fig. 8). Immunoblotting revealed significant
change (a decrease) only in ZO-1 cell content after 400 uM oleic acid
exposure (Fig. 8).
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Fig. 7. Intestinal permeability in mice fed a standard (Ctrl) or high-fat diet
(HFD) for 15d, 30d and 60d. The intestinal permeability was assessed using
the paracellular FITC-dextran marker given to the animal by gavage (a) or in-
jected within intestine sacs in situ (b, ¢). The graph in (a) shows no significant
changes in mouse intestinal permeability after HFD intake up to 60d.
Assessment of the paracellular permeability in isolated intestine segments also
revealed no significant alteration in the ileum (b) and colon (c) permeabilities
after 30d or 60d HFD treatment in relation to the control group. As a positive
control, mice were treated with dextran sulfate sodium (DSS) to induce ul-
cerative colitis in order to evaluate the intestinal permeability test by gavage.
Plasma levels of FITC-dextran were higher in animals treated with DSS, in-
dicating a significant increase in intestinal permeability (a). Results are ex-
pressed as mean * SEM of the percentage in relation to the Ctrl; n samples
shown in the graph bar. ***P < 0.001 as compared to its Ctrl group (Student t-
test).

4. Discussion

Clinical and experimental studies have suggested an association
among high-fat diet intake (HFD), intestinal microbiota imbalance
(dysbiosis), increased intestinal permeability and peripheral insulin
resistance [10,11,29,33]. The ongoing hypothesis, that attempts to
explain the involvement of the intestinal microbiota in the pathogenesis
of diabetes, suggests that the change in composition of this microbiota,
due to, in part, the high-fat low-fiber diet intake, is associated with an
increased level of LPS in the blood, as a consequence of a rise in in-
testinal permeability, that results in endotoxemia which in turn triggers
or aggravates the insulin resistance state [10,11,29]. Although this
hypothesis of the dysbiosis - endotoxemia - insulin resistance axis is
widespread and currently accepted [41,53,54], little is known about the
TJ dynamics and intestinal paracellular barrier integrity during the
T2DM evolution. In the present study, we investigated for the first time
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Table 1
Transepithelial electrical resistance (R;) and transepithelial flux (F)
analysis in. Caco-2 monolayers exposed to palmitic, oleic, or linoleic acids.

Group Parameter

Ry (% initial value) Fr phenol red (% Abs 5 1,)

Palmitic Acid

Control 101.00 * 5.56 (7) 16.83 + 1.63 (11)
200 uyM 92.00 * 4.63 (7) 17.00 = 1.25 (12)
400 uM 92.21 + 4.74 (7) 18.63 + 1.23 (12)
Oleic Acid

Control 95.44 + 4.03 (7) 18.39 = 1.47 (9)
200 uM 98.18 + 6.61 (7) 19.16 = 2.11(9)
400 uM 92.59 + 4.45(7) 18.59 * 1.46 (9)
Linoleic Acid

Control 93.05 + 2.32 (6) 18.40 = 1.45 (9)
200 uM 92.88 + 2.53 (6) 19.20 *= 2,79 (9)
400 uM 94.27 + 2.27 (6) 15.62 = 1.56 (9)

Monolayers were treated with FFA for 24 h at concentrations of 200 or 400 pM.
For the measurement of the Fr, phenol red was used as a paracellular marker.
Value + SEM (number of monolayers); Ry data are expressed as percentage of
initial Ry value; Fr data are expressed as percentage in relation to the sum of the
absorbance of the basal plus the apical solution (Abs, ;) (considered as 100%
of the marker concentration) (One-way ANOVA followed by Bonferroni post-
test; no significant difference).

a possible temporal correlation between the development of pre-
diabetes induced by HFD in mice and the alteration of the intestinal
epithelial barrier mediated by the TJ in the distal intestine, namely
ileum and colon. The reason to focus on these two intestinal segments is
that, since they concentrate most of the microbiota [16,40,41], they
would be more affected by a dysbiosis as resulted of high-fat feeding.

Our experiments showed that HFD intake for two weeks is sufficient
to induce weight gain and higher levels of postprandial glycemia and
cholesterolemia. As the animals continued to consume HFD, weight
gain and postprandial hyperglycemia enhanced, which was accom-
panied by an increase in the fasting glycemia and triglyceride plasma
level at one month of treatment, and after two months, HFD induced
also hyperinsulinemia and increased LDL plasma concentration, asso-
ciated with peripheral insulin resistance. Thus, exposure to HFD in-
duces progressive changes in carbohydrate and lipid metabolism in
mice from 15d, which worsens until the development of a typical pre-
diabetes state at 60d of treatment [5,36,55,56].

Regarding the intestinal epithelial barrier, we demonstrated that a
subtle, in some cases transient, but significant TJ structural alterations
can be detected in the intestinal epithelium of ileum and colon mainly
when the prediabetes has been established in our model, induced by
HFD ingestion for 60d. The junctional content of TJ proteins, assessed
at the cell-to-cell contact by immunofluorescence, showed a decrease in
Cld-1 (in the ileum and colon segments) and Cld-3 (ileum) and occludin
(colon) in prediabetic mice. These junctional proteins are well known to
interact with each other to form the TJ strands and regulate the epi-
thelial barrier function to ions and molecules [57-59]. The analysis of
Cld-2 (that regulates the paracellular permeability to cations/water
[57,60]) showed a significant reduction in the total and junctional
contents of this protein in the ileum, while an increase in its junctional
content was seen in the colon of mice after 60d HFD exposure. How-
ever, the data on total cell level of these junctional proteins revealed by
Western Blot did not accompany those observed by immuno-
fluorescence (except for claudin-2 in the ileum). While immuno-
fluorescence analysis represents the amount of proteins present at the
TJ site, the immunoblotting analysis reflects the total concentration of
these proteins within the cell, that includes both pools: that associated
to the plasma membrane (at the cell-cell contact) and that dispersed in
the cytoplasm [61,62].

The TJ impairment observed in this work probably represents re-
latively rapid and possibly reversible changes that involve events of
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Fig. 8. Cellular distribution and content
of tight junction (TJ) proteins in Caco-2
monolayers exposed to free fatty acids
(palmitic, oleic and linoleic acid) for
24h. Images a, d and g show the im-
munofluorescence labeling of claudin-1,
occludin, and ZO-1 in Caco-2 monolayers.
Palmitic acid (400 uM, b) and linoleic acid
(200uM and 400uM, h) induced a sig-
nificant increase of claudin-1 and ZO-1,
while treatment with oleic acid (200 uM
and 400 uM, e) resulted in a decreased
occludin junctional content but a con-
centration-dependent changes in ZO-1 at
the cell-to-cell contact in relation to the
control group (Ctrl) (n = 3-6 monolayers/
group of 2-5 independent experiments).
Immunoblotting analyses show no sig-
nificant changes in the total cellular con-
tent of these TJ proteins after palmitic and
linoleic acid treatments (c, i), but a sig-
nificant decrease in ZO-1 cell content was
observed after 400 UM oleic acid exposure
(® (m = 7-10 monolayers/group). Bar,
50 ym ***P < 0.0001 in relation to Ctrl
group; ###P < 0.0001 compared to the
200 puM group (One-way ANOVA;
Bonferroni post-test).
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internalization of junctional proteins, as well as changes in the dy-
namics and interactions between these proteins at the TJ site, rather
than alterations to gene/protein expression. Cell internalization/redis-
tribution of claudins and occludin has been related to epithelial barrier
disruption in several in vitro and in vivo conditions [63-68]. Although
the intracellular mechanisms involved in assembly and disassembly of
junctional proteins are not fully understood, several works have shown
that the degree of phosphorylation/dephosphorylation of junctional
proteins is crucial for the localization and stability of these proteins at
the TJ region [25,57,69-71]. In addition, the removal of the junctional
proteins from their membrane site may occur through other post-
translational modifications such as palmitoylation and ubiquitination,
which in turn may result in the transport of such proteins to the de-
gradation pathway or recycle them to the membrane, hence modulating
the TJ permeability and selectivity [25,61,64,66,72]. Therefore, it is
plausible to suggest that the alteration to the TJ structure seen in the
intestinal epithelia of prediabetic animals may involve one of these
mechanisms of TJ regulation. Altogether, our results point to a subtle
structural impairment of the TJ in the distal intestine of prediabetic
mice, which is suggestive of increased intestinal permeability for small
molecules and segment-dependent modulation of the paracellular so-
dium/water transport.

Surprisingly, the evaluation of intestinal permeability in our mice
exposed to HFD, using the well known FITC-dextran marker, showed no
significant difference in this parameter in relation to the Ctrl group in
any studied periods. An additional assay to test a possible local in-
testinal permeability change, in which FITC-dextran was injected in
isolated ileum and colon sacs, corroborated the in vivo experiment. In
fact, we observed a tendency (but not statistically significant) of de-
crease in ileal permeability after 30d and 60d-HFD treatment that
might be associated with the significant decrease in the absorption
surface area of this segment as revealed by the morphometric analysis.
Our data showing a lack of significant changes in intestinal perme-
ability after HFD intake, however, differ from previously published data
[10,34]. Cani et al. [10] have shown that a lipid-rich diet leads to in-
creased intestinal permeability that correlates with decreased gene
expression of the ZO-1 and occludin proteins. In an ex vivo system
(Ussing Chamber), Stenman et al. [34] observed that HFD induces an
increased permeability in the jejunum and colon epithelium but not in
duodenum and ileum. In both studies, the duration of HFD treatment
was only 30 d, however, the composition of such diets differ from the
one used in our study (72% [10] and 60% [34] vs. 40% in energy
content derived from lipids in ours). The higher intestinal permeability
shown in these studies is probably due to more intense metabolic al-
terations, induced by those modified diets, that may be associated with
a marked local inflammatory process and intestinal epithelial lesion,
and therefore not directly related to the regulation of TJ [10,41,73].

In addition, at physiological conditions, TJ allows only the passage
of molecules with a diameter smaller than 4 A [23]; however, the probe
employed herein and by other studies [10,33,34] to investigate the
paracellular pathway is much larger (FITC-dextran 4 kDa has a dia-
meter of 14 A [74]). It has been suggested that the passage of these high
molecular weight markers through normal epithelia is limited and re-
presents small temporary breaks in the epithelial barrier [23]. There-
fore, a higher concentration of these markers in plasma after adminis-
tration by gavage, as observed herein after treatment with DSS or in
other studies [10,34], reflects a substantial impairment of the intestinal
epithelial barrier (probably with a considerable lesion of the intestinal
epithelium itself). Our data showing that treatment with HFD con-
taining 21% lipids results in a cellular redistribution of some TJ pro-
teins in the ileal and colonic epithelia, without significant morpholo-
gical changes in the intestinal epithelium or intestinal permeability to
large molecules (such as FITC-dextran), are in agreement with this idea.

As an additional aim of this work, we investigated whether one of
the components of the intestinal luminal environment, whose con-
centration may be potentially modified by the ingestion of HFD, could
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be involved in the changes of the epithelial barrier mediated by TJ
observed here in the prediabetic animals and previously under in vitro
conditions [31]. Free fatty acids (FFA), particularly the palmitic (PA),
oleic (OA) and linoleic acids (LA), are some of those components whose
concentration is significantly increased in obese and diabetic subjects
plasma [50-52,75,76] and that are present in the lard and/or vegetable
oil used as a source of lipids in our HFD [37-39]. Exposure of the Caco-
2 cell line to these FFAs for 24h, in concentrations compatible with
those found in obese and diabetic individuals (200 and 400 uM)
[51,75,76], was not associated with significant modifications in the Ry
and neither in the paracellular flux to the phenol red and FITC-dextran,
suggesting no significant alteration of the paracellular barrier function.
Nevertheless, FFA treatment resulted in subtle, though statistically
significant changes in the cellular distribution of TJ proteins in Caco-2
monolayers. Surprisingly, palmitic (AP) and linoleic (LA) acids ap-
peared to strengthen the TJ structure since they induced an increase in
the intercellular content of Cld-1 and ZO-1 in Caco-2 monolayers. Oleic
acid (AO) treatment, in turn, had a diverse and dose-dependent effect,
inducing a decrease in the junctional content of occludin at both con-
centrations tested and, for ZO-1, at the concentration of 200 uM, a slight
increase in the amount of this protein in the intercellular region was
observed whereas, at the concentration of 400 uM, the effect was the
opposite. Such modifications in the localization of the TJ proteins in-
duced by FFA exposure were not accompanied by changes in the total
cellular content of these proteins, as assessed by Western Blot, except in
the case of the 400 uM concentration of AO, which resulted in a sig-
nificant decrease of ZO-1. Therefore, 24 h-treatment of an intestinal cell
line with FFAs, given separately, could not reproduce the changes in
intestinal TJ structure seen after HFD feeding, suggesting that these
lipids may not be directly involved in the phenomenon. Nevertheless,
an indirect effect of FFAs on the epithelial barrier via microbiota can
not be discarded [13,14]. Further works focus on the effect of FFAs on
microbiota composition and testing a more prolonged exposure of a
combination of these FFAs, to better model the T2DM state, may shed
light on this matter.

Studies investigating the in vitro effects of fatty acids on the integrity
of the epithelial barrier present controversial results, although at high
concentrations (on the millimolar scale) and/or chronic exposure, these
FFA appear to significantly increase the paracellular permeability often
associated with a cytotoxic effect [77-81]. These studies, evidencing
the deleterious action of fatty acids on the epithelial barrier of different
cell lines, are in contrast with our results. One possible explanation is
the fact that these studies employed very high (pharmacological) con-
centrations of these agents (at least 12x higher than ours) while, in our
work, FFA concentrations were used within the physiological range
(50-750 uM [82]).

In conclusion, our work for the first time describes the evolution of
metabolic disturbances in an animal model of type 2 prediabetes in
parallel to the structure and function of TJ-mediated intestinal epithe-
lial barrier of the distal intestinal segments, ileum and colon, chosen
because they concentrate most of the intestinal microbiota [40,41]. We
demonstrated that HFD induces progressive metabolic changes in mice
leading to the development of fasting hyperglycemia associated with
peripheral insulin resistance, hyperinsulinemia, and dyslipidemia, ty-
pical of the prediabetes state, after 60 days of treatment. Mainly after
prediabetes has been established, subtle but statistically significant
structural modifications of the TJ were observed in the epithelium of
ileum and colon. These TJ alterations involved internalization/redis-
tribution of junctional proteins, indicative of paracellular barrier dis-
ruption, but were not associated with a lesion of intestinal epithelium
or increased intestinal permeability to large molecules. In addition, our
in vitro study suggests that FFAs (i.e. palmitic, oleic and linoleic acids),
that are enriched in HFD and increased in plasma of obese and diabetic
patient [37,50,51,75,76], may not be accounted for the impaired TJ
structure observed in our prediabetic mice and in vitro conditions after
exposure to intestinal luminal content of these animals [31].
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Altogether, our findings suggest that TJ-mediated intestinal epithelial
barrier in the ileum and colon can be affected by HFD intake even at the
early stage of T2DM, although the TJ changes in these intestinal seg-
ments were marginal and probably do not contribute to the disease
onset. Yet, the involvement of the proximal intestinal, represented by
duodenum and jejunum, can not be discarded [16]. It is possible that
the progression of metabolic dysfunctions induced by more prolonged
exposure to HFD may be accompanied by more severe changes in the
epithelial barrier function mediated by the TJ, including other in-
testinal segments. This, in turn, would result in increased paracellular
permeability of substances/molecules present in the intestinal lumen
(i.e. LPS, food antigens, etc.), contributing to the low-grade systemic
inflammatory state (typical of T2DM), with consequent worsening of
peripheral resistance to insulin and the metabolic manifestations of
T2DM.
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