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ARTICLE INFO ABSTRACT

Aims: Evidence suggests that administration of a high-fat diet (HFD) results in changes in the intestinal lumen
environment. Gut dysbiosis associated with intestinal barrier disruption may be involved in type 2 diabetes
mellitus (T2DM) development through increased intestinal permeability, which would trigger an inflammatory
response leading to peripheral insulin resistance state and ultimately T2DM. In this study, we investigated the
effect of the intestinal luminal content isolated from control or HFD-fed prediabetic mice upon the tight junction
(TJ)-mediated epithelial barrier in Caco-2 and MDCK epithelial cell lines.

Methods/key findings: Exposure to small intestine luminal content (SI) isolated from HFD-fed prediabetic mice
induced a more significant decrease in transepithelial electrical resistance (TEER), associated with higher
paracellular flux in Caco-2 and MDCK cells after 6 h and 4 h respectively, as compared to the SI obtained from
control mice. Such changes were accompanied by a significant decrease in TJ content of claudins, occludin, and
Z0-1, indicative of disruption of the TJ barrier. Meanwhile, large intestine luminal content from control (Ctrl-LI)
and prediabetic (HFD-LI) animals did not change TEER significantly, however, paracellular flux was significantly
increased after 24 h, accompanied by a decrease in ZO-1 (after HFD-LI exposure) in Caco-2 and significant
changes in the junctional distribution of claudins-1, -2, occludin and ZO-1 proteins in MDCK, particularly after
HFD-LI exposure.

Significance: Luminal components of intestinal content, altered by HFD exposure, induce impairment of the TJ
structure and function in vitro, corroborating the idea of a role of the intestinal paracellular barrier in the obesity-
related T2DM pathogenesis.
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1. Introduction Recently, it has been proposed that an intestinal dysbiosis associated

with intestinal barrier disruption may play a role in T2DM development

The incidence of diabetes mellitus and obesity has increased steadily
in the last thirty years [1]. Both disorders have become a health pro-
blem worldwide and are related to the modern stressful lifestyle, se-
dentary habits and the ingestion of fat-enriched western-type diet. Type
2 diabetes mellitus (T2DM), that corresponds to over 90% of the dia-
betes cases, has usually a late onset in adulthood and is clinically
characterized by a moderate hyperglycemia, a chronic low-grade in-
flammatory state associated with peripheral insulin resistance, which is
partially compensated by beta-cell hyperplasia and insulin hyperse-
cretion [2,3]. In later stages of T2DM, there is a slow and gradual loss of
beta-cell mass and function leading to a chronic hyperglycemia state,
which then requires exogenous insulin administration in order to
maintain normal blood glucose levels [4,5].

The pathogenesis of the T2DM is not completely understood.

[6,7]. According to this hypothesis, an impaired microbiota is linked to
a higher intestinal permeability and endotoxemia (due to the increased
plasma LPS levels) that may lead to insulin resistance and finally to
hyperglycemia [8-10].

The intestinal barrier is well known to act as a defense mechanism
against pathogen/toxin entry to the interior milieu. This barrier is
composed of the intestinal epithelium itself as well as of antimicrobial
peptides, immunoglobulins, and mucus secreted by the Paneth cells,
immune and goblet cells, respectively. At the cell level, the intestinal
paracellular barrier is constituted by the tight junction (TJ), a multi-
protein complex that binds adjacent cells together and regulates the
passive diffusion of substances through the intercellular space [11-13].
The transmembrane TJ-associated proteins, i.e. claudins and occludin,
maintain cell-cell contact, cell polarization and regulate the
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paracellular permeability. Intracellularly, claudins and occludin in-
teract with cytoplasmic proteins (such as ZO-1, ZO-2, ZO-3, cingulin,
7H6 antigen, symplekin, etc.) that constitute the tight junctional plaque,
which anchors the TJ multiprotein complex to the actin filaments
[13,14]. When the TJ is disrupted, experimentally or pathophysiolo-
gically, the intestinal permeability increases and may lead to translo-
cation of toxins and microorganisms from the luminal space into the
bloodstream [8,10].

High-fat diet seems to play an important role in the modulation of
the intestinal lumen environment, by shifting the gut microbiota po-
pulation and increasing bile acid secretion [15-17]. These alterations of
the intestinal lumen composition, including components of high caloric
high-fat diet [8,15,17-19], could potentially lead to an increase in in-
testinal permeability, which in turn would trigger a local and systemic
inflammatory response and ultimately lead to a peripheral insulin re-
sistance state [8,9,15,20,21]. Alternatively, the increased intestinal
permeability could be secondary to the locally released pro-in-
flammatory cytokines by an activated gut-associated lymphoid tissue
and/or to dyslipidemia [19], hyperglycemia [18], and the overall in-
flammatory condition [9,10,15,16,22-25] associated to the diabetic
state. It has been demonstrated, in different animal models of T2DM,
that the increased intestinal permeability is accompanied by a reduc-
tion in the expression of some TJ proteins (i.e. claudins, occludin, ZO-1)
in intestinal epithelia [9,16,17]. Recently, we have also shown that
treatment with a high-fat diet induces a significant decrease in the
junctional content of claudin-1 in intestinal epithelia indicative of dis-
ruption of the intestinal paracellular barrier during experimental type 2
prediabetes, which was reversed by butyrate diet supplementation in
mice [26]. Taking into consideration the possible link between changes
in the intestine environment and obesity-associated T2DM onset, we
investigated in this study whether exposure to the intestine luminal
content of prediabetic mice could directly induce changes in the TJ-
mediated epithelial barrier in vitro. For that, C57BL/6J mice were
chosen as an animal model of T2DM since, when challenged with a
high-fat diet, they develop prediabetes after only 60 days [27]. As a
model of the epithelial intestinal barrier, we have used the human
colorectal adenocarcinoma cell line Caco-2, which is vastly employed in
vitro intestinal toxicology studies since it displays many physiological
and morphological features of mature enterocytes [28]. Additionally,
the Madin-Darby canine kidney (MDCK) cell line was also employed in
this study, a well-known epithelial barrier model [29-31], to in-
vestigate the generality of the phenomenon.

2. Material and methods
2.1. Cell culture and seeding

Caco-2 and MDCK cells were grown in 75cm? plastic flasks (Nest
Biotech Co. Ltd., China). Caco-2 cells were cultured in Dulbecco's
Modified Eagle Medium (high glucose) (DMEM) supplemented with
10% fetal bovine serum, 2% non-essential amino acids, 1% L-glutamine
and 60 mg/L gentamicin, while MDCK were cultured with Minimum
Essential Medium (MEM) supplemented with 10% fetal bovine serum
and 100 IU of penicillin/mL and 100 pg of streptomycin/mL (Cultilab —
Campinas, Brazil) at 37 °C in a 5% CO, humidified incubator (Incusafe
Sanyo MCO-17A, Sanyo Electric Ltd., Japan). Culture medium was
changed every two days, and cells were passaged weekly. Cells were
seeded on 12mm or 30 mm diameter porous membrane cell culture
inserts (Millicell, Merck Millipore, Germany), coated with collagen
extracted from Wistar rats tails [32], at the density of 5.0 X 10° cells/
cm? (MDCK) or 1.5 x 10* cells/cm? (Caco-2). When fully confluent (in
the case of MDCK, 3-4days after seeding, while Caco-2, after
10-11 days after seeding), monolayers were exposed at both sides
(apical + basal) to the luminal content of small intestine or of the large
intestine from mice of the different experimental groups.
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2.2. Monolayer exposure to intestinal luminal content from normal and
prediabetic mice

Male C57BL/6JUnib mice, obtained from the Multidisciplinary
Center for Biological Investigation on Laboratory Animal Science
(CEMIB) of the University of Campinas (UNICAMP, Brazil), were
housed at 22-25°C on a 12h light/12h dark cycle and had access to
water and food ad libitum. Between the age of 16 to 20 weeks, mice
were fed a standard chow diet (content in 100g: 4.5g lipids, 53 g
carbohydrates and 23 g proteins) (Nuvital CR1, Colombo, Parani,
Brazil) or a high-fat diet (HFD) (content in 100g: 21 g lipids, 50 g
carbohydrates and 20 g proteins) for 60 days. After this period, control
and HFD-fed mice were weighed, had the glycemia measured and eu-
thanized in a CO, chamber after a 12 h-fasting period, as previously
described [27]. Small and large intestines were removed at sterile
conditions (inside the laminar flow hood) and the luminal content
washed with a total of 15 mL sterile Krebs-bicarbonate buffer (con-
centration in mM: NaCl 115, KCl 5, MgCl, 1, CaCl, 1.24, NaHCO; 1,
HEPES 15; pH = 7,4 equilibrated with CO, 5%) containing 100 mg/dL
glucose. In order to uniformize the microorganism density from the
small and large intestines to be applied to the cells, we have employed
the Optical Density measurement method [33,34]. For that, the in-
testinal luminal contents were centrifuged in Falcon tubes at 2100 RCF
for 1min 30s and the supernatant collected, read in a spectro-
photometer (600 nm - PowerWave XS2, Biotek Instruments, USA) and
diluted in sterile buffer (when necessary) to reach an absorbance of
0.05 (corresponding to the lowest Abs value measured in the intestinal
content samples obtained). Just after isolation, Caco-2 and MDCK
monolayers were exposed to the intestinal suspensions up to 24 h. All
experimental protocols with the animals were approved by the Ethics
Committee on Animal Use (CEUA) of UNICAMP under protocol #3040-
1.

2.3. Transepithelial electrical resistance (TEER) and paracellular flux
measurements

TEER was evaluated across cell monolayers grown on 12 mm inserts
using two Ag/AgCl ‘chopstick’ electrodes coupled to a combined volt-
meter and constant current source (EVOM, World Precision
Instruments, UK) up to 24 h after intestinal luminal content exposure.
The final TEER was calculated as follows: blank membrane insert re-
sistance (without cells) was measured in every experiment and sub-
tracted from the raw TEER value of the monolayer and, then, multiplied
by the membrane area (1.13 cm?) to give the final TEER value (Q-cm?).
The average of the TEER displayed by the monolayers was:
456.6 + 19.4Qcm” (n =89) for Caco-2 and 691.9 * 26.3 Q-cm?
(n = 95) for MDCK cells. The TEER data was expressed as a percentage
in relation to the initial mean value (at Oh, before luminal content
exposure) [18].

The transepithelial flux was assessed using the nonabsorbed, para-
cellular markers, Phenol Red (MW 357 kDa) (Sigma) and Lucifer Yellow
(LY) (MW 457.25kDa) [18,30]. Caco-2 and MDCK cells, grown on
30 mm permeable cell culture inserts, were transferred to a new plate
containing luminal content wash from the small or large intestines, or
Krebs solution, where Phenol red (100 uM) or Lucifer Yellow (100 uM)
was added to, whereas the apical medium was replaced with the same
basal solution without the marker. After the incubation period, tripli-
cates of 0.2mL samples were taken from the apical and basolateral
solutions and read at 492nm in a microplate reader (Biotek Instru-
ments, PowerWave XS2, USA) for the Phenol Red flux, or read at
428 nm (excitation wavelength) and 535nm (emission wavelength)
using the Synergy H1 microplate reader (Biotek Instruments, USA) for
the LY flux. The transepithelial flux (Ft) of both paracellular markers,
taken as an index of paracellular permeability, was calculated as:

Ft = Abs, X 100/Abs, + Abs,
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where Abs, is the Absorbance of the apical solution and Absy, is the
Absorbance of the basal solution.

2.4. Immunocytochemistry for junctional proteins

Caco-2 and MDCK cell monolayers were fixed and kept in —20°C
methanol until the indirect immunofluorescence reaction. After
washing with phosphate buffered saline (PBS - 0.05M, pH = 7.4), the
monolayers were incubated with 3% fetal bovine serum (FBS) in PBS
for 30 min at room temperature (RT) and then incubated with primary
antibodies (diluted in PBS plus 3% FBS - raised against claudins-1, -2,
occludin and Z0-1) (Table I; Supplementary material) overnight at 4 °C.
For occludin and ZO-1 detection, cells were treated with 0.1% Triton x-
100 in PBS for 10 min prior to antibody incubation. Subsequently,
monolayers were incubated for 1h with the specific FITC-conjugated
secondary antibody (Sigma) and DAPI (Sigma, cat number D9542)
(dilution 1:1000 in PBS plus 3% FBS) at RT. Monolayers were then
washed several times with PBS, mounted with Vectashield (Vector
Laboratories) and analyzed in the same microscopic session, using the
same illumination/contrast parameters in order to compare fluores-
cence between treated and control groups (Leica TCS SP5 II microscope
or Observer Z1 microscope, Zeiss). The fluorescence degree for all the
junctional proteins studied was measured using the free software Image
J (http://rsbweb.nih.gov/ij/) in digital images obtained from 5 re-
presentative areas of each monolayer analyzed. Using the multi-point
tool, 60 points were randomly selected at the intercellular contact in
every image sampled and expressed as arbitrary fluorescence units.
Claudin-2 was only analyzed in MDCK cells since it was not im-
munodetected in Caco-2 with the antibody employed. In the case of the
analysis of claudin-1 immunoreaction, we have used a scoring system to
determine the degree of alteration of cell distribution of this junctional
protein in MDCK cells after exposure to large intestine content. For that,
each microscopic image of claudin-1 immunofluorescence was scored
as follows: score 0, normal distribution characterized by a continuous
and linear labeling at the cell-cell contact region; score 1, altered dis-
tribution characterized by a discontinuous labeling at the cell-cell
contact regions; score 2, altered distribution characterized by a marked
decreased or absent intercellular labeling. The degree of alteration to
the claudin-1 junctional distribution in the MDCK cells was determined
by calculating the score mean value for each experimental group ac-
cording to this classification.

2.5. Western Blot for junctional proteins

Caco-2 and MDCK monolayers were scraped from 30 mm inserts and
homogenized in an anti-protease cocktail (composition: 10 mM imida-
zole pH7.4; 4mM EDTA; 1 mM EGTA; 200 uM DTT; 0.5 pug/mL pep-
statin A; 200 KIU/mL aprotinin; 200 uM phenylmethylsulfonyl fluoride;
2.5 ug/mL leupeptin e 30 ug/mL trypsin inhibitors). An equal amount of
proteins (20 ug) was mixed with 5X concentrated Laemmli sample
buffer (30% of the aliquot volume) and separated by electrophoresis in
6.5% or 12% polyacrylamide gels, transferred onto nitrocellulose
membranes (Bio-Rad) and stained with Ponceau S solution (Sigma) for
checking the membrane transfer efficiency. Membranes were blocked
with 5% dry skimmed milk, incubated with primary antibody to dif-
ferent tight junction proteins (claudins-1, -2, occludin and ZO-1) (Table
I; Supplementary material) followed by incubation with specific sec-
ondary antibody conjugated with horseradish peroxidase (HRP), rinsed
and the signal was developed by an enhanced chemiluminescence kit
(SuperSignal West Pico Chemiluminescent Substrate, Thermo Fisher
Scientific). Membrane images were acquired using the G:box system
(Syngene - UK), band signals were quantified by optical densitometry
(Image J) and then the membranes were reprobed using an anti-beta-
actin as a loading control. Finally, optical densitometry values were
expressed as a ratio of specific tight junction protein/beta-actin signal.
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2.6. Cell viability

Cell viability was evaluated by the neutral red uptake assay [30].
Caco-2 and MDCK cells were seeded in 96-well plates; when fully
confluent, the monolayers were exposed to luminal content from the
small or large intestines of normal or prediabetic mice, or to Krebs
solution for up to 24 h. Subsequently, cells were incubated with neutral
red dye (40 pg/mL in Krebs solution) for 3h at 37 °C; then, they were
fixed with 4% formaldehyde solution containing 1% calcium chloride
and the stain solubilized in 1% acetic ethanol for 15 min at 37 °C. Fi-
nally, the absorbance was measured at 570 nm using a microplate
reader (PowerWave XS2), and the cell viability was expressed as the
percentage in relation to the mean of absorbance values of the Krebs
solution-exposed monolayers (taken as 100%).

2.7. Statistical analyses

Statistical analyses were performed using the GraphPad Prism,
version 5.00 for Windows (GraphPad Software, La Jolla, CA, USA). For
numerical results, data were expressed as the means * standard error
of the mean (SEM). For multiple comparisons among experimental
groups, we have used the One or Two-way analysis of variance
(ANOVA) followed by the Bonferroni's post-test. For the metabolic
parameters of mice, statistical significance was assessed using Student's
t-test (two-tailed). The statistical significance level was set at P < 0.05.

3. Results

In order to confirm the prediabetic state in our animal model, we
have measured the weight gain, fasting and postprandial glycemia,
before collecting the intestinal luminal content. As expected, high-fat
diet (HFD)-fed mice displayed a significant body weight gain (Ctrl
31.82 = 0.67 (17) vs. HFD 41.89 * 1.19 (17) grams, P < 0.0001), a
postprandial hyperglycemia (Ctrl 140.8 + 2.30 (6) vs. HFD
181.8 = 12.94 (5) mg/dL, P < 0.001) associated with increased
fasting glycemia (Ctrl 79.62 = 3.22 (13) vs. HFD 96.08 + 5.67 (12)
mg/dL, P < 0.05). These alterations are in accordance with our pre-
vious work [27,35] that indicates, in conjunction with other metabolic
parameters, the development of obesity and prediabetes in C57 mice
after 60 days of treatment with the HFD.

Exposure to small intestine luminal content (SI) from these HFD-fed
prediabetic mice (HFD-SI) induced a significant time-dependent de-
crease in the TEER, starting from 4h after exposure (P < 0.001) in
Caco-2 monolayers, as compared to the control counterparts exposed to
SI from normal mice (Ctrl-SI) and that exposed to Krebs buffer only
(Krebs-Ctrl) (P < 0.05, Fig. 1a). When compared to Krebs-exposed
Caco-2 cells, those exposed to SI content from normal mice (Ctrl-SI) also
induced a reduction in TEER that was comparatively less pronounced
than that induced by SI from prediabetic mice (HFD-SI) (Fig. 1a). The
epithelial paracellular permeability (Pp) assay showed that this TEER
decrease was accompanied by a significant increase in the basal-to-
apical phenol red flux (F,_.,) across Caco-2 monolayers exposed to
HFD-SI and Ctrl-SI at 6 h (in relation to Krebs, P < 0.05) and at 24 h
(P < 0.001), which was greater in HFD-SI-treated cells in relation to
Ctrl-Sl-treated ones (P < 0.01; Fig. 1b).

As for the large intestinal luminal content (LI), exposure to either LI
isolated from prediabetic (HDF-LI) or normal (Ctrl-LI) mice induced a
subtle, but significant in the case of Ctrl-Ll, increase in the TEER across
Caco-2 monolayers as compared to Krebs-exposed monolayers (Krebs-
Ctrl group) (P < 0.01; Fig. 1a). Surprisingly, both treatments equally
increased the epithelial Pp to phenol red in Caco-2 in comparison with
the Krebs-Ctrl group (P < 0.001; Fig. 1b). In order to check this ap-
parent inconsistency between TEER and Pp data, we have tested an-
other paracellular marker, the LY. The Pp to LY showed a slight increase
in the transepithelial flux of this marker after Caco-2 exposure to LI for
24 h compared to Krebs, which was only significant in the case of the LI
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Fig. 1. Exposure to luminal content of small intestine (SI) or large intestine (LI) isolated from control (Ctrl) and high-fat-fed (HFD) prediabetic mice induced changes
in the transepithelial electrical resistance (TEER) and transepithelial paracellular flux (basal to apical; F,_.,) of phenol red in Caco-2 and MDCK monolayers.

Ctrl-SI and HFD-SI induced a time-dependent decrease in TEER in both Caco-2 (a) and MDCK cell lines (c), as compared to Krebs-exposed monolayers; the reduction
in the TEER was even greater after HFD-SI than that after Ctrl-SI. These changes in TEER were paralleled by an increase in epithelial paracellular permeability of the
marker, phenol red (b, d). In contrast, Ctrl-LI and HFD-LI did not induce marked alteration to the TEER of Caco-2 and MDCK (a, c), however, the transepithelial flux
of phenol red was significantly increased after 24 h in comparison to Krebs-exposed monolayers (b, d). Initial TEER mean value (0 h, before luminal content exposure)
was taken as 100% in comparison to the followed time points measured in 15-19 monolayers from 4 to 5 independent experiments (Two-way ANOVA and
Bonferroni's test). For the transepithelial flux, phenol red apical absorbance was expressed as a percentage in relation to the apical + basal absorbance (taken as
100%) of 5-14 monolayers from 2 to 5 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.0001 in relation to Krebs; #P < 0.05, ##P < 0.01,
###P < 0.0001 in relation to its respective Ctrl (One-way ANOVA and Bonferroni's post-test). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

isolated from prediabetic mice (HFD-Li) (Flux apical-to-basal of LY:
Krebs-Ctrl group = 13.22 + 1.10% (5); Ctrl-LI = 15.24 = 2.07% (5);
HFD-LI = 18.76 * 1.19% (5)*; *P < 0.05 Krebs-Ctrl vs. HFD-LI; t-
Student, two-tailed).

Similar results were obtained with MDCK cells, although in general,
this cell line displayed a higher sensitivity to exposure to intestinal
content than Caco-2. The TEER measurement showed that both Ctrl-SI
and HFD-SI exposure reduced significantly this parameter from 4 h up
to 24 h of treatment (P < 0.001) in relation to Krebs-Ctrl monolayers
(Fig. 1c). In addition, TEER values in HFD-SI-exposed MDCK cells were
significantly lower than the Ctrl-SI ones, reaching nearly zero value
after 6-8h of treatment (Fig. 1c), which was associated with an in-
creased epithelial Pp at 4h (P < 0.001 in relation to Krebs and
P < 0.01 in relation to Ctrl-SI; Fig. 1d), and being markedly enhanced
after 24 h (P < 0.001 in relation to Krebs). As in Caco-2 cells, Ctrl-LI
and HFD-LI exposure induced a tendency of increase in TEER across
MDCK monolayer (Fig. 1c), which was accompanied by a significant
increase in epithelial Pp to phenol red already observed at 4h
(P < 0.05; Fig. 1d), which was even greater after 24 h, specially in the
case of treatment with HFD-LI (P < 0.001 in relation to Krebs;
P < 0.05 in relation to Ctrl-LI). This finding was confirmed by the LY
flux assay that showed a tendency of increase in paracellular perme-
ability after exposure of MDCK monolayers to HFD-LI in comparison to
those treated with Ctrl-LI or exposed to Krebs only (apical-to-basal flux
of LY: Krebs-Ctrl group = 7.88 = 0.21% (5); Ctrl-LI = 8.03 = 0.13%
(5); HFD-LI = 9.11 + 0.53% (5)*; *P = 0.076 Ctrl-LI vs. HFD-LL; t-
Student, two-tailed).

As seen in Fig. 1a and c, Ctrl-SI and HFD-SI induced a marked de-
crease in TEER in both Caco-2 and MDCK cells after 6h and 4h re-
spectively, that may suggest a cytotoxicity and/or impairment of cell
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adhesion after exposure to intestinal luminal content. In order to in-
vestigate this possibility, cell viability was assessed by the neutral red
uptake assay and cell morphology analyzed by phase contrast micro-
scopy (Fig. 2). The neutral red absorbance showed that the short-term
exposure to all experimental conditions tested induced no significant
changes in cell viability in Caco-2 cells (at 6 h, Fig. 2f) or MDCK cells (at
4h, Fig. 2r), while HFD-SI exposure resulted in changes in cell mor-
phology from a typical polyhedral shape to a globular or fusiform
morphology in Caco-2 (Fig. 2¢) and MDCK cells (Fig. 20), respectively.
In contrast, a more prolonged exposure (24 h) to intestinal luminal
content led to an overall reduction in cell viability in both cell lines,
although MDCK cells seemed to be more affected than Caco-2 cells (i.e.,
after SI exposure, the cell viability was < 4% in MDCK cells while Caco-
2 cells displayed a viability around 35-60%). In addition, the deleter-
ious effect of SI exposure on cell viability was more pronounced than
that seen after LI, while HFD-SI (P < 0.0001 in Caco-2 and MDCK) and
HFD-LI treatment (P < 0.01 in Caco-2; P < 0.0001 MDCK cells) re-
sulted in a lower cell viability index in comparison with their respective
controls, Ctrl-SI and Ctrl-LI, especially in the case of MDCK cell line.
The decrease in cell viability after 24 h exposure to Ctrl-SI and HFD-SI
was associated with some cell loss in Caco-2 (Fig. 2h,i) or with a
complete cell detachment from the substrate in the case of MDCK cells
(Fig. 2t,u). Meanwhile, after 24 h, only HFD-LI induced some cell loss in
both Caco-2 and MDCK monolayers.

In order to assess the changes in TJ structure after intestinal content
exposure, monolayers were immunolabeled for some junctional pro-
teins (claudins-1 and 2, occludin, and ZO-1) and the junctional content
was determined by a semi-quantitative analysis. Since we observed, as
described above, that 24 h exposure to small intestinal luminal content
(SD) resulted in massive cell detachment in MDCK as well as in Caco-2
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Fig. 2. Cell morphology and viability of Caco-2 and MDCK monolayers after exposure to the luminal content of small intestine (SI) or large intestine (LI) isolated from
control (Ctrl) and high-fat-fed (HFD) prediabetic mice.

Cell morphology was observed by contrast-phase microscopy (a-e, g-k, m—q, s—=w) and cell viability was assessed by neutral red uptake assay (f, 1, r, x) after intestinal
luminal content exposure. At 6h and 4 h, Caco-2 (f) and MDCK (r) monolayers, respectively, did not show significant changes in cell viability in relation to Krebs.
However, after 24 h, Ctrl-SI and HFD-SI induced decreased cell viability (I, x) and cell loss/monolayer detachment in both cell lines, that were more pronounced in
MDCK (t,u) than in Caco-2 cells (h, i). At 24 h, HFD-LI induced some cell loss in both Caco-2 (k) and MDCK monolayers (w), but Ctrl-LI was only deleterious to MDCK
monolayers (v). Images a—e; g-k; m-q; s—w represent Caco-2 and MDCK cell monolayers exposed to intestinal luminal contents (SI, LI) from normal (Ctrl) or
prediabetic mice (HFD) or to Krebs buffer. Scale bar, 50 pm. Graphs f, 1, r, and x depict neutral red uptake absorbance in treated monolayers, expressed as a
percentage in relation to Krebs-exposed absorbance mean values (taken as 100%) of 9 to 24 monolayers from 2 independent experiments. **P < 0.01,
***P < 0.0001 in relation to Krebs (One-way ANOVA and Bonferroni's post-test). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Intercellular distribution and content of tight
junctional proteins in Caco-2 monolayers after 6 h-
exposure to the luminal content of small intestine
(SD) isolated from control (Ctrl) and high fat-fed
(HFD) prediabetic mice.

Images a—c, e-g, i-k display the tight junction-asso-
ciated proteins evaluated by immunofluorescence in
Caco-2 monolayers (immunolabeled for claudin-1,
occludin, and ZO-1 in green - FITC; DAPI/nuclei in
blue). The junctional fluorescence degree analysis at
cell-to-cell contact showed a significant decrease in
claudin-1 (d), occludin (h) and ZO-1 (1) after 6 h
exposure to HFD-SI (d) in relation to Ctrl-LI and/or
Krebs-exposed monolayers (n = 4-5 monolayers/
group). In addition, Ctrl-SI also reduced significantly
the junctional fluorescence density of occludin (h)
(n = 5-6 monolayers/group) and ZO-1 (1) (n = 4-5
monolayers/group) after the same period of time in
relation to Krebs. Scale bar, 50 ym. ***P < 0.0001
in relation to Krebs; ###P < 0.0001 in relation to
Ctrl-SI (One-way ANOVA and Bonferroni's post-test).
(For interpretation of the references to color in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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cells after HFD-SI, all the following experiments were performed at
shorter time periods (at 6 h for Caco-2 and at 4 h for MDCK cells). In the
case of the large intestine luminal content, the cells were exposed up to
24 h since shorter exposure did not induce significant changes in
paracellular permeability, particularly in Caco-2 cells. The small in-
testine luminal content isolated from prediabetic mice (HFD-SI) in-
duced a significant reduction in the junctional content of claudin-1,
occludin, and ZO-1 after 6 h of Caco-2 exposure in comparison with
those exposed to Krebs or to Ctrl-SI from normal mice (P < 0.0001
Fig. 3d, h, 1). In addition, Ctrl-SI-exposed Caco-2 monolayers displayed
a significant decrease in occludin and ZO-1 junctional content as
compared to Krebs-exposed monolayers (P < 0.0001 Fig. 3h and 1). As
for the large intestine luminal content, both Ctrl-LI and HFD-LI induced
a significant decrease in ZO-1 junctional content (P < 0.0001, Fig. 41)
after 24h exposure, however, both experimental conditions did not
change significantly the junctional content of claudin-1 (Fig. 4d) and
occludin (Fig. 4h). Immunoblotting showed that Ctrl-SI (P < 0.05) and
HFD-SI (P < 0.01) significantly reduced the total amount of occludin
in Caco-2 cells (Fig. 5-b) as compared to Krebs-exposed monolayers, but
did not affect the cell expression of claudin-1 (Fig. 5a) and ZO-1
(Fig. 5c). Furthermore, Ctrl-LI and HFD-LI induced no significant

alteration to the total amount of TJ proteins as revealed by im-
munoblotting (Fig. 5d-f).

Regarding the MDCK cells, we observed a similar change in junc-
tional content and expression of TJ proteins to that seen with Caco-2
cells after exposure to SI and LI, although MDCK monolayers seemed to
display higher sensitivity to these experimental conditions than Caco-2
cells. Exposure for 4h to small intestine luminal content (SI) from
normal (Ctrl-SI) and prediabetic (HFD-SI) mice induced a marked de-
crease in claudin-1 (Fig. 6a-d), claudin-2 (Fig. 6e-h), and occludin
(Fig. 6i-1), but only HFD-SI reduced ZO-1 junctional content
(Fig. 6m-p) in relation to Krebs-exposed monolayers (P < 0.001).
Overall, TJ protein reduction was more prominent in MDCK mono-
layers exposed to HFD-SI (P < 0.0001) in relation to Ctrl-SI, except for
claudin-2 (Fig. 6e-h). Regarding the large intestine luminal contents,
Ctrl-LI and HFD-LI dramatically changed claudin-1 cellular distribution
after 24 h (Fig. 7a—d). The immunodetection of claudin-1 showed that
the typical intercellular labeling, characterized by a continuous line at
the cell-cell contact site (as seen in Krebs - Fig. 7a) was disrupted in
MDCK cells after LI exposure. After 24 h-treatment, claudin-1 was in-
ternalized into the cytoplasm and the remaining protein at the inter-
cellular site had a diffuse appearance. These observations were
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Fig. 4. Intercellular distribution and content of tight
junctional proteins in Caco-2 monolayers after 24 h-
exposure to the luminal content of large intestine (LI)
isolated from control (Ctrl) and high-fat-fed (HFD)
prediabetic mice.

Images a-c; e-g; i-k display the junctional tight
junction-associated proteins evaluated by immuno-
fluorescence in Caco-2 monolayers (immunolabeled
for claudin-1, occludin, and ZO-1 in green - FITC;
DAPI/nuclei in blue). The junctional fluorescence
degree analysis at cell-to-cell contact showed only a
significant decrease in ZO-1 after 24 h exposure to
Ctrl-SI and HFD-SI () (n = 5 monolayers/group).
However, no change was observed in the junctional
fluorescence pixel density of claudin-1 (d) (n =5
monolayers/group) and occludin (h) (n = 6 mono-
layers/group) after treatments in comparison with
Krebs. Scale bar, 50 ym. ***P < 0.0001 in relation
to Krebs (One-way ANOVA and Bonferroni's post-
test). (For interpretation of the references to color in
this figure legend, the reader is referred to the web
version of this article.)

confirmed semi-quantitatively as shown in Fig. 7d that also revealed
that these effects were even more marked after exposure to HFD-SI as
compared to Ctrl-SI (Fig. 7d). As for the other TJ proteins, exposure to
LI luminal content did not change the cell distribution of these proteins,
although altered their junctional content as shown by a semi-quanti-
tative analysis of the immunofluorescence images (Fig. 7). Ctrl-LI ex-
posure for 24 h increased occludin junctional content, that displayed an
altered cell distribution (Fig. 7i-1), as well as a reduced claudin-2
junctional content (Fig. 7e-h) in relation to Krebs (P < 0.0001).
Meanwhile, HFD-LI induced a significant decrease in claudin-2
(Fig. 7e-h), occludin (Fig. 7i-1), and ZO-1 junctional content
(Fig. 7m-p) in relation to Krebs and Ctrl-LI (P < 0.0001). Im-
munoblotting analysis showed that, in comparison with the Krebs-ex-
posed monolayers, Ctrl-SI and HFD-SI exposure to MDCK cells reduced
the total amount of occludin (Fig. 8c), that was relatively more pro-
nounced after HFD-SI (P < 0.01) than Ctrl-SI (P < 0.05). Meanwhile,
no significant changes in claudin-1 (Fig. 8a), claudin-2 (Fig. 8b), and
Z0-1 (Fig. 8d) cell amount were seen after exposure to small intestine
luminal contents either from normal or prediabetic mice. As for LI
content exposure, immunoblotting revealed reduction of cellular con-
tent of all the junctional proteins analyzed (Fig. 8e-j), that was
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statistically significant in the case of claudin-1 (Fig. 8e), claudin-2
(Fig. 8f), and occludin (Fig. 8g), being overall even more pronounced
after HFD-LI than Ctrl-LI exposure, in relation to Krebs.

4. Discussion

In this study, we investigated, using an in vitro system, the current
idea that an impairment of the intestinal barrier can be a contributing
factor in the T2DM pathogenesis and may be triggered by an agent
found within the intestinal environment [7,9,17]. For that, epithelial
cell lines were exposed to the intestinal content isolated from normal
and prediabetic mice. We demonstrated that the in vitro exposure to
intestinal luminal content induces cell detachment from the substrate as
well as significant changes in cellular distribution and/or junctional
content of several TJ proteins in Caco-2 and MDCK cells that were in-
dicative of disruption of the epithelial barrier. These alterations were,
in general, more pronounced after exposure to intestinal luminal con-
tent isolated from prediabetic mice than that from normal mice, which
is in agreement with the ongoing hypothesis [17,22,25]. MDCK cells
displayed a more severe response to the exposure of intestinal content
than Caco-2 cells, which may be related to the intestinal origin of the
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Fig. 5. Inmunoblotting for junctional proteins in Caco-2 monolayers exposed
to the luminal content of the small intestine (Ctrl-SI; HFD-SI) and large intestine
(Ctrl-LI; HFD-LI) isolated from control (Ctrl) and high-fat-fed (HFD) mice.
The optical density analysis of the TJ-associated proteins from Caco-2 homo-
genates was performed in membranes obtained by Western Blotting. Exposure
to small intestine content for 6 h induced a decrease in occludin cell content (b,
n = 8-9/group), which was more pronounced after HFD-SI than Ctrl-SI, but no
significant change in claudin-1 (a, n = 8-9 membranes/group) and ZO-1 (c,
n = 8 membranes/group) cell contents in relation to Krebs-exposed cells.
Exposure to large intestine content for 24 h showed no significant alteration of
claudin-1 (d, n = 6/group), occludin (e, n = 6/group), and ZO-1 (f, n = 6/
group) in Caco-2 monolayers. Beta-actin was employed as the loading control.
Results are expressed as means + SEM. *P < 0.05 **P < 0.01 in relation to
Krebs (One-way ANOVA and Bonferroni's post-test).

latter in contrast with the renal origin of the former. In addition, ex-
posure to small intestinal luminal content resulted in alterations to the
TJ structure which were more significant than those after large in-
testinal luminal content.

The short-term exposure (4 to 6h) of both epithelial cell lines to
luminal content of the small intestine (SI) induced significant disruption
of the epithelial paracellular barrier as revealed by the decrease in
TEER and increase in transepithelial flux of a paracellular marker, that
were associated with a decrease in the junctional content of TJ struc-
tural proteins such as claudin-1, occludin and ZO-1. In the case of oc-
cludin, the decrease in its junctional content occurred in parallel with a
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reduction in cellular expression of this protein as shown by Western
Blot. In general, these alterations were more marked after exposure to
HFD-SI in comparison with those from Ctrl-SI group. The claudin-1 and
occludin make up the TJ strands and determine the tightness of the
paracellular barrier while the ZO-1 is a known scaffold protein that
plays a regulatory role of the TJ function [14,23,36]. Similar changes to
that described herein, regarding the cellular distribution and expression
of these proteins, have been directly related to the disruption of epi-
thelial TJ function in other in vitro and in vivo conditions [9,16,17,30].

Besides the claudin-1, that is known as a barrier-forming claudin
[12,36], we have also investigated the cell distribution and expression
of the pore-forming claudin-2 in MDCK cells. Interestingly, the junc-
tional amount of this protein was significantly reduced in Ctrl-SI-
treated monolayers and, to a lesser extent, in HFD-SI-treated cells in
comparison with Krebs-exposed ones, which suggests a slight
strengthening of the paracellular barrier to ions by agents from the
intestine lumen. A relatively higher junctional content of claudin-2 was
seen after HFD-SI exposure, which is in line with the data showing a
more significant reduction in TEER (a parameter that measures the
ionic flux across the monolayers) observed in the HFD-SI-treated MDCK
cells compared to the Ctrl-SI-treated ones. The disruption of the TJ
structure seen after exposure to SI content in both cell lines was not due
to a cytotoxic effect since no change in cell viability and cell attachment
to the substrate was detected, by the neutral red assay, after short-term
treatment (up to 6h) with SI content. Taken all together, our data
suggest that components of the small intestine lumen, especially that
isolated from prediabetic mice, can directly modulate, at short-term,
the TJ proteins, leading to a decrease in the paracellular barrier func-
tion, particularly to molecules, in the epithelial cell lines studied.

In contrast, a more prolonged exposure to SI content (24 h) induced
a significant decrease in cell viability as well as led to cell detachment
from the substrate in Caco-2 cells, but particularly in MDCK cells, which
prevented further morphological analysis of these cell monolayers. This
marked decrease in viability observed in our study indicates that
components of the intestine luminal content were deleterious, after a
relatively long-term exposure, to the cell lines tested herein. The epi-
thelial cells themselves, as well as their TJs, are important components
of the intestinal barrier along with the mucus secreted by the goblet
cells and the antimicrobial agents secreted by the cells of the immune
system [11,37]. However, neither Caco-2 nor MDCK cell lines are
known to be mucus-secreting cells [38,39]. Therefore, the lack of a
protective barrier, provided by the mucus and immune cells, can ex-
plain the direct cytotoxic effects of exposure to SI content to our in vitro
model.

In comparison with the SI luminal content, both cell lines displayed
a different response to the exposure to large intestinal luminal content
(LI). First of all, the exposure to LI content for a short period (< 6 h) did
not induce significant changes in epithelial barrier function neither in
cell viability. Only after 24 h-exposure to Ctrl-LI or HFD-LI content, we
observed a subtle increase in TEER that was, surprisingly, associated
with a significant increase in the transepithelial flux of phenol red in
both cell lines and, in the case of LY flux, a significantly increased
epithelial permeability was seen only after HFD-LI in Caco-2 cells (a
tendency in the case of MDCK cells). At the moment, we do not have a
definitive explanation for the discrepancy seen between the measure-
ments of these two parameters (TEER and flux) after cell exposure to LI
content, but it seems to be consistent since was observed in both cell
lines of different origins. Although the measurements of TEER and
transepithelial flux are recognizable assays to evaluate the integrity of
the epithelial barrier [40,41], they in fact yield information on different
properties of this barrier, where TEER measures the epithelial perme-
ability to ions at a given point of time while the flux assay, the per-
meability to molecules over a period of time [42]. It is known that the
TJ channels to ions and small molecules are formed by different clau-
dins [36,43] while the flux of large molecules may depend on the oc-
cludin junctional content [42,43]. Therefore, these channels can be
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Fig. 6. Intercellular distribution and content of tight junctional proteins in MDCK monolayers after 4 h-exposure to the luminal content of small intestine (SI) isolated

from control (Ctrl) and high-fat-fed (HFD) prediabetic mice.

Images a—c, e-g, i-k, m-o display tight junction-associated proteins evaluated by immunofluorescence in MDCK monolayers (claudin-1, claudin-2, occludin, and ZO-1
in green - FITC; DAPI/nuclei in blue). The junctional fluorescence degree analysis at cell-to-cell contact showed a significant decrease in claudin-1 (d), claudin-2 (h),
occludin (1), and ZO-1 (p) after 4h exposure to SI in relation to Krebs (n = 4-6 monolayers/group), which was even greater when exposed to HFD-SI (except for
claudin-2) as compared to Ctrl-LI. Scale bar, 50 pm. ***P < 0.0001 in relation to Krebs; ###P < 0.0001 in relation to Ctrl-SI (One-way ANOVA and Bonferroni's
post-test). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

independently regulated [36]. One possibility is that the increase in
transepithelial flux seen herein may be a result, at least in part, of the
disruption of the TJ structure (involving junctional proteins associated
to the barrier-forming channels, ie. claudin-1, occludin and ZO-1) in
conjunction with some cell loss or increase in membrane permeability
due to cell death seen after exposure to LI content. Meanwhile, the
increase in TEER may be a result of a decreased expression of pore-
forming claudins, such as the claudin-2 that was observed in MDCK
cells, which would lead to a significant reduction in the number of ion
channels within the TJ, overcoming the ion passage through pathways
opened by TJ disruption and/or by cell loss/death within the mono-
layer.

The LI luminal content induced striking changes in the structure of
the TJ-mediated barrier, particularly in MDCK cells. HFD-LI exposure
induced a significant decrease in the junctional content of occludin and
Z0-1 as well as led to a marked cellular redistribution of claudin-1
(from the junctional region to the cytoplasm), that was also seen, at less
intensity, in Ctrl-LI-treated MDCK cells. Claudin-1 is known to be
constantly recycled in MDCK and Caco-2 cells [44-46]. Inhibition of the

endosomal sorting complexes required for protein transport (ESCRT)
has been shown to result in similar alterations to that observed in
MDCK exposed to LI, i.e. accumulation of claudin-1 within the cyto-
plasm without altering the location of occludin and ZO-1 [44]. As re-
vealed by Western Blot, these changes in immunolocalization of junc-
tional proteins were accompanied by a significant decrease in cellular
expression of occludin and claudin-1 and a tendency of decrease in the
case of ZO-1 after LI treatment. In contrast, Caco-2 cells displayed only
a significant decrease in ZO-1 junctional content after LI-exposure.
Taken all together, these alterations in the TJ structure are in ac-
cordance with the increase in paracellular permeability that is in-
dicative of disruption of TJ function.

Overall, our data revealed a greater sensitivity of the MDCK cell
line, as compared to Caco-2 cells. The former cell line is derived from
kidney and usually not exposed to intestinal contents. However, MDCK
is extensively employed in epithelial barrier studies, as it displays well-
defined cell polarity and fast growth rate, which makes it a viable
model for investigating TJ dynamics [29,30,44]. The higher suscept-
ibility seen in MDCK is probably related to its renal origin, therefore,
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Fig. 7. Intercellular distribution and content of tight junctional proteins in MDCK monolayers after 24 h-exposure to the luminal content of large intestine (LI)

isolated from control (Ctrl) and high-fat-fed (HFD) prediabetic mice.

Images a—c, e-g, i-k, m-o display the tight junction-associated proteins evaluated by immunofluorescence in MDCK monolayers (claudin-1, claudin-2, occludin, and
ZO-1 in green - FITC; DAPI/nuclei in blue). As seen in images a-c, exposure to Ctrl-LI (b) induced major changes in the intercellular distribution of claudin-1, which
were even greater after HFD-Li (c), as confirmed quantitatively (d), as compared to Krebs (a). In addition, HFD-LI induced a decrease in claudin-2 (h), occludin (1),

and ZO-1 (p) after 24 h exposure to MDCK monolayers in relation to Krebs and Ctrl-LI (n = 4-6 monolayers/group). Scale bar, 50 pm.

***p < (0.0001 in relation to

Krebs; ###P < 0.0001 in relation to Ctrl-SI (One-way ANOVA and Bonferroni's post-test). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

not being adapted to intestinal microorganisms and luminal compo-
nents. Meanwhile, the luminal content of the large intestine, either
isolated from normal or prediabetic mice, did not induce marked
changes in the Caco-2 cell line, as it did in the case of small luminal
content exposure. Such event may be explained by the fact that this cell
line originates from a colon adenocarcinoma [28,47], thus displaying
intrinsic defense mechanisms against deleterious components found
within the LI lumen. In addition, the concentration of short-chain fatty
acids (SCFA), which are final fermentation products of nonabsorbable
dietary components by the intestinal microbiota [48], is expected to be
higher in the large intestine as compared to small intestine because of
the relative abundance of microorganisms in the former [49]. SCFA are
well known to be one of the most important energy sources of colo-
nocytes, being the butyrate responsible for about 70% of this energy
[50,51] and also known to display a significant inhibitory action on the
damaging effects of HFD to the intestinal epithelial barrier in vivo [26].

The most striking finding of the present study was that the intestinal
content isolated from prediabetic mice induced greater alterations to
the TJ-mediated epithelial barrier than that obtained from normal mice.
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The changes in TJ structure described herein, involved a significant
reduction in the junctional content of TJ proteins (claudins-1, -2, oc-
cludin and ZO-1) that was associated with a decrease in cellular ex-
pression in the case of claudins-1, -2, and occludin. TJ is a very dynamic
structure and post-translational modifications such as phosphorylation,
palmitoylation, and ubiquitination may lead to recycling of TJ proteins
(from the junctional region to cytoplasm, and vice versa) or to the de-
gradation route [36,44]. Components of the intestinal lumen, mainly
those isolated from HFD-fed mice, may activate/inhibit one of these
regulatory processes, resulting in the alterations to the TJ structure and
function described in our in vitro system. Potential candidates of the
intestinal lumen that could be accounted for these effects on the epi-
thelial barrier may include the microbial communities (that have been
shown to differ among the intestine segments (particularly between
small intestine vs. large intestine [49,52,53])) or its secreted products/
toxins (such as LPS and the serine protease zonulin), as well as pro-
teolytic enzymes of gastric, pancreatic and intestinal origin, and bile
acids. All these agents are expected to be modified or increased during
diabetes while some of them have been shown to disrupt the epithelial
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Fig. 8. Immunoblotting for junctional proteins in MDCK monolayers exposed to
luminal content of the small intestine (Ctrl-SI; HFD-SI) and large intestine (Ctrl-
LI; HFD-LI) isolated from control (Ctrl) and high-fat-fed (HFD) mice.

The optical density analysis of the TJ-associated proteins from MDCK homo-
genates was performed in membranes obtained by Western Blotting. Exposure
to small intestine content for 4h induced a decrease in occludin (¢, n =8
membranes/group), which was more pronounced after HFD-SI than Ctrl-SI, but
no significant change in claudin-1 (a, n = 7-8/group), claudin-2 (b, n = 7-8/
group), and ZO-1 (d, n = 8-9/group) cell contents in relation to Krebs-exposed
cells. As for the large intestine content, both Ctrl-LI and HFD-LI exposure for
24 h induced a significant decrease in claudin-1 (e, n = 6/group), claudin-2 (f,
n = 5/group), and occludin cell contents (g, n = 7/group), in general being
even more pronounced after HFD-LI than Ctrl-LI exposure in relation to Krebs.
Beta-actin was employed as the loading control. Results are expressed as
means + SEM. *P < 0.05 **P < 0.01 ***P < 0.0001 in relation to Krebs
(One-way ANOVA and Bonferroni's post-test).
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barrier function in vitro and in vivo conditions [9,17,23,24,52,54-56].

In conclusion, we demonstrated for the first time that the in vitro
exposure to the intestine content isolated from HFD-fed prediabetic
mice can directly impair the epithelial barrier by affecting the TJ
structure/function. This observation suggests that the increased in-
testinal permeability reported in diabetic rodents and human may in-
volve a direct action of component(s) of the intestinal lumen on the
intestinal epithelia. The in vitro model proposed in this work can be a
useful tool to shed light on the mechanisms underlying the TJ regula-
tion by intestinal microbiota and other components of the intestinal
lumen in the context of the T2DM.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.1fs.2018.11.012.
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