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was observed; however, HFd-fed mice showed higher beta 
cell relative area in comparison with controls. As shown 
by immunohistochemistry, ZO-1, E-, N-cadherins, α- and 
β-catenins were expressed at the intercellular contact site of 
endocrine cells, while VE-cadherin, as well as ZO-1, was 
found at islet vascular compartment. Redistribution of N-, 
E-cadherins and α-catenin (from the contact region to the 
cytoplasm in endocrine cells) associated with increased 
submembranous F-actin cell level as well as increased VE-
cadherin islet immunolabeling was observed in diabetic 
mice. Increased gene expression of VE-cadherin and ZO-1, 
but no change for the other proteins, was observed in islets 
of diabetic mice. Only in the case of VE-cadherin, a signifi-
cant increase in islet content of this CAM was detected by 
immunoblotting in diabetic mice. In conclusion, CAMs are 
expressed by endocrine and endothelial cells of pancreatic 
islets. The distribution/expression of N-, E- and VE-cadher-
ins as well as α-catenin and F-actin is significantly altered 
in islet cells of obese and diabetic mice.

Keywords  Cell adhesion molecules · Cell–cell 
interactions · Pancreatic beta cells · Type 2 diabetes 
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Introduction

The interaction between neighboring cells, which is essen-
tial for tissue homeostasis, depends on intercellular junc-
tions (IJs). There are four types of IJs, structurally and 
functionally distincts, namely tight junction (TJ), adherens 
junctions (AJ) (zonula or fasciae adherens), desmosomes 
(or maculae adherens), and gap junctions (GJ). The TJ, 
AJ and desmosomes are directly involved in intercellular 
adhesion process and cytoskeleton organization, while GJ 

Abstract   Intercellular junctions play a role in regulating 
islet cytoarchitecture, insulin biosynthesis and secretion. 
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as well as islet histology and cellular distribution/expres-
sion of CAMs and F-actin in the endocrine pancreas of 
C57BL/6/JUnib mice fed a high-fat diet (HFd) for a pro-
longed time period (8  months). Mice fed a HFd became 
obese and type 2 diabetic, displaying significant peripheral 
insulin resistance, hyperglycemia and moderate hyper-
insulinemia. Isolated islets of HFd-fed mice displayed a 
significant impairment of glucose-induced insulin secre-
tion associated with a diminished frequency of intracellu-
lar calcium oscillations compared with control islets. No 
marked change in islet morphology and cytoarchitecture 
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mediates cell–cell communication (Ebnet 2008; Harris and 
Tepass 2010; Mese et al. 2007). Protein complexes associ-
ated with IJs have been shown to act as adhesion/signal-
ing molecules involved in several intracellular pathways. 
They can modulate gene expression and various cellular 
processes, besides adhesion and communication, such as 
cell differentiation, proliferation and cell death in various 
organs, including endocrine pancreas (Benmerah et  al. 
2003; Conacci-Sorrell et  al. 2002; Ebnet 2008; Jain and 
Lammert 2009; Meda 2013; Spadaro et al. 2012).

The endocrine pancreas is composed of five cell types 
(α, β, δ, PP and ε cells) that secrete different hormones (i.e., 
glucagon, insulin, somatostatin, polypeptide P and ghrelin, 
respectively), all involved direct or indirectly in glycemic 
homeostasis (Andralojc et  al. 2009; Orci 1976). These 
endocrine cells have a typical species-specific arrangement 
(cytoarchitecture) within the pancreatic islet (Brissova et al. 
2005). In rodents, the beta cells occupy the central region 
while the other cell types are located at the periphery of the 
islet (Brissova et al. 2005; Carvalho et al. 2006, 2012; Kim 
et  al. 2009). The islet cells are connected homotypically 
and heterotypically through tight, adherens, gap junctions 
and desmosomes, as revealed by electron microscopy (Jain 
and Lammert 2009; Orci 1976).

The biochemistry and function of IJs within the endo-
crine pancreas are still not completely known. However, 
studies have demonstrated that pancreatic endocrine cells 
do express some junctional proteins such as Cx36 and 
Cx30.2 (at GJ) (Carvalho et  al. 2010; Coronel-Cruz et  al. 
2013; Nlend et al. 2006), ZO-1 and claudin 8 (at TJ) (Col-
lares-Buzato et  al. 2004; Meda 2013; Rieck et  al. 2009; 
Santos-Silva et al. 2012), and N-CAM, E-, N-cadherins and 
catenins (at AJ) (Carvell et al. 2007; Collares-Buzato et al. 
2004; Esni et  al. 1999; Meda 2013; Parnaud et  al. 2011; 
Santos-Silva et  al. 2012). Some studies have suggested 
the participation of IJs in the formation/maintenance of 
islet cytoarchitecture (Esni et  al. 1999; Santos-Silva et  al. 
2012; Yamagata et  al. 2002). In addition, IJs seem to be 
involved in the functional maturation of beta cells in vitro 
and in  vivo (Carvalho et  al. 2010; Collares-Buzato et  al. 
2004; Leite et  al. 2005; Santos-Silva et  al. 2012), regu-
late biosynthesis and secretion of insulin (Calabrese et al. 
2004; Hauge-Evans et al. 1999; Parnaud et al. 2015; Rog-
ers et  al. 2007) as well as mediate beta cell proliferation 
and death (Meda 2013; Parnaud et al. 2011; Wakae-Takada 
et  al. 2013). However, studies investigating the possible 
role of these membrane structures in the beta cell dysfunc-
tion are scarce. Recently, we demonstrated that prediabetic 
obese mice, displaying impaired glucose homeostasis and 
decreased insulin secretory response, show a reduction in 
gap junctional Cx36 expression. This was associated with 
a decrease in the number of GJ membrane channels and 
intercellular coupling between beta cells (Carvalho et  al. 

2012). However, to the best of our knowledge, the role of 
other junctional proteins in the pathogenesis of type 2 dia-
betes mellitus (T2DM) is still unclear.

Type 2 diabetes mellitus is a highly prevalent metabolic-
endocrine disease, whose pathogenesis displays strong 
association with physical inactivity and obesity (Tripathy 
and Chaves 2010). Pancreatic beta cells play a critical role 
in the development of T2DM. At early stages, beta cells 
are able of adaptive response showing increased insulin 
secretion and/or mass in attempt to offset the peripheral 
insulin resistance (Ahrén and Pacini 2002; Chang-Chen 
et al. 2008; Kahn et al. 2006; Sone and Kagawa 2005; Tri-
pathy and Chaves 2010). At advanced stages of T2DM, 
functional exhaustion of the beta cells occurs, leading to 
decrease of its number/mass by apoptosis. This state results 
in reduction or total lack of insulin secreted, making hor-
mone replacement mandatory (Butler et  al. 2003; Kahn 
et al. 2006).

Rodent fed a high-fat/calorie diets have been employed 
as valuable model to study the pathogenesis of T2DM and 
other diseases associated with obesity (Ahrén and Pacini 
2002; Drolet et al. 2006; Herrera 2009; Oliveira et al. 2015; 
Shafrir et al. 1999; Surwit et al. 1988; Winzell and Ahrén 
2004). Previous studies have focused on the response of 
peripheral tissues and signaling mechanisms triggered by 
high-fat/hypercaloric diets over relatively short periods 
(days to weeks). However, the effect of prolonged expo-
sure (several months) to these diets on the functioning and 
structure of the endocrine pancreas has been less explored 
(Ahrén and Pacini 2002; Sone and Kagawa 2005). The 
objective of the present study was two-fold: 1) to evalu-
ate the effect of prolonged exposure (8 months) to HF diet 
on the functional and structural aspects of the endocrine 
pancreas of mice, focusing on beta cell biology, and 2) to 
investigate the repercussion of this treatment on the cel-
lular distribution and expression of some junctional and 
cytoskeletal proteins (namely E-, N-, VE-cadherins, ZO-1, 
β- and α-catenins, and F-actin) in the pancreatic endocrine 
cells of these animals.

Materials and methods

Animals and diets

Male C57BL/6/JUnib mice were obtained from breeding 
colonies of the Multidisciplinary Center for Biological 
Investigation on Laboratory Animal Science (CEMIB) of 
the University of Campinas (UNICAMP, Brazil). Animals 
were housed at 22 ±  1  °C in 12-h dark/light cycles with 
ad libitum access to food and water. Animals (6 to 8 weeks 
old) were divided into two groups. One group (control) 
was fed for 240  days (8  months) with a standard rodent 
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diet (Nuvital CR1, Colombo, Paraná, Brazil) (containing 
4.5 g % lipid, 53 g % carbohydrates and 23 g % protein). 
The second group (treated) was fed a high-fat (HF) diet 
(containing 21 g % lipid, 50 g % carbohydrate and 20 g % 
protein), with similar content of minerals, vitamins and fib-
ers found in the regular diet. Mice were used in accordance 
with the guidelines of the National Council for Animal 
Experimentation (CONCEA-MCTI, Brazil). All experi-
mental protocols used were approved by the Ethics Com-
mittee on Animal Use (CEUA) of UNICAMP under proto-
cols # 1885-1 and 3122-1.

Assessment of metabolic parameters

All animals were weighed before and after the diet period; 
values were expressed as the percentage of body weight 
gain relative to the initial body weight. Glycemia was 
determined using a glucometer (Accu-Chek Advantage II,® 
Roche Diagnostic, Mannheim, Germany) in blood samples 
collected from the tail of 12-h-fasted or 12-h-fed mice. The 
insulin tolerance test (ITT) was performed by intraperito-
neal injection of insulin (0.5 U/kg body weight of human 
insulin—Biohulin Biobrás® R, Montes Claros, MG, Brazil) 
in fed animals (Oliveira et  al. 2015). Subsequently, blood 
glucose was measured in blood samples collected from 
the tail at 0, 10, 15, 30 and 60 min after insulin adminis-
tration. The area under the glucose curve was estimated 
using GraphPad Prism version 5 for Windows (GraphPad 
Software, La Jolla, CA, USA). For determining insulinemia 
(at fed state), blood was collected from the cervical veins 
of euthanized animals in heparinized capillaries and, after 
centrifugation, plasma samples were stored at −20  °C. 
The level of plasma insulin was determined by radioim-
munoassay (RIA). All blood samples were collected during 
the period between 09:00 and 11:00 am.

Pancreatic islet isolation and static insulin secretion

Islets were isolated by collagenase digestion (EC 3.4.24.3, 
Sigma, St. Louis, MO, USA) (Carvalho et al. 2010). After 
separation with Histopaque 1077 (Sigma), pancreatic islets 
were individually collected under a dissecting microscope. 
Fresh islets were used for determining glucose-stimulated 
insulin secretion, or were homogenized in an anti-pro-
tease cocktail for immunoblotting, or added to RNAlater 
® (Applied Biosystems, Carlsbad, CA, USA) for real-time 
PCR (as described later).

To measure the static insulin secretion, pools of 5 islets 
were placed in microtubes and preincubated at 37  °C for 
30  min in Krebs–Ringer bicarbonate buffer (KRBB) con-
taining 115  mM NaCl, 5  mM KCl, 10  mM NaHCO3, 
2.5  mM CaCl2.2H2O, 1  mM MgCl2.6H2O and 15  mM 
HEPES, pH 7.4 plus 5.6 mM glucose and 0.3 % (w/v) BSA 

for 1 h at 37 °C in an incubator supplied with carbogenic 
mixture (95 % O2 + 5 % CO2). After careful aspiration of 
the buffer, islets were incubated for 1 h with the buffer sup-
plemented with 2.8 or 16.7 mM glucose. Aliquots of super-
natant (500 μl) were removed and stored at −20  °C for 
determination of insulin concentration determined by RIA 
(Carvalho et al. 2010).

Glucose‑induced calcium handling

After isolation, islets were pre-incubated in KRBB for 1 h 
at 37 °C in an incubator supplied with carbogenic mixture 
(95 O2 +  5  % CO2). Then, the solution was replaced by 
buffer containing 1  µM Fura-2, AM (Life Technologies, 
Eugene, Oregon, USA) and islets were incubated for addi-
tional 1 h. Then the islets were transferred to a glass cov-
erslip coated with polylysine, which was placed in a ther-
mostatically regulated open chamber (at 37 °C), adapted on 
the stage of an inverted microscope (Nikon UK, Kingston, 
UK). The islets were perfused with fresh KRBB (without 
BSA) at a flow rate of 1  ml/min. Images were acquired 
every 5 s with a camera (Hammamatsu Photonics Ibérica, 
Barcelona, Spain) in conjunction with a dual-filter wheel 
with a 340 and 380 nm bandpass filters (Sutter Instrument 
Company, Novato, CA). Data were collected using Image 
Master 5 software (PTI Systems, Birmingham, NJ). The 
frequency of oscillations was calculated during glucose 
11.1 mM perfusion and after the first peak. It was consid-
ered oscillation increments 10 times bigger than the vari-
ation in fluorescence observed during basal glucose con-
centration (at 2.8 mM glucose). The area under the curve 
was calculated during the period with medium at 11.1 mM 
glucose, after subtracting the basal values.

Histology and cytoarchitecture of pancreatic islets

After animal euthanasia, the pancreas was removed and 
fixed in 4 % paraformaldehyde (diluted in phosphate buff-
ered saline) for 24  h. The pancreas was sectioned into 
5 fragments (1–5 corresponding to the head and the tail 
region, respectively). Each fragment was processed by rou-
tine techniques for embedding in paraffin (Histosec tablets, 
Merck, Darmstadt, Germany). Semi-serial sections of 5 µm 
were cut (with 100  µm spacing between sections) until 
complete exhaustion of the block. The selected sections 
were stained with hematoxylin–eosin or processed for indi-
rect immunoperoxidase for insulin (Carvalho et al. 2006).

For morphometric analysis, all the islets and the pan-
creas sections were photographed and the images analyzed 
using stereology as previously described (Oliveira et  al. 
2015). The relative area of beta cells (as an estimate of beta 
cell mass) was determined by the sum of all insulin immu-
nostained-islet areas divided by the respective pancreas 
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section area using the software ImageJ (http://rsbweb.nih.
gov/ij/download.html). The rate of beta cell proliferation 
was determined by counting the number of insulin-positive 
cell nuclei within the islet. The beta cell size (µm2) was 
determined by dividing the absolute islet area by the beta 
cell number (Oliveira et al. 2015).

For the analysis of islet cytoarchitecture, the pancreas 
sections were processed for dual immunofluorescence for 
insulin and glucagon using a standard protocol (Oliveira 
et al. 2015). Alteration to the typical islet cytoarchitecture 
was evaluated by measuring the number of displaced or 
non-contiguous alpha cells in the peripheral mantle (around 
a core of beta cells in the islet). For that, a score system 
was used as previously described (Oliveira et  al. 2015). 
Each islet was given a score and averaged across experi-
mental groups.

The relative area occupied by alpha (glucagon-positive) 
and beta cells (insulin-positive) within the islet was also 
measured in the images of double-labeled islets using the 
ImageJ free software (http://rsbweb.nih.gov/ij/download.
html) and expressed as a percentage of the total islet area 
(Oliveira et al. 2015).

Localization of junctional proteins and F‑actin in the 
endocrine pancreas

Cellular location of junctional proteins (E-, N-, and VE-
cadherins, α- and β-catenins and ZO-1) in the pancreatic 
islets was determined by indirect immunofluorescence 
(Collares-Buzato et  al. 2004; Santos-Silva et  al. 2012). 
Briefly, pancreas sections were incubated overnight at 4 °C 
with the following primary antibodies (in 3 % dry skimmed 
milk in TBS): anti-E-cadherin (dilution 1:50, Abcam, Cam-
bridge, UK, cat no. 11512), anti-N-cadherin (dilution 1:50, 
Abcam, cat no 18203), anti-VE-cadherin (dilution 1:75, 
Abcam, cat no 33168), anti-ZO-1 (dilution 1:300; Zymed/
Invitrogen, Carlsbad, CA, USA; cat no 617300), anti-α-
catenin (dilution 1:600 Sigma, cat no c2081) or anti-β-
catenin (dilution 1:500, Zymed/Invitrogen, cat no. 138400). 
Tissues were then incubated with appropriate secondary 
antibodies conjugated with FITC (Sigma). When neces-
sary, co-localization of these proteins and insulin or gluca-
gon was performed by further incubating the pancreas sec-
tions for 1  h and 30  min with the polyclonal anti-insulin 
(dilution 1:100, Dako) or anti-glucagon antibody (dilution 
1:500, Sigma) followed by its specific polyclonal second-
ary antibody conjugated with TRITC (Sigma). In addition, 
co-localization of ZO-1 and CD31, an endothelial marker, 
was done in some pancreas sections using a primary anti-
body anti-CD31 (1:50 dilution, Life Technologies, cat 
no RM5200) and specific secondary antibody (Sigma). 
The cytochemistry for F-actin was done in 3.7 % formal-
dehyde-fixed and 0.1  %Triton-permeabilized pancreas 

cryosections, by incubating them with TRITC-labeled 
phalloidin (concentration 1 μg/mL; Sigma) for 2 h in PBS 
at 37 °C, in the dark. Finally, slides were mounted using a 
commercial antifading agent (Vectashield, Vector) and con-
focal laser scanning microscope was used for co-localiza-
tion studies (510 CLSM, Zeiss, Hamburg, Germany) and/or 
a fluorescence microscope coupled to a conventional sys-
tem for capturing images (Axio Observer-D1, Zeiss).

To evaluate fluorescence intensity and compare experi-
mental groups, pancreas sections from both groups were 
processed for immunofluorescence/histochemistry at the 
same time and analyzed at the same observation session, 
using identical confocal parameters for image capture. All 
images were analyzed using ImageJ free software (http://
rsbweb.nih.gov/ij/). For ZO-1 and β-catenin immunolo-
calization, total fluorescence values were expressed as islet 
integrated pixel density normalized against the area of the 
islet. For E-cadherin, N-cadherin, α-catenin, and F-actin, 
the integrated density of 50 points per islet placed at the 
intercellular region of the beta cells (co-immunolabeled 
insulin) was measured in all captured images (a total of 
1680–4200 points sampled per experimental group). For 
VE-cadherin, the linear area of the immunostaining for this 
protein was measured in pixels (using the GIMP free soft-
ware, http://www.gimp.org/) and normalized against the 
area of the islet (Image J) and expressed as pixels/islet area. 
For N-cadherin, the “Grid” ImageJ tool was used to deter-
mine the relative islet area containing cells with diffuse 
staining of the cytoplasm (instead of the usual intercellular 
location). This area value was normalized against the total 
area of the islet (expressed as arbitrary units), which was 
taken as an index of cell redistribution.

Western blot

Cellular content of junctional proteins was analyzed by 
Western blot on homogenates of pancreatic islets isolated 
as previously described (Santos-Silva et al. 2012). Approxi-
mately 300–400 islets isolated per group were sonicated 
in an anti-protease cocktail (composition: 10  mmol/L 
imidazole, pH 7.4, 4  mmol/L EDTA, 1  mmol/L EGTA, 
0.5  μg pepstatin A/mL, 200 KIU aprotinin/mL, 2.5  μg 
leupeptin/mL, 30  μg trypsin inhibitor/mL, 200  μmol/L 
DL-dithiothreitol, DTT, and 200  μmol/L phenylmethyl-
sulfonylfluoride (PMSF); Sigma). Aliquots of homogen-
ates (containing 50  μg total protein) were incubated for 
1  h at 37  °C in 30  % 5X concentrated Laemmli buffer 
(1  mol/L sodium phosphate, pH 7.8, 0.1  % bromophenol 
blue, 50 % glycerol, 10 % sodium dodecyl sulfate (SDS), 
and 2  % β-mercaptoethanol, Sigma) and then applied to 
an 8 or 10  % SDS-PAGE gel. Proteins were transferred 
to nitrocellulose membranes (Bio-Rad, Hercules, CA, 
USA). Membranes were stained with Ponceau S solution 

http://rsbweb.nih.gov/ij/download.html
http://rsbweb.nih.gov/ij/download.html
http://rsbweb.nih.gov/ij/download.html
http://rsbweb.nih.gov/ij/download.html
http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
http://www.gimp.org/
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(Bio-Rad) to confirm loading and transfer efficiency. Mem-
branes showing comparable lane staining for both groups 
were incubated with primary antibodies (the same used in 
the  immunofluorescence method), followed by incubation 
with appropriate secondary antibodies conjugated with 
peroxidase (Sigma). Immunoreactive bands were detected 
by chemiluminescence (SuperSignal West Pico Chemilu-
minescent kit Substrate, Pierce, Thermo Fisher Scientific, 
Waltham, MA, USA) and autoradiography. Membranes 
were reincubated with anti-β-actin antibody (Zymed/Invit-
rogen, 1:1500 dilution) and subsequently with the respec-
tive peroxidase- conjugated  secondary  antibody, as an 
internal total protein control. The optical density of the 
bands was analyzed using ImageJ free software (http://
rsbweb.nih.gov/ij/) and expressed as ratio of junctional 
protein/β-actin.

Real‑time PCR

Extraction of total RNA

Total RNA from biological triplicates per group (each one 
containing 300–400 isolated islets from 2 to 3 animals) was 
extracted with RNAqueous®-Micro Kit (Ambion®, WAus-
tin, Texas, USA), following the manufacturer’s guide-
lines. RNA purity and concentration were confirmed with 
a Nanodrop ND-1000 UV–Vis (Nanodrop Technologies, 
Wilmington, USA) reading at 260 nm and calculating the 
260/280 nm ratio. RNA integrity was analyzed by electro-
phoresis in a 0.8 % agarose gel in TBE buffer (90 mm Tris, 
90 mM boric acid, 50 mM EDTA, pH 8.0) in the presence 
of ethidium bromide and then stored at −80  °C for later 
use.

cDNA synthesis was performed using the ImProm Kit 
™ (Promega, Madison, USA) from 1 µg total RNA, accord-
ing to manufacturer’s instructions. The integrity of cDNA 
was verified as described above for RNA. cDNA was stored 
at −20 °C.

Primers

Primers were designed using Primer-BLAST from NCBI 
(National Center for Biotechnology Information, http://
www.ncbi.nlm.nih.gov) according to primer parameters 
(Table I; Supplementary material). Primers were tested for 
specificity of amplification by PCR. Primer amplification 
efficiency was tested using cDNA dilutions (10−1, 10−2, 
10−3, 10−4, 10−5) in triplicate. Amplification efficiency (E) 
for each gene was estimated by the equation E = 10 (−1/
slope) (Ramakers et  al. 2003), using SDS Software 1.3.1 
™ (Applied Biosystems®, California, USA). Efficiencies of 
90 and 110 % (−3.6 > slope > −3.1) were considered ideal 
for the calculation of relative expression.

For this assay, we used RPS29 as an endogenous con-
trol, which maintained the lowest variability among 3 genes 
tested for constitutive expression (rps29, actb, gapdh)(data 
not shown).

Analysis of relative gene expression by RT‑qPCR

RT-qPCR amplifications were performed in triplicate, using 
20  ng cDNA per reaction. Reactions were prepared with 
SYBR® Green PCR Master Mix (Applied Biosystems) 
primers (Forward and Reverse) and H2O DEPC Reaction 
conditions were 50 °C for 2 min, 95 °C for 10 min, 40 rep-
etitions of 95 °C for 15 s, 61.5 °C for 1 min followed by 
a final step of 95 °C for 15 s, 60 °C for 1 min and 95 °C 
for 30  s and 60  °C for 15  s on a 7500 Fast Real-Time 
PCR System7500 (Applied Biosystems, USA). Analysis 
was performed by Sequence Detection Software (SDS) 
v1.3 (Applied Biosystems). The relative quantity (RQ) 
was calculated using the 2-ΔΔCt (Livak and Schmittgen 
2001) comparative Ct method using the following for-
mula, QR =  E − ΔΔCt (where 2 is reaction efficiency, 
ΔΔCt = ΔCt treated − ΔCt control (Livak and Schmitt-
gen 2001) and ΔCt = Ct target gene − Ct reference gene.

Statistical analyses

Statistical differences between the two experimental groups 
were determined using Student’s t test (two-tailed) or the 
Mann–Whitney test (for data expressed as percentage). For 
multiple comparisons (as in the analysis of static insulin 
secretion and RT-qPCR), we used one-way ANOVA fol-
lowed by Bonferroni post-test. For statistical analysis of the 
frequency of cytoarchitecture change, the Chi-square test 
was used. All statistical analyses were performed using the 
GraphPad Prism Software version 5.00 (GraphPad Soft-
ware, USA). Data are presented as means + SEM, and the 
significance level was set at p < 0.05.

Results

Mice became obese and diabetic after prolonged 
exposure to high‑fat diet, although still displayed 
compensatory beta cell expansion

Figures  1 and 2 depict the data on metabolic parameters 
of the model presented. HF diet-fed mice displayed sig-
nificantly higher weight gain (170 %) (p < 0.0001) in com-
parison with the control group (37 %) at the end of the diet 
administration period. Additionally, animals fed a HF diet 
for 8 months showed a significant increase in postprandial 
and fasting glycemia (Fig. 1b, c, respectively) as well as a 
significant increase in plasma insulin relative to controls 

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
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(Fig.  1d). These metabolic changes were associated with 
significant insulin peripheral resistance (Fig. 1e; area under 
the curve of ITT).

Isolated islets from mice of the two experimental groups 
show no significant difference in insulin release after expo-
sure to basal glucose concentration (2.8  mM). However, 
the isolated pancreatic islets of HF diet- treated animals 
showed a significant impairment of insulin secretory func-
tion when stimulated with 16.7 mM glucose (3.9 ± 0.4 ng/
mL insulin/h) as compared to controls (7.1 ±  1.2  ng/mL 
insulin/h, p  <  0.01). In addition, islets isolated from HF 
diet-fed mice presented less glucose-induced oscillations 
in cytoplasmic calcium after the first peak provoked by 
the increase in glucose concentration (1.20 ±  0.23) than 
islets from control mice (1.95  ±  0.08; p  <  0.05). Also, 
we observed a tendency (p =  0.057) of a delay in cyto-
plasmic calcium increment (first peak) induced by 11 mM 
glucose in islets from HF diet-fed mice compared to islets 
from control mice (1.56  ±  0.13 vs. 1.19  ±  0.12  min, 

respectively). No differences in the amplitude of intracel-
lular calcium or in the area under the curve were observed 
between HF diet-fed and control mice.

Histology of islets from control (Fig. 3a) and HF diet-
fed (Fig.  3b) mice showed a similar morphology (ovate 
to rounded) with a parenchyma consisting of endocrine 
cells interspersed with capillaries. Immunohistochem-
istry of pancreatic islets for insulin (red) and glucagon 
(green) (Fig. 3c, d) followed by a semi-quantitative analy-
sis showed no significant difference in islet cytoarchitec-
ture between the groups (e, f). A significant increase in 
the relative volume of beta cells per pancreas (p  <  0.036 
Fig. 3i) and in the percentage of beta cells per islet in the 
treated group was observed (p  <  0.003; Fig.  3j) as com-
pared with the controls. This suggests an increase in beta 
cell mass as visualized in pancreas sections processed 
for insulin immunoperoxidase (Fig.  3g, control group vs. 
Fig. 3h, HF diet group). This apparent increase in beta cell 
mass after 8-month HF diet treatment is associated with 

Fig. 1   C57BL/6 mice become 
obese and diabetic after pro-
longed high-fat diet (HFd). HFd 
for 8 months induced a signifi-
cant increase (***p < 0.0001) 
in the body weight of mice in 
relation to control mice fed a 
regular diet a (control, n = 38; 
HF diet, n = 37). Postprandial 
and fasting blood glucose (pan-
els b and c, control n = 15–22; 
HF diet n = 16–22) as well as 
plasma insulin levels (at fed 
state) (panel d, control n = 25; 
HF n = 25) were also signifi-
cantly increased (*p < 0.020 in 
b; ***p < 0.0001 in c and 
**p < 0.006 in d) in HFd mice. 
The curve of the insulin toler-
ance test (ITT) showed larger 
(***p = 0.0001) AUC values in 
HFd mice e (control n = 8; HF 
n = 8). All data are expressed as 
means + SEM
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significant increase in number [HFd 83.5 ±  7.9 (246) vs. 
Control 54.5 ±  4.3  cells/islet (203  islets)] and size [HFd 
144.7 ± 4.1 μm2 (246) vs. Control 125.4 ± 2.7 μm2 (203 
islets)] of beta cells in comparison with control animals 
(p  <  0.003). There was also a significant decrease in the 
relative area of alpha cells in the islets of diabetic mice 
[11.06 ± 0.84 % (66) when compared with islets from the 
control group 15.82 ± 1.24 % (85)] (p < 0.003).

Altogether, the data indicate that prolonged HF diet 
exposure induces metabolic disturbances indicative of 
T2DM. While diabetics, the mice still display partial com-
pensatory beta cell expansion (hyperplasia/hypertrophy) 
associated with impairment of intracellular calcium signal-
ing and insulin secretion.

Cell distribution of intercellular junction‑associated 
proteins and F‑actin in pancreatic islets of diabetic 
animals

Immunofluorescence for AJ-associated (E-, N-, VE-cad-
herins) (Figs.  4, 5, 6) and adaptor proteins (ZO-1, α-  and 
β-catenins) (Fig.  7) showed strong intercellular labeling of 
islet cells. Among the junctional proteins analyzed, only 
N-cadherin was specific to the endocrine pancreas, being 
detected in both beta (insulin-secreting) and alpha (gluca-
gon-secreting) cells (Fig.  5e, f), while the others proteins 
were observed in both endocrine and exocrine parenchyma. 
VE-cadherin (Fig. 6a–d) and ZO-1 (Fig. 7a–d) were detected 
in the endothelium, being the VE-cadherin exclusively to 

Fig. 2   Pancreatic islets from diabetic mice show impairment of 
glucose-stimulated insulin secretion associated with a decreased 
intracellular calcium oscillations. a Islets from chow-fed control 
(open bars) or HFd-fed mice (black bars) were exposed to either 2.8 
or 16.7 mM glucose for 60 min. Islets from HFd mice (black bars) 
showed comparable values of basal insulin secretion in the pres-
ence of 2.8 mM glucose (G 2.8), but a significant decrease in insulin 
release when stimulated by 16.7 mM glucose (G 16.7) (**p < 0.01). 
The bars represent the means + SEM of 3 independent experiments 
(23–30 batches of 5 islets isolated from 6 mice per group). b Repre-

sentative curves of cytoplasmic calcium oscillations induced by glu-
cose in islets from control (gray line) or HFd-fed mice (black line). 
Before KRBB containing 11  mM glucose, the islets were perfused 
with KRBB containing 2.8  mM glucose (not shown). c Frequency 
of glucose-induced calcium oscillations during 11  mM glucose and 
after the first peak. d Augment in cytoplasmic calcium induced by 
11 mM glucose observed as the first peak in the figure b. e Area under 
the curve of 11 mM glucose subtracted from basal values. Data are 
means + SEM of 4 different mice. It was registered 2–4 islets from 
each mouse. *p < 0.05 versus Control; two-tailed unpaired t test in c
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the vascular compartment, as expected (Ahrens et al. 2003), 
and in the case of ZO-1, its association with vessels was 
confirmed by double immunolabeling with CD31 (Fig.  7a, 
inset), a recognized endothelial marker (Shim et al. 2015).   

Figure 4 shows images of islets that were double immu-
nolabeled for E-cadherin (green, 4a, c) and insulin (red, 
4b, d). The panels a and b show the same islet from control 
group, whereas the c and d figures present the same repre-
sentative islet for the diabetic group. Note that islets from 
diabetic mice showed a decrease in E-cadherin labeling at 
the intercellular region (Fig. 4c) that was statistically signifi-
cant in comparison with control islets as revealed by semi-
quantitative analysis (p < 0.0001; Fig. 4e), indicating pos-
sible internalization of this CAM. Nevertheless, as shown 
in Fig. 4f–h, immunodetection of E-cadherin in pancreatic 
islets lysates showed no significant difference in the total 
protein content of this adhesion molecule between groups. 

The apparent discrepancy between the immunohistochemis-
try and the Western blot data could be explained by nonrec-
ognition or decreased antibody binding after immunofluo-
rescence reaction as result of modification of the E-cadherin 
molecule structure during internalization (for instance by 
phosphorylation; Collares-Buzato et al. 1998; Lawler et al. 
2009; Singh et al. 2009), and/or “washing out” of intracel-
lular soluble E-cadherin fraction due to relatively poor pres-
ervation after acetone fixation (Hoetelmans et al. 2001).

Islets from diabetic mice showed a cellular redistribu-
tion of N-cadherin from the intercellular site toward the cyto-
plasm (Fig.  5b). This was confirmed quantitatively, as a sig-
nificant decrease in intercellular labeling of islet cells (Fig. 5c; 
p  <  0.0001) as well as a significant increase in islet area dis-
playing diffuse cytoplasmic labeling (Fig. 5d; p < 0.0001) were 
observed in HF-diet-fed mice. As mentioned before, both endo-
crine cells, beta- (e) and alpha (f) cells, expressed this CAM. No 

Fig. 3   Prolonged exposure to HFd induces beta cell area expan-
sion but no marked alteration to islet cytoarchitecture in mice. No 
marked changes in islet histology (a, b) and cytoarchitecture (dif-
ferential distribution of insulin-positive beta cells (red) and gluca-
gon-positive alpha cells (green) (c–f) were seen in mice after HFd in 
comparison with controls (255 islets analyzed of 4 animals/group). 
However, a significant increase in beta cell relative volume per pan-

creas (i) (*p  <  0.036) and in the percentage of beta cells per islet 
(j) (**p < 0.003) was observed, indicating an expansion of beta cell 
mass, as seen in pancreas sections processed by immunoperoxidase 
for insulin (arrows) after HFd (h) relative to controls (g) (6 pancreas 
sections/animal; n  =  4–6 animals/group). Scale bars a–b and c–d 
50 µm; g–h 500 µm
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significant difference in total islet content of N-cadherin was 
observed in islet homogenates of diabetic and control mice (g–i).

As shown in Fig. 6, an increase in VE-cadherin staining 
in pancreatic islets of diabetic animals (Fig. 6c) was seen 
as compared to the controls (Fig. 6a). This was confirmed 

by quantitative measure of the labeling area of VE-cad-
herin (in pixels) normalized by islet area (Fig. 6e). Accord-
ingly, a higher cell content for this CAM was detected in 
islet homogenates of diabetic mice relative to controls, by 
immunoblotting (Fig. 6f–h).

Fig. 4   Prolonged HFd decreases junctional E-cadherin, which is 
not accompanied by changes in protein level in beta cells of diabetic 
mice. Confocal images a–d of E-cadherin (green, a and c) co-labeled 
with insulin (red, b and d) in pancreatic islets of control (panels a and 
b) and HFd mice (panels c and d). Note that 8 months of exposure 
to HFd diminishes E-cadherin labeling (c) at the intercellular con-
tact region of beta cells (c, inset arrow) relative to controls (a, inset 
arrow) that was confirmed quantitatively (graph in e, ***p < 0.0001). 
All images are representative of islets of 6 animals per group from 

3 independent experiments. Insets are zoomed images (1 × Zoom). 
Scale bars 50 µm. Lysates of isolated islets were immunoblotted for 
E-cadherin (panel f). After stripping, the same membrane was reblot-
ted for anti-β-actin, for loading control (panel g). Islets from HFd 
mice showed no significant changes in E-cadherin levels in compari-
son with control islets (h). The bars represent the means + SEM of 5 
membranes from 5 independent experiments (n = 6 mice per group/
experiment)
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As depicted in Fig. 7, islets from diabetic mice showed 
a significant decrease in α-catenin immunolabeling at the 
intercellular contact region of beta cells as compared to 
islets of control mice (Fig.  7f, g). This was confirmed by 
quantitation of the junctional fluorescence degree within 
the islets from both experimental groups (Fig.  7j). How-
ever, ZO-1 (control, a–b; diabetic, c–d) and β-catenin (con-
trol, k–l; diabetic m–n) showed no statistically significant 
changes in islet distribution and total fluorescence degree 
between the two groups (Fig. 7e, o, respectively).

Islet homogenates from control and HF diet-fed mice 
were analyzed for ZO-1 (Fig.  8a–c), α-catenin (Fig.  8d–f) 
and β-catenin (Fig. 8g–i) protein expression by immunob-
lotting that showed no significant difference in the islet con-
tent of these proteins between the experimental groups.

Since it has recently been suggested that cadherin-
mediated adhesion, particularly through E- and N-cadher-
ins, induces reorganization of cortical actin in beta cells 

(Parnaud et  al. 2015), we went to see the F-actin distribu-
tion in pancreas sections of both experimental groups. As 
shown in Fig.  9, islet cells from diabetic mice displayed a 
significantly increased actin staining at the cell-to-cell contact 
region (Fig. 9b, inset) in comparison with those from control 
animals (Fig. 9a, inset), which was confirmed quantitatively 
(Fig. 9c).

RNAm expression of junctional proteins and insulin 
in pancreatic islets

Gene expression of junctional proteins, namely E-, N-, 
VE-cadherin, ZO-1, α-catenin, β-catenin, as well as insulin 
(isoforms 1 and 2) was assessed by qPCR in pools of pan-
creatic islets from control and HF diet-fed mice (Fig. 10). 
There was a statistically significant increase in gene 
expression of cdh5 (VE-cadherin, p  <  0.05), tjp1 (ZO-1, 
p < 0.05), ins1 and ins2 (p < 0.001).

Fig. 5   Prolonged HFd induces N-cadherin redistribution, which is 
not accompanied by significant change in protein level in beta cells 
of diabetic mice. Images a and b show confocal views of N-cad-
herin in pancreatic islets of control (a) and HFd mice (b). Note that 
8-month HFd induces redistribution of N-cadherin from the intercel-
lular region to the cytoplasm of beta cells (arrows), as revealed by 
a significant decreased immunofluorescence at the cell–cell contact 
region (c) associated with an increased area of cells displaying dif-
fuse cytoplasm labeling (d) in HFd islets as compared to control islets 

(***p  <  0.0001). In e and f, co-localization of N-cadherin (green) 
and insulin (red) and glucagon (blue). All images are representative 
of islets of 5 animals per group from 3 independent experiments. 
Scale bars 50 µm. Lysates of isolated islets were immunoblotted for 
N-cadherin (panel e). β-actin served as a loading control (panel f). 
Islets from HFd mice showed no significant changes in N-cadherin 
levels relative to controls (g). Bars represent the means + SEM of 6 
membranes from 6 independent experiments (n = 4 mice per group/
experiment)
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Discussion

The main focus of this study was to investigate the impact 
of long-term exposure to HF diet on the distribution/
expression of CAMs and associated proteins in pancreatic 
islet cells of mice. Modified diets, rich in fat, have been 
extensively used to induce obesity in rodents in order to 

study related metabolic alterations (Ahrén and Pacini 
2002; Herrera, 2009; Oliveira et  al. 2015; Peyot et  al. 
2010; Sandu et  al. 2005; Surwit et  al. 1988; Winzell and 
Ahrén 2004). Nevertheless, a flat comparison among these 
studies is usually difficult due to the differences found in 
the experiments with respect to nutritional composition 
and fat content of the diets (Sandu et al. 2005; Shirakawa 

Fig. 6   Increased level of intra-islet blood vessel-associated VE-cad-
herin was seen after prolonged exposure to HFd. Images a–d show 
VE-cadherin (green, a and c) and insulin immunostaining (red, b 
and d) in pancreatic islets of control (panels a and b) and HFd mice 
(panels c and d) by confocal microscopy. VE-cadherin was exclu-
sively found in endothelial cells. HFd induces enhanced islet labeling 
of VE-cadherin (c) in comparison with control group (a). Quantita-
tive assessment confirmed this (e, **p < 0.004) suggesting increased 

islet vascularization in diabetic mice. All images are representative 
of islets of 4–5 animals per group from 3 independent experiments. 
Scale bars 50  µm. Lysates from isolated islets were immunoblot-
ted for VE-cadherin (panel f). β-actin served as a loading control 
(panel g). Islets from HFd mice show a significant increase in VE-
cadherin protein levels relative to controls (h). The bars represent 
the means + SEM of 8 membranes from 5 independent experiments 
(n = 6 mice per group/experiment)
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Fig. 7   Prolonged HFd decreases α-catenin junctional content with-
out altering ZO-1 or β-catenin labeling in beta cells of diabetic mice. 
Images a–n show ZO-1 (green, a and c), α-catenin (green, f and h), 
β-catenin (green, k and m) and the corresponding insulin co-immu-
nostaining (in red) in pancreatic islets of control (panels b, g, l) and 
HFd mice (panels d, i, n) by confocal microscopy. Note that HFd 
islets have reduced labeling for α-catenin at the intercellular contact 
region of beta cells (h, i, inset, arrow) in comparison with control 

group (f, g, inset, arrow) that was confirmed quantitatively (graph in 
j, ***p < 0.001). However, no significant difference in ZO-1 (b vs. 
d and graph in e) and β-catenin islet labeling (l vs. n and graph in o) 
was observed. Inset in a shows colocalization of ZO-1 (green) and 
CD31 (magenta), an endothelial marker. All images are representative 
of islets of 4–6 animals per group from 5 independent experiments. 
Insets are zoomed images (1× Zoom). Scale bars 50 µm

Fig. 8   No significant change in islet content of ZO-1, α- and 
β-catenins was seen in diabetic mice. Lysates of isolated islets were 
immunoblotted for ZO-1 (a), α-catenin (d) and β-catenin (g). β-actin 
was used as a loading control (b, e, h). Islets from HFd mice show 

no significant changes in ZO-1 (c), α-catenin (f) and β-catenin lev-
els (i) in comparison with control islets. The bars represent the 
means  +  SEM of 7 membranes from 7 independent experiments 
(n = 8 mice per group/experiment)
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et  al. 2011) combined with differences in animal strains 
(Rossmeisl et  al. 2003; Surwit et  al. 1988), gender 
(Gómez-Pérez et al. 2008; Oliveira et al. 2015), and time 

frame of exposure to the diet used (Sone and Kagawa 
2005; Oliveira et  al. 2015). Taken this in consideration 
and the fact that there are relatively few works employ-
ing modified diets for prolonged periods (>6 months), we 
started this study by characterizing our animal model with 
respect to its metabolic state as well as the islet structure 
and beta cell function.

Severe impairment of the glucose homeostasis was 
observed in 8-month HF diet-fed animals that displayed, 
besides obesity, a significant insulin resistance associ-
ated with high fasting and postprandial hyperglycemia and 
moderate hyperinsulinemia. Morphological analysis of the 
endocrine pancreas of the HF diet-fed mice revealed no 
significant changes of islet appearance or cytoarchitecture, 
parameters that have been shown to be markedly altered in 
case of severe beta cell dysfunction and diabetes (Gomez-
Dumm et  al. 1990; Kai et  al. 2013; Kilimnik et  al. 2011; 
Kim et al. 2009; Sandu et al. 2005). However, a compensa-
tory expansion of beta cell relative area per pancreas, at the 
expense of a decrease in alpha cell area, was observed in 
mice on prolonged HF diet. The beta cell expansion, which 
was due to beta cell hyperplasia and hypertrophy, is prob-
ably a response to a greater demand for insulin to maintain 
homeostasis and counteract insulin resistance of peripheral 

Fig. 9   Increased cell contact-
associated F-actin was observed 
in islet cells of diabetic mice. 
Confocal images a and b show 
F-actin labeling with TRITC-
conjugated phalloidin in pan-
creatic islets of control (a) and 
HFd mice (b). Within the islet, 
cytoskeletal F-actin was found 
in endothelial cells (arrowheads 
indicate vessels) as well as at 
the contact region between islet 
cells (insets, arrows). Note an 
increased actin labeling in islet 
cells of diabetic mice (b, inset) 
as compared to control islet 
cells (a, inset). Quantitative 
assessment confirmed this (c, 
****p < 0.0001). All images 
are representative of islets of 
7–8 animals per group from 3 
independent experiments. Insets 
are zoomed images (1× Zoom). 
Scale bars 50 µm

Fig. 10   Effect of long-term HFd on the RNAm expression of junc-
tional proteins and insulin in  pancreatic islets from mice. mRNA 
expression was determined by qPCR in lysates of  isolated islets 
from HFd diabetic and control mice. HFd islets showed a significant 
increase in cdh5 (VE-cadherin, *p  <  0.05), tjp1 (ZO-1, *p  <  0.05), 
ins1 and ins2 (**p  <  0.001). Bars represent the means +  SD of 6 
mice per experiment from 3 to 4 independent experiments
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tissues in the HFd-treated mice (Kahn et al. 2006; Oliveira 
et al. 2015; Prentki and Nolan 2006).

Although we did not observe severe morphological 
changes in islets from HFd-fed mice, beta cells from these 
animals showed significant impairment of glucose-stim-
ulated insulin secretion, when stimulated with 16.7  mM 
glucose. A similar result was reported by others, showing 
a lower insulin response to high glucose concentrations in 
islets of female C57 mice fed a HF diet for 6 months, in 
comparison with controls (Winzell et  al. 2003). Intrigu-
ingly, in our animals, we found by qPCR that insulin 1 
and insulin 2 mRNAs were markedly upregulated (five-
fold the control level), that cannot be explained merely 
by the increase in proportion of beta cells within the islet 
observed, since this was relatively subtle (representing 
only an increment of 4.7 % above the control). Therefore, 
these data suggest a post-translational block or a failure in 
one or more steps of the insulin stimulus-secretion cou-
pling process after prolonged HF diet.

One of the crucial steps for insulin secretion is an 
increase in intracellular calcium (Ashcroft and Rorsman 
1989). In beta cells, calcium influx has an oscillatory pat-
tern which is synchronized with the rhythm of insulin 
secretion and contributes to its normal pulsatile pattern 
(Gilon et al. 1993). Loss of regularity of basal plasma insu-
lin oscillations is a well-known feature of type 2 diabetic 
patients (Bergsten 2000). In this study, we demonstrate 
for the first time that long-term exposure to HF diet sig-
nificantly diminished the frequency of Ca2+ oscillations 
induced by glucose in isolated islets. Accordingly, it has 
been reported that islets from ob/ob mice display a desyn-
chronization in calcium oscillations which was associ-
ated with perturbation of the pulsatility of insulin release 
(Ravier et al. 2002). Therefore, the alteration in intracellu-
lar calcium reported herein may one of the contributor fac-
tors to the reduction of insulin secretion observed in our HF 
diet-fed diabetic mice.

As compared with previous studies (using shorter-time 
exposure to HFd, such as 1–4 months)(Oliveira et al. 2015; 
Sone and Kagawa 2005), we described herein that 8-month 
treatment with a high-fat-containing diet induced more 
severe metabolic changes. This included a relatively high 
fast hyperglycemia (>130 mg/dL) associated with marked 
impairment of the stimulated insulin release, changes that 
were not reported after short exposure to HFd (Oliveira 
et al. 2015; Sone and Kagawa 2005). Nevertheless, in con-
trast with animals treated for 12 months with HFd, that dis-
played a significant decreased beta cell proliferation and 
mass (Sone and Kagawa 2005), our treated mice showed 
beta cell expansion and moderate hyperinsulinemia. There-
fore, 8-month exposure to HFd resulted in an established 
stage of T2DM in mice but still associated with partial 
compensatory beta cell expansion.

After metabolic characterization of our animal model, 
we went to investigate the islet distribution and content of 
cell junctional proteins (i.e., E-, N-, VE-cadherins, α and 
β-catenins and ZO-1) and the cytoskeletal F-actin to estab-
lish a possible link between T2DM-associated beta cell 
dysfunction and alteration/impairment of the CAM-medi-
ated cell–cell interactions within the endocrine pancreas. In 
control mice, we found that the CAMs and anchoring pro-
teins studied (i.e., E-, N-, VE-cadherins and ZO-1, α- and 
β-catenins) were relatively well expressed at the intercellu-
lar site of islet cells. We observed that ZO-1 and cadherins/
catenins are also expressed by cells of the exocrine paren-
chyma with the exception of N-cadherin that was exclusive 
to islet endocrine cells. Further, VE-cadherin, a well-known 
endothelial-associated cadherin (Ahrens et  al. 2003), was 
detected only in blood vessels found in both exocrine and 
endocrine pancreas.

In diabetic HF-fed mice, we observed a significant 
decrease in intercellular content of E-, N-cadherin and 
α-catenin within pancreatic islets by immunohistochemis-
try. E-cadherin has been extensively studied in the endo-
crine pancreas. Several studies have highlighted the impor-
tance of this adhesion molecule for insulin secretion and 
beta cell mass by means of down- or overexpressing this 
CAM in vitro and in vivo conditions. Increased expression 
of E-cadherin at the intercellular region or E-cadherin/E-
cadherin engagement are associated with augmented insu-
lin secretion, total protein and/or mRNA content of pre-pro-
insulin (Bosco et  al. 2007; Calabrese et  al. 2004; Carvell 
et al. 2007; Hauge-Evans et al. 1999; Parnaud et al. 2015; 
Yamagata et  al. 2002). MIN6 pseudoislets, which express 
relatively more E-cadherin, show a higher insulin secre-
tion than when these cells are organized as monolayers 
(Calabrese et al. 2004; Hauge-Evans et al. 1999). In addi-
tion, exposure of these cells to anti-E-cadherin neutralizing 
antibody inhibits glucose-stimulated insulin secretion from 
isolated islets (Calabrese et  al. 2004; Rogers et  al. 2007). 
Although currently under debate, the role of E-cadherin in 
the insulin secretory process may be indirect, influencing 
islet architecture, actin cytoskeleton remodeling or guaran-
teeing the structure of GJs, and thus intercellular commu-
nication (Carvell et  al. 2007; Parnaud et  al. 2015; Rogers 
et  al. 2007). Furthermore, E-cadherin appears to mediate 
proliferation and survival of beta cells, where low expres-
sion is associated with high proliferation capacity, involv-
ing reduction in p27Kip1 levels, a cyclin-dependent kinase 
inhibitor (Carvell et  al. 2007; Wakae-Takada et  al. 2013), 
while high expression of this CAM results in beta cell 
protection against apoptosis induced by cytotoxic agents 
such as pro-inflammatory cytokines (Ngamjariyawat et al. 
2013; Parnaud et  al. 2011; Shirakawa et  al. 2011). Yet, a 
possible activation of the canonical Wnt pathway may also 
be involved in cell proliferation mediated by E-cadherin 
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(Wakae-Takada et al. 2013). Therefore, data from the pre-
sent study show a decreased junctional E-cadherin con-
tent in conjunction with reduced junctional α-catenin in 
endocrine islet cells of diabetic mice may be related to the 
expansion (hyperplasia) of beta cells and reduced insulin 
secretory response (see below) found in these animals.

N-cadherin, whose function is not so well established in 
the endocrine pancreas, appears to perform a similar func-
tion to E-cadherin as regards insulin secretion and beta 
cell survival (Johansson et  al. 2010; Parnaud et  al. 2011, 
2015). In human pancreas, N-cadherin is restricted to beta 
cells and appears to be important for maintenance and via-
bility of this cell type (Parnaud et al. 2011). Nevertheless, 
according to our data on double labeling with glucagon, 
N-cadherin seems to be also expressed by non-beta cells 
(alpha cells) at least in mice. N-cadherin knockout mice 
displayed a relatively normal pancreatic morphogenesis 
and organogenesis but an impaired insulin secretion associ-
ated with a reduced number of beta cell secretory granules 
(Johansson et al. 2010). A direct role of N-cadherin, along 
with E-cadherin, in the insulin secretion process has been 
elegantly confirmed by Parnaud et  al. (2015). By using 
chimeric proteins made of functional N- and E-cadherin 
ectodomains fused to Fc fragment of immunoglobulin, 
they demonstrated that cadherin-to-cadherin engagement 
significantly increased insulin secretion in single beta cells 
in vitro. This phenomenon involved a decrease in cortical 
actin barrier at cell–cell contacting area that in turn would 
facilitate the access of insulin granules to the plasma mem-
brane and, therefore, insulin release (Parnaud et al. 2015). 
In order to investigate whether similar mechanism linking 
cadherin adhesion and actin remodeling would be observed 
in our in vivo model, we performed the phalloidin-labeling 
F-actin in pancreas sections of control and diabetic mice. 
Interestingly, we noticed an increase in F-actin labeling at 
beta cell contact region, which inversely correlated with 
the cadherin junctional content. Therefore, the decreased 
junctional E- and N-cadherin content observed in our dia-
betic mice is in agreement with their decreased secretory 
beta cell capacity, through possibly actin cytoskeleton 
remodeling.

Besides this decrease in junctional content, we found 
an increase in immunoreaction for N-cadherin at the cyto-
plasm in islet cells of diabetic mice. It is possible that the 
increase in cytoplasm content of this cadherin is result of 
a mere internalization of this protein from the intercellular 
compartment during this state, or alternatively the cytoplas-
mic N-cadherin may represent a pool of this molecule that 
is associated with cell structures or organelles (i.e., insulin 
granules; Johansson et al. 2010) whose function is yet to be 
determined.

The adhesive function of cadherins depends on their 
association with catenins (alpha, beta and gamma catenin 

and p120) and, in the absence of tight junction, also with 
ZO-1 (Aberle et al. 1996; Lewis et al. 1997; Miravet et al. 
2003; Perez-Moreno et al. 2003; Yin and Green 2004). Pre-
vious studies have shown that α/β-catenins and ZO-1 do 
not function solely as structural components, but also medi-
ate many cellular processes such as differentiation and pro-
liferation in other tissues (Benmerah et al. 2003; Conacci-
Sorrell et al. 2002; Murtaugh 2008; Spadaro et al. 2012) as 
well as in beta cells (Figeac et al. 2009). Our group demon-
strated that the maturation of the insulin secretory machin-
ery in  vitro and in  vivo occurs in parallel with increased 
expression of catenins and ZO-1 in pancreatic islets from 
newborn rats (Collares-Buzato et  al. 2004; Santos-Silva 
et  al. 2012). However, in the present work, we found no 
changes in the distribution and cellular content of β-catenin 
and ZO-1 in the islets of diabetic animals. Only α-catenin 
showed a decrease in immunostaining in the intercellular 
region in beta cells.

Additionally, we observed a significant increase in 
VE-cadherin immunoreactivity, islet protein content and 
RNAm expression in pancreatic islets of diabetic mice. 
VE-cadherin is expressed by endothelial cells and found 
exclusively at the adherens junction of endothelium of 
other organs (Ahrens et al. 2003; Breier et al. 1996; Corada 
et al. 1999; Dejana et al. 2001) and also in vessels of pan-
creas as reported here. ZO-1 also showed a similar staining 
pattern to VE-cadherin, suggesting an association of this 
protein with the vascular compartment in the pancreas (as 
confirmed by the co-localization with CD31), in addition to 
its presence at the intercellular contact region of pancreatic 
endocrine cells. Interestingly, we observed also an increase 
in mRNA expression of ZO-1 in the islets of HFd-fed mice. 
All together, these data strongly suggest an increase in vas-
cularization of pancreatic islets in diabetic mice. Pancreatic 
islets are highly vascularized, which is directly related to its 
endocrine function. Several animal models of insulin resist-
ance demonstrate vessel neogenesis (angiogenesis) and/
or dilatation of existing vessels within islets (Agudo et al. 
2012; Dai et al. 2013). Endothelial cells are involved with 
oxygen and nutrient supply to the endocrine cells but also 
appear to induce insulin expression, promote cell prolifera-
tion, and produce vasoactive, angiogenic and growth fac-
tors (reviewed by Zanone et al. 2008). Conversely, the beta 
cell-derived VEGF-A (vascular endothelial growth factor) 
induces capillary network formation and increases fenes-
tration of the endothelium, resulting in increased vascular 
permeability (Zanone et al. 2008). Additionally, it has been 
shown that hyperglycemia leads to an increase in blood 
flow and islet capillary pressure (Zanone et al. 2008). This 
increase could, over time, contribute to the damage of the 
endothelium and thickening of the capillary wall, thereby 
decreasing perfusion of the islets. It is noteworthy that 
hyperglycemia induces the production of NO (nitric oxide) 
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by the endothelium, which may result in cytotoxicity to the 
islets and thus impair insulin secretion (Henningsson et al. 
2002; Zanone et al. 2008). Therefore, increased vasculari-
zation (as revealed by increased VE-cadherin islet expres-
sion) may be associated with the beta cell hyperplasia (con-
sidering the positive feedback of the endothelium upon beta 
cell proliferation) (Duvillie et al. 2002; Zanone et al. 2008) 
as well as with the impairment of insulin secretion (con-
sidering the release of deleterious endothelial factors under 
high glucose concentration) (Zanone et al. 2008) found in 
our diabetic mice.

In conclusion, our results showed that C57BL/6 mice 
after long-term exposure to HFd displayed metabolic mani-
festations of T2DM associated with an impaired glucose-
stimulated insulin secretion by beta cells. The present work 
showed for the first time that the distribution/expression of 
N-, E- and VE-cadherins as well as α-catenin and F-actin in 
islet cells were significantly altered in obese and diabetic 
mice, which may be relevant to the T2DM pathogenesis. 
However, it remains to be determined whether these altera-
tions in junctional protein distribution in the islets from 
HFd-fed mice are a cause or effect of beta cell changes 
seen during the pre-diabetic and diabetic condition. Jonas 
et al. (1999) demonstrated that chronic exposure to hyper-
glycemia triggers loss of beta cell differentiation in an 
animal model of diabetes. This suggests that alterations in 
the present study may be a consequence of cell dedifferen-
tiation as this process is directly associated with junctional 
protein loss in other organs (Cannito et al. 2010; Luebke-
Wheeler et al. 2009; Luther et al. 2005). However, experi-
mental evidence indicates that junctional proteins may 
interfere directly with intercellular communication (Cala-
brese et al. 2004; Carvell et al. 2007; Rogers et al. 2007), 
beta cell proliferation/survival (Carvell et al. 2007; Parnaud 
et  al. 2011; Wakae-Takada et  al. 2013), and biosynthesis 
and release of insulin (Calabrese et  al. 2004; Green et  al. 
2015; Hauge-Evans et al. 1999; Johansson et al. 2010; Par-
naud et  al. 2015). Therefore, a causal effect of junctional 
protein changes in diabetes-associated beta cell dysfunction 
is also plausible. One possible mechanism was suggested 
herein linking, for the first time, a relatively low E- and 
N-cadherin junctional content, a high submembranous actin 
content and impaired glucose-induced insulin release of 
beta cells in diabetic mice. Future studies employing trans-
genic and/or knockout mice for specific junctional proteins 
exposed to HFd may provide a valuable tool to investigate 
the exact role of beta cell–beta cell contact in the pathogen-
esis of T2DM.
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