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Abstract
Purpose In type 2 Diabetes, β-cell failure is caused by loss of cell mass, mostly by apoptosis, but also by simple dysfunction
(dedifferentiation, decline of glucose-stimulated insulin secretion). Apoptosis and dysfunction are caused, at least in part, by
glucotoxicity, in which increased flux of glucose in the hexosamine biosynthetic pathway plays a role. In this study, we
sought to clarify whether increased hexosamine biosynthetic pathway flux affects another important aspect of β-cell phy-
siology, that is β-cell–β-cell homotypic interactions.
Methods We used INS-1E cells and murine islets. The expression and cellular distribution of E-cadherin and β-catenin was
evaluated by immunofluorescence, immunohistochemistry and western blot. Cell–cell adhesion was examined by the
hanging-drop aggregation assay, islet architecture by isolation and microscopic observation.
Results E-cadherin expression was not changed by increased hexosamine biosynthetic pathway flux, however, there was a
decrease of cell surface, and an increase in intracellular E-cadherin. Moreover, intracellular E-cadherin delocalized, at least
in part, from the Golgi complex to the endoplasmic reticulum. Beta-catenin was found to parallel the E-cadherin redis-
tribution, showing a dislocation from the plasmamembrane to the cytosol. These changes had as a phenotypic consequence a
decreased ability of INS-1E to aggregate. Finally, in ex vivo experiments, glucosamine was able to alter islet structure and to
decrease surface abundandance of E-cadherin and β-catenin.
Conclusion Increased hexosamine biosynthetic pathway flux alters E-cadherin cellular localization both in INS-1E cells and
murine islets and affects cell–cell adhesion and islet morphology. These changes are likely caused by alterations of
E-cadherin function, highlighting a new potential target to counteract the consequences of glucotoxicity on β-cells.
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Introduction

In type 2 Diabetes, β-cell failure is caused by loss of cell
mass, mostly by apoptosis, but also by simple dysfunction
(downregulation of specific gene expression, decline of
glucose-stimulated insulin secretion) [1, 2]. Apoptosis and
dysfunction are caused, at least in part, by glucotoxicity, in
which increased flux of glucose in the hexosamine
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biosynthetic pathway (HBP) plays a role [3, 4]. Increased
flux in the HBP is very efficiently exerted by a glucosamine
(GlcN) treatment. In adipocytes. GlcN is 40 times more
potent than glucose in mediating insulin resistance [5]. In
addition, GlcN directly and selectively enters the HBP at the
level of GlcN-6-Phosphate. As such, GlcN is a useful tool
for studying the effects of increased HBP flux.

We have shown that increased HBP flux elicited a
dedifferentiating response in β-cells, including pancreatic
and duodenal homeobox 1 (PDX1), insulin1 and glut2
genes [6], and, interestingly, inhibits differentiation also in
another insulin-sensitive cell, the adipocyte [7]. However,
it is well known that β-cells-β-cells interactions and com-
munications are crucial for normal β-cell function. A pro-
minent role in β-cell–β-cell communications is exerted by
connexins that cluster at gap junction domains of the β-cell
membrane [8–12].

However, structural interactions are important as well
[11]. E-cadherin plays an important role in β-cell–β-cell
interactions both in pancreas development in vivo [13]
and, in vitro, in cell adhesion in monolayer cultures
[14, 15] and pseudoislets formation [8]. E-cadherin
expression at the surface of islet rat β-cells is controlled
by secretagogues including glucose and correlates with
insulin secretion [16]. The MIN6 cell line sub-clone (C3)
has been identified with reduced glucose stimulated insulin
secretion (GSIS) and down-regulated E-cadherin expres-
sion [17]. Moreover, in rat pancreatic islets, increased
expression of the adherens proteins α- and β-catenin is
correlated with increased GSIS [18]. Analogously,
homologous and heterologous intercellular contacts have a
significant impact on insulin secretion in human β-cells
[19, 20]. Moreover, E-cadherin affects gap junction com-
munication, suggesting a cross-talk between the two type
of junction [21, 22].

In this study we sought to clarify whether increased HBP
flux affects β-cell–β-cell adhesion and if this may participate
in β-cell dysfunction and altered islet physiology.

Materials and methods

Materials

Media, sera and antibiotics were purchased from Invitrogen
(Paisley, UK). Chemicals were from Sigma- Aldrich (St
Louis, MO, USA). Glucosamine was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibodies were
anti-E-cadherin and anti-β-catenin (Cell Signaling, Danvers,
MA, USA), anti-calnexin (Invitrogen, Waltham, USA),
anti-β-actin (monoclonal; Sigma), anti-GS28 protein [23]
(a gift of Dr. S. Bonatti). Collagenase P was from Roche
Applied Science (Penzberg, Germany).

Cell culture

The clonal beta cell line INS-1E was used between passages
54 and 95. INS-1E cells were cultured in a humidified
atmosphere containing 5% (vol./vol.) CO2 in complete
medium composed of RPMI 1640 supplemented with
5% (vol./vol.) heat-inactivated FCS, 1 mmol/l sodium pyr-
uvate, 50 μmol/l 2-mercaptoethanol, 2 mmol/l glutamine,
10 mmol/l HEPES, 100 U/ml penicillin and 100 μg/ml
streptomycin. The maintenance culture was split once a
week and cells were seeded at 3 × 106 cells/ 75 cm2 in
Falcon bottles (BD Biosciences Labware, Franklin Lakes,
NJ, USA). The potential presence of mycoplasma was
regularly checked using a photometric enzyme immu-
noassay (Roche, Penzberg, Germany). For most experi-
ments, INS-1E were seeded at 2 × 105 cells/ml in Falcon 24
well plates and used 4 to 5 days thereafter, with one med-
ium change on day 3 or 4.

Immunofluorescence

1.5 × 105 cells were plated on 12 mm diameter glass cov-
erslips. 48 h later, cells were vehicle-treated or treated with
7.5 mM GlcN for 24 h. Cells were fixed for 20 min with 3%
paraformaldehyde (Sigma) in PBS containing 0.9 mM
CaCl2 and 0.5 mM MgCl2 (PBS-CM) at room temperature,
washed twice in 50 mM NH4Cl in PBS-CM and twice in
PBS-CM. Cells were permeabilized for 5 min in 0.5%
Triton-X100 (Bio-Rad) in PBS-CM and incubated for
30 min in 0.5% gelatin (Sigma) in PBS-CM. Cells were
then incubated for 1 h with the primary antibodies (anti-E-
cadherin 1:100, anti- β-catenin 1:100) diluted in 0.5% BSA
(Sigma) in PBS. After three washes with 0.2% gelatin in
PBS-CM cells were incubated with the second primary
antibodies (anti-calnexin 1:100, anti-GS28 1:50) for 1 h.
After three washes with 0.2% gelatin in PBS-CM cells were
incubated for 20 min with the appropriate rhodamine- or
fluorescein-tagged goat anti-mouse or anti-rabbit antibody
(Jackson ImmunoResearch, West Grove, PA), diluted 1:50
in 0.5% BSA in PBS. After final washes with PBS, the
coverslips were mounted on a microscope slide and exam-
ined with a Zeiss 510 confocal laser scanning microscope.
Samples were observed by three investigators, without
knowledge of the experimental conditions.

Immunohistochemistry

After being isolated, the islets, sedimented in an eppendorf
tube, were fixed in 4% paraformaldehyde for 15 min.
Subsequently, three washes in PBS and inclusion in 1%
agarose in H2O were performed. The polymerized agarose
was finally embedded in paraffin. Immunohistochemistry
was performed following a standard avidin–biotin
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complex procedure. Briefly, serial sections were cleared of
paraffin in xylene overnight, incubated in 0.3% hydrogen
peroxide diluted in methanol for 1 h to inactivate endo-
genous peroxidases, rehydrated through graded alcohol
baths and blocked in 5% normal goat serum, diluted in
TBS, for 1 h. Subsequently, sections were incubated
overnight with anti-E-cadherin at ratio of 1:100, or anti-
β-catenin at a ratio of 1:100, both in 1% BSA diluited in
TBS, at 4 °C. Finally, the slides were incubated with
biotinylated secondary antibody at a 1:1000 diluition in
1% BSA in TBS, for 1 h at room temperature. After three
10-minute washes in TBS, to visualize the formation of the
antigen-antibody complex, sections were incubated for 1 h
with extravidin peroxidase diluted 1:1500 in 1% BSA in
TBS, and color development was obtained with 3,3′-dia-
minobenzidine in presence of 2 mmol/L hydrogen per-
oxide. As a negative control, tissue slides were incubated
with non-immune serum.

Western blots analysis

Western blots were carried out as previously reported [24].
Briefly, cells were plated in 60 mm diameter plates to about
50% confluence 48 h before harvesting. After evaluation of
protein content, 30 μg of cell extract was analyzed by SDS-
PAGE and electrotransferred to polyvinylidene difluoride
membrane. Blocking was for 15 h at 4 °C with Tris-buffered
saline-Tween 20 (TBST) buffer (10 mM Tris [pH 8.0],
150 mM NaCl, 0.1% Tween 20) containing 10% nonfat dry
milk, followed by incubation in TBST buffer for 2 h at room
temperature with a 1:1000 dilution of anti-E-cadherin and
anti-β-catenin, 1:5000 anti-β-actin. After being washed with
TBST, the blot was incubated for 1 h at room temperature
with antirabbit horseradish peroxidase-conjugated anti-
bodies diluted 1:3000 in TBST. Band detection was by
enhanced chemiluminescence. The molecular mass markers
were from Sigma.

Cell–cell adhesion assays

Cell–cell adhesion was examined by using the hanging-
drop aggregation assay. Sub-confluent INS-1 cells were
subjected to 5 mM and 7.5 mM GlcN treatments for 24 h.
Cells were detached with 0.5% tripsin-EDTA and
washed with PBS twice, then rendered into single-cell
suspension by three gentle passes through a 27-gauge
needle. The single-cell suspension of 1 × 104 cells in
30 ml of solution was suspended as a hanging drop from
the lid of a 24-well culture dish and allowed to aggregate
overnight at 37 °C in 5% CO2 with humidity, either in
presence or absence of GlcN. Samples were observed by
three investigators, without knowledge of the experi-
mental conditions.

Islet isolation

Islets were isolated from 6-month-old C57Bl/6J mice.
Animals were killed by cervical dislocation, the fur was
soaked with ethanol and the abdomen was opened. The
pancreas was inflated by KRBH injection and excised.
The excised pancreas was washed twice with KRBH and
digested with collagenase P in a water bath (37 °C), sha-
ken by hand for 5–8 min. The digested pancreas was
treated with Dnase I. The islets were handpicked under a
stereo-microscope and cultured for 24 h in complete
RPMI 1640 medium. They were treated with 5 mM GlcN
beginning 24 h after isolation. Islets were observed by
three investigators, without knowledge of the experi-
mental conditions.

Cell viability assay

The conversion of MTT (3-(4,5-dimethylthiazol-2-yl)- 2,5-
diphenol tetrazolium bromide) by murine islet was used as
an indicator of cell viability. Murine islets were isolated and
treated with 5 mM GlcN for 72 h, as described above. After
gentle centrifugation (100 × g, 5 min.) islets were incubated
in 1 ml of culture medium plus MTT to a final concentration
of 0.5 mg/ml. After a 3-h incubation, medium was removed
and islets were lysed in acidified isopropanol/HCl 0.04 N.
The lysates were subsequently read on a spectrophotometer
at 550 nm (Bio-rad, Richmond, CA, USA). The results were
expressed as percent viability compared to control.

Results

Following GlcN treatment total E-cadherin
expression did not change but there was an increase
of E-cadherin intracellular pool

GlcN elicits a dedifferentiating response in INS-1E cells
(decreased expression of Ins1, Glut2, and Pdx1 genes),
profoundly inhibits GSIS, while does not affect β-cell via-
bility [6]. In this study we sought to clarify whether GlcN
affects β-cell–β-cell adhesion. We first checked if GlcN
decreased the expression of E-cadherin. Contrary to our
expectations, GlcN, at various concentration, including that
able to inhibit differentiation and GSIS in INS-1E cells
(7.5 mM) [6], did not change E-cadherin expression (Online
Resources 1). Next, we evaluated the hypothesis that GlcN
changed E-cadherin cellular distribution. We studied the
cellular distribution of E-cadherin by immunofluorescence.
In normal conditions E-cadherin is localized mostly on
plasmamembrane with a minor intracellular pool localizing,
in part, in the Golgi, as evidenced by some overlaps between
E-cadherin and GS28 (a Golgi marker) signals (Fig. 1).
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Following a GlcN treatment there was a loss of the plas-
mamembrane E-cadherin staining and a gain of a diffuse
intracellular staining. As a result, there was a loss of overlap
between E-cadherin and GS28 (Fig. 2, and Online Resources
2, 3, 4 vs 5, 6, and 7). Next, we sought to clarify, at least

partially, the intracellular site of localization of E-cadherin
following GlcN treatment. Thus, we doubly stained cells
with E-cadherin and calnexin, a marker of the ER. As shown
in Online Resources 8, 9, 10 vs 11, 12, 13, and 14, while in
control condition there was no overlap between E-cadherin

Fig. 1 In normal conditions
E-cadherin is localized mostly
on plasmamembrane with a
minor intracellular pool
localizing in the Golgi. INS-1E
cells were grown on glass
coverslips for 48 h, then were
vehicle-treated for 24 h. Cells
were double-stained with anti-E-
cadherin and anti-GS28 (a Golgi
marker) antibodies. n= 3

Fig. 2 Following GlcN
treatment there was a decrease of
the plasmamembrane
localization, a gain of a diffuse
intracellular and a loss of the
Golgi localization. INS-1E cells
were grown on glass coverslips
for 48 h, then were treated with
7.5 mM GlcN for 24 h. Cells
were double-stained with anti-E-
cadherin and anti-GS28 (a Golgi
marker) antibodies. Following
GlcN treatment there was a
decrease of the
plasmamembrane localization, a
gain of a diffuse intracellular
and a loss of the Golgi
localization. n= 3
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and calnexin, following GlcN treatment such an overlap
appeared, although it was partial.

These data indicate that following a GlcN treatment
E-cadherin decreased at the plasmamembrane and the
intracellular E-cadherin pool shifted from the Golgi to, in
part, the ER.

Following GlcN treatment the total amount of
β-catenin decreased and the cytosolic β-catenin
increased

Since E-cadherin interacts through a core region of 30
amino acids within its cytoplasmic C-terminus domain with
β-catenin [25], we analyzed the total amount of β-catenin

after GlcN treatment. β-catenin slightly decreased following
a GlcN treatment (Fig. 3). Next, we sought to determine if
GlcN also changed the cellular distribution on β-catenin.
Thus, we performed immunofluorescence studies. By
immunofluorescence, following a GlcN treatment there was
the appearance of β-catenin in the cytosol, with a high
percentage of cells becoming positive for cytosolic
β-catenin (Fig. 4a, b, arrows).

GlcN decreased cell–cell adhesion

We reasoned that the above-described changes in
E-cadherin and β-catenin cellular distribution induced by
GlcN could have a phenotypic impact, specifically on the

Fig. 3 Following GlcN treatment the total amount of β-catenin
decreased. Sub-confluent INS-1E cells were mock treated or treated
with 7.5 mM GlcN for 48 h. Cell extracts were evaluated for protein
content and resolved by SDS-PAGE, blotted, and probed for β-catenin

and actin. Following GlcN treatment total β-catenin decreased. The
graph represents the media ± SD of three independent experiments.
The difference between treated and control cells was evaluated using
Student’s t test. p < 0.05 was considered significant. *p < 0.05. n= 3

Fig. 4 Following GlcN treatment cytosolic β-catenin increased. INS-
1E cells were grown on glass coverslips for 48 h, then were vehicle-
treated (a) or treated with 7.5 mM GlcN for 24 h (b). Cells were
stained with anti-β-catenin antibodies. Yellow arrows in the control

cells indicate cells without intracellular β-catenin, red arrows in treated
cells indicate cells with intracellular β-catenin. Following GlcN
treatment there was the appearance of intracellular β-catenin. n= 2
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strength of cell–cell interaction. To verify this hypothesis,
INS-1E cells treated or not treated with GlcN were sub-
jected to the hanging drop assay in the presence of Ca+2 to
evaluate cadherin-dependent cell–cell adhesion. As shown
in Fig. 5, 5 and 7.5 mM GlcN decreased cadherin-dependent
cell-cell adhesion, suggesting that the above-described
changes produced a functional defect of E-cadherin.

Taken togheter, these data suggest alterations in the E-
cadherin/β-catenin complexes that affect cell-cell adhesions.
Interestingly, at the same concentrations and times used
here, GlcN inhibits GSIS, without affecting cell viability [6].

GlcN altered islet structure

Next, we sought to verify if the GlcN effects on INS-1E cells
could be present in ex vivo experiments. Thus, murine islets
were isolated and treated with GlcN as outlined in “Materials
and methods”. As shown in Fig. 6, GlcN treatment caused an
alteration of islet structure, most evident at islet periphery,
where it assumed the features of structure disaggregation. In
Fig. 6 is present the sequence of morphologic stages leading to
disruption of islet architecture, probably reflecting different
sensitivity of different islet to the GlcN effect. Thus, the black

Fig. 5 Following GlcN
treatment there was a decrease of
cell-cell adhesion. Sub-confluent
INS-1E cells were either mock
treated (control, A) or subjected
to 5 mM (B, C) and 7.5 mM
GlcN treatments for 24 h (D, E).
Then were subjected to the
hanging-drop aggregation assay
as outlined in Materials and
Methods, either in presence
(+GlcN, C, E) or absence of
GlcN (B, D). GlcN caused a
dramatic decrease of cell-cell
adhesion. n= 3

Fig. 6 Following GlcN
treatments there was an
alteration of islet structure.
Murine islets were isolated as
outlined in Materials and
methods. They were treated with
5 mM GlcN beginning 24 h after
isolation, for 72 and 96 h. Islets
were observed and
photographed by three
investigators, without
knowledge of the experimental
conditions. Black arrow
indicates an insula preserving a
normal morphology after GlcN
treatment, yellow arrow
indicates an insula with initial
alterations of morphology, red
arrow indicates an insula with an
higher degree of alteration of
morphology. n= 4
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arrow indicates an insula preserving a normal morphology after
GlcN treatment, the yellow arrow indicates an insula with
initial alteration of morphology, and the red arrow indicates an
insula with an higher degree of alteration of morphology. Next,
we sought to exclude that the observed islet cell disaggregation
after 72 h exposure to GlcN might be due to cell death, by
performing viability assays with MTT. Thus, islets were iso-
lated, treated with GlcN for 72 h, photographed (Fig. 7, upper
panels), gently sedimented and subjected to MTT assay. As
shown in Fig. 7, lower panel, treatment with GlcN for 72 h, did
not decrease cell viability (while affected islet aggregation,
upper panel). Finally, we sought to investigate E-cadherin and
β-catenin abundance at the plasmamembrane also in islet cells.
To do this, we adopted, a GlcN treatment of 48 h (the
experimental condition associated to islet ER stress,

dedifferentiation, and beta cell functional impairment [6]), and
an immunohstochemistry approach, given the difficulty/
inability of islets to attach to glass coverslips. As shown in
Figs. 8 and 9, GlcN caused a dramatic decrease of E-cadherin
(Fig. 8) and β-catenin (Fig. 9) abundance at the plasmamem-
brane of islet cells.

Discussion

In this study we have examined the effects of increased HBP
flux by GlcN on the cellular distribution and function of
E-cadherin in INS-1E cells. We show that GlcN alters the
intracellular distribution of E-cadherin and β-catenin. More-
over, the cadherin-dependent cell-cell adhesion is dramatically

Fig. 7 Following GlcN treatment viability of islet cells was not altered.
Murine islets were isolated as outlined in Materials and methods. They
were treated with 5 mM GlcN beginning 24 h after isolation, for 72 h.
Islets were observed and photographed (upper panels) by three
investigators, without knowledge of the experimental conditions. After
a gentle centrifugation were subjected to MTT assay. The treatment

did not decrease cell viability (lower panel) (while decreased islet
aggregation, upper panels). The graph represents the media ± SD of
three independent experiments. The difference between treated and
control cells was evaluated using Student’s t test. p < 0.05 was con-
sidered significant. n= 3. There was a very slight difference between
control and treated islets. p= 0.13
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decreased. Finally, the structure of murine islets is altered, the
plasmamembrane abundance of E-cadherin and β-catenin is
decreased in islet cells, but cell viability is preserved.

Islets of Langerhans play a crucial role in regulating glucose
metabolism and their function is crucially dependent on the
islet cell-islet cell contacts. Dispersed cells poorly respond to
glucose for insulin secretion but their responsiveness can be
restored upon reaggregation of the islet cells [26, 27]. This
integrated response effect has been ascribed to the function of

two family of proteins, cadherins and connexins. Intra-islet cell
communication is crucial in coordinating appropriate release of
insulin and is largely achieved through connexins (gap-junc-
tion) mediated communication [8–12].

However, also adherens junctions-mediated contacts play
a role. E-cadherin is the principal adhesion molecule found
in the insulin-secreting islet β-cells and plays a pivotal role
in both acquisition and maintenance of cell-cell contacts and
islet architecture. Thus, E-cadherin is crucial both in

Fig. 8 Following GlcN treatment of islet the abundance of plasma-
membrane E-cadherin decreased. Murine islets were isolated as out-
lined in Materials and methods. They were treated with 5 mM GlcN
beginning 24 h after isolation, for 48 h (the experimental condition

associated to islet ER stress, dedifferentiation, and beta cell functional
impairment [6]). Islets were embedded in paraffin and subjected to
immunohistochemistry as outlined in “Materials and methods”. n= 3

Fig. 9 Following GlcN treatment of islet the abundance of plasma-
membrane β-catenin decreased. Murine islets were isolated as outlined
in Materials and methods. They were treated with 5 mM GlcN
beginning 24 h after isolation, for 48 h h (the experimental condition

associated to islet ER stress, dedifferentiation, and beta cell functional
impairment [6]). Islets were embedded in paraffin and subjected to
immunohistochemistry as outlined in “Materials and methods”. n= 3

Endocrine



pancreas development in vivo [13] and, in vitro, in cell
adhesion in monolayer cultures [14, 15] and pseudoislets
formation [8]. In addition, a close relationship is present
between E-cadherin expression and glucose-stimulated
insulin secretion. E-cadherin expression at the surface of
islet rat β-cells correlates with insulin secretion [16]. The
MIN6 cell line sub-clone (C3) has been identified with
reduced glucose evoked insulin secretion and down-
regulated E-cadherin expression [17]. The decline of
glucose-induced insulin secretion that follows islet dispersal
is coupled with decreased E-cadherin expression [28].
While it is not clear if the contribution of E-cadherin to
insulin secretion is a direct effect on the secretory process or
is secondary to its effect on islet architecture, nevertheless,
alterations in E-cadherin expression and/or function impact
on β-cell integrated response for insulin secretion.

Hyperglycemia has several negative consequences on
β-cell function. Hyperglycemia and increased HBP flux by
GlcN have been reported to play a role in beta-cell dysfunc-
tion through multiple mechanisms. Thus, glucotoxic β-cells
show decreased expression of several β-cell specific genes
such as insulin, GLUT2, glucokinase [6, 29–33]. In addition,
the glucotoxic β-cells show impaired secretory vesicle fusion
[34]. Finally, since secreted insulin has a positive effect on
insulin transcription [35, 36], the glucotoxic effects may
interrupt this positive feedback mechanism. In this study we
verified the hypothesis that increased HBP flux may nega-
tively impact on β-cell function through an effect on
E-cadherin function. We show that a treatment of INS-1E
cells with GlcN change the intracellular distribution of E-
cadherin, increasing the intracellular pool. Moreover, the
intracellular pool also changed its organelle localization, from
a Golgi localization to, at least partial, ER localization. This
may be related to decreased ER to Golgi transport secondary
to ER stress [37, 38], and, indeed, we have previously shown
that GlcN at the same concentrations used here is able to
cause ER stress in INS-1E cells [6]. This is not surprising as
β-cells are highly susceptible to ER stress since, like thyroid
cells [38, 39] (another endocrine cell), have a high protein
load, synthesizing large quantities of (a single) protein (insulin
and thyroglobulin [40–44], respectively). Proinsulin repre-
sents up to 20% of the total mRNA and 30–50% of the total
protein synthesis of the β-cell [45]. We have also found a
redistribution of β-catenin from the plasmamembrane to the
cytosol paralleling the E-cadherin redistribution, indicating
that E-cadherin and β-catenin redistribute together from
plasmamembrane to intracellular pools. This suggests that
GlcN caused a loss of β-catenin-mediated E-cadherin con-
nection to the actin cytoskeleton.

In line with these considerations, the above-described
alterations of E-cadherin and β-catenin intracellular dis-
tribution have a negative effect on β-cell–β-cell adhesion.
Thus, cell–cell adhesion is dramatically decreased. This

defect well correlates with the already reported negative
effect of GlcN (at the same concentrations and timing) on
glucose-regulated insulin secretion [6]. GlcN treatment
caused an alteration of islet structure, most evident at islet
periphery, where assumed the features of structure dis-
aggregation. By comparing islet structure at 72 and 96 h
treatment (Fig. 6), we suggest that islet architecture altera-
tion progress with a periphery-center dynamic, in line with a
progressive diffusion of GlcN towards the islet center.
However, under the same conditions, GlcN did not decrease
islet cell viability (Fig. 7). Finally, GlcN, under the experi-
mental conditions associated to islet ER stress, dediffer-
entiation, and beta cell functional impairment [6]), caused a
dramatic decrease of E-cadherin (Fig. 8) and β-catenin (Fig.
9) abundance at the plasmamembrane of islet cells.

In conclusion, in this study we have described a new
mechanism by which glucotoxicity may affect insulin
secretion, by affecting E-cadherin function, highlighting a
new potential target to counteract the consequences of
glucotoxicity on β-cells.

Author contributions B.D.J. conceived and designed the study. The
study was addressed towards the conclusions by continuous discussion
between B.D.J. and C.G. Experiments, data collection, and analysis
were performed by D.D.L., A.M., V.L.P., A.S.T., M.C., F.D.N., G.N.,
C.M., F.B., C.G. The first draft of the manuscript was written by
B.D.J. and all authors commented on previous versions of the manu-
script. All authors read and approved the final manuscript.

Funding This work was supported by basic research funds (ex 60%)
of Dipartimento di Scienze e Tecnologie Biologiche ed Ambientali,
Università del Salento. Open access funding provided by Università
del Salento within the CRUI-CARE Agreement.

Compliance with ethical standards

Conflict of interest The authors declare no competing interests.

Ethical approval All animals received care in accordance with the
Guide for the Care and Use of Laboratory Animals by the Institute of
Laboratory Animal Resources (NIH Publication N. 86-23) and with
the Italian D.L. 116/92, art. 4-5.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

Endocrine

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


References

1. N. Jeffery, L.W. Harries, Beta-cell differentiation status in type 2
diabetes. Diabetes Obes. Metab. 18, 1167–1175 (2016). https://
doi.org/10.1111/dom.12778

2. M. Bensellam, J.C. Jonas, D.R.J. Laybutt, Mechanisms of beta-
cell dedifferentiation in diabetes: recent findings and future
research directions. J. Endocrinol. 236, R109–R143 (2018).
https://doi.org/10.1530/JOE-17-0516

3. J.A. Hanover, Z. Lai, G. Lee, W.A. Lubas, S.M. Sato, Elevated
O-linked N-acetylglucosamine metabolism in pancreatic betacells.
Arch. Biochem. Biophys. 362, 38–45 (1999). https://doi.org/10.
1006/abbi.1998.1016

4. P.S. Banerjee, O. Lagerlöf, G.W. Hart, Roles of O-GlcNAc in
chronic diseases of aging. Mol. Asp. Med. 51, 1–15 (2016).
https://doi.org/10.1016/j.mam.2016.05.005

5. S. Marshall, V. Bacote, R.R. Traxinger, Discovery of a metabolic
pathway mediating glucose-induced desensitization of the glucose
transport system. Role of hexosamine biosynthesis in the induc-
tion of insulin resistance. J. Biol. Chem. 266, 4706–4712 (1991).
https://doi.org/10.1016/S0021-9258(19)67706-9

6. A. Lombardi, L. Ulianich, A.S. Treglia, C. Nigro, L. Parrillo, D.D.
Lofrumento, G. Nicolardi, C. Garbi, F. Beguinot, C. Miele, B. Di
Jeso, Increased hexosamine biosynthetic pathway flux dediffer-
entiates INS-1E cells and murine islets by an extracellular signal-
regulated kinase (ERK)1/2-mediated signal transmission pathway.
Diabetologia 55, 141–153 (2012). https://doi.org/10.1007/s00125-
011-2315-1

7. M. Longo, R. Spinelli, V. D’Esposito, F. Zatterale, F. Fiory, C.
Nigro, G.A. Raciti, C. Miele, P. Formisano, F. Beguinot, B. Di
Jeso, Pathologic endoplasmic reticulum stress induced by
glucotoxic insults inhibits adipocyte differentiation and indu-
ces an inflammatory phenotype. Biochim. Biophys. Acta 1863,
1146–1156 (2016). https://doi.org/10.1016/j.bbamcr.2016.02.
019

8. A. Hauge-Evans, P. Squires, S. Persaud, P.M. Jones, Pancreatic
β-cell-to-β-cell interactions are required for integrated responses to
nutrient stimuli: enhanced Ca2+ and insulin secretory responses
of MIN6 pseudoislets. Diabetes 48, 1402–1408 (1999). https://doi.
org/10.2337/diabetes.48.7.1402

9. A. Charollais, A. Gjinovci, J. Huarte, J. Bauquis, A. Nadal, F.
Martín, E. Andreu, J.V. Sánchez-Andrés, A. Calabrese, D.
Bosco, B. Soria, C.B. Wollheim, P.L. Herrera, P. Meda,
Junctional communication of pancreatic β-cells contributes to
the control of insulin secretion and glucose tolerance. J. Clin.
Investig. 106, 235–243 (2000). https://doi.org/10.1172/
JCI9398

10. M.A. Ravier, M. Güldenagel, A. Charollais, A. Gjinovci, D.
Caille, G. Söhl, C.B. Wollheim, K. Willecke, J.C. Henquin, P.
Meda, Loss of connexin36 channels alters beta-cell coupling, islet
synchronization of glucose-induced Ca2+ and insulin oscillations,
and basal insulin release. Diabetes 54, 1798–1807 (2005). https://
doi.org/10.2337/diabetes.54.6.1798

11. R. Jain, E. Lammert, Cell-cell interactions in the endocrine pan-
creas. Diabetes Obes. Metab. 11(Suppl 4), 159–167 (2009).
https://doi.org/10.1111/j.1463-1326.2009.01102.x

12. V. Cigliola, V. Chellakudam, W. Arabieter, P. Meda, Connexins
and β-cell functions. Diabetes Res. Clin. Pract. 99, 250–259
(2013). https://doi.org/10.1016/j.diabres.2012.10.016

13. U. Dahl, A. Sj ¨odin, H. Semb, Cadherins regulate aggregation of
pancreatic β-cells in vivo. Development 122, 2895–2902 (1996).
https://doi.org/10.1242/dev.122.9.2895

14. D.G. Rouiller, V. Cirulli, P.A. Halban, Uvomorulin mediates
calcium-dependent aggregation of islet cells, whereas calcium-
independent cell adhesion molecules distinguish between islet cell

types. Dev. Biol. 148, 233–242 (1991). https://doi.org/10.1016/
0012-1606(91)90332-W

15. F. Jaques, H. Jousset, A. Tomas, A.L. Prost, C.B. Wollheim, J.C.
Irminger, N. Demaurex, P.A. Halban, Dual effect of cellcell
contact disruption on cytosolic calcium and insulin secretion.
Endocrinology 149, 2494–2505 (2008). https://doi.org/10.1210/
en.2007-0974

16. D. Bosco, D.G. Rouiller, P.A. Halban, Differential expression of
E-cadherin at the surface of rat beta-cells as a marker of functional
heterogeneity. J. Endocrinol. 194, 21–29 (2007). https://doi.org/
10.1677/JOE-06-0169

17. V. Lilla, G. Webb, K. Rickenbach, A. Maturana, D.F. Steiner,
P.A. Halban, J.C. Irminger, Differential gene expression in well-
regulated and dysregulated pancreatic betacell (MIN6) sublines.
Endocrinology 144, 1368–1379 (2003). https://doi.org/10.1210/
en.2002-220916

18. C.B. Collares-Buzato, C.P.F. Carvalho, A.G. Furtado, A.C.
Boschero, Upregulation of the expression of tight and
adherensjunction-associated proteins during maturation of neo-
natal pancreatic islets in vitro. J. Mol. Histol. 35, 811–822 (2004).
https://doi.org/10.1007/s10735-004-1746-0

19. A. Wojtusciszyn, M. Armanet, P. Morel, T. Berney, D. Bosco,
Insulin secretion from human β-cells is heterogeneous and
dependent on cell-to-cell contacts. Diabetologia 51, 1843–1852
(2008). https://doi.org/10.1007/s00125-008-1103-z

20. G. Parnaud, V. Lavallard, B. Bedat, D. Matthey-Doret, P. Morel,
T. Berney, D. Bosco, Cadherin engagement improves insulin
secretion of single human b-cells. Diabetes 64, 887–896 (2015).
https://doi.org/10.2337/db14-0257

21. G.J. Rogers, M.N. Hodgkin, P.E. Squires, E-cadherin and cell
adhesion: a role in architecture and function in pancreatic islet.
Cell. Physiol. Biochem. 20, 987–994 (2007). https://doi.org/10.
1159/000110459

22. K. Yamagata, T. Nammo, M. Moriwaki, A. Ihara, K. Iizuka, Q.
Yang, T. Satoh, M. Li, R. Uenaka, K. Okita, H. Iwahashi, Q. Zhu,
Y. Cao, A. Imagawa, Y. Tochino, T. Hanafusa, J. Miyagawa, Y.
Matsuzawa, Overexpression of dominant negative mutant hepa-
tocyte nuclear fctor-1 in pancreatic beta-cells causes abnormal
islet architecture with decreased expression of E-cadherin, reduced
beta-cell proliferation, and diabetes. Diabetes 51, 114–123 (2002).
https://doi.org/10.2337/diabetes.51.1.114

23. V.N. Subramanian, F. Peter, R. Philp, S.H. Wong, W. Hong,
GS28, a 28-kilodaltion Golgi SNARE that participates in the ER
±Golgi transport. Science 272, 1161–1163 (1996). https://doi.org/
10.1126/science.272.5265.1161

24. R. Stilo, D. Liguoro, B. Di Jeso, A. Leonardi, P. Vito, The alpha-
chain of the nascent polypeptide-associated complex binds to and
regulates FADD function. Biochem. Biophys. Res. Commun. 303,
1034–1041 (2003). https://doi.org/10.1016/S0006-291X(03)00487-X

25. M. Ozawa, R. Kemler, Molecular organization of the uvomorulin-
catenin complex. J. Cell Biol. 116, 989–996 (1992). https://doi.
org/10.1083/jcb.116.4.989

26. P. Halban, C. Wollheim, B. Blondel, P. Meda, E.N. Niesor, D.H.
Mintz, The possible importance of contact between pancreatic
islet cells for the control of insulin release. Endocrinology 111,
86–94 (1982). https://doi.org/10.1210/endo-111-1-86

27. D.W. Hopcroft, D.R. Mason, R.S. Scott, Insulin secretion from
perifused rat pancreatic pseudoislets. Vitr. Cell. Dev. Biol. 21,
421–427 (1985). https://doi.org/10.1007/BF02620828

28. P. Meda, Cx36 involvement in insulin secretion: characteristics
and mechanism. Cell. Commun. Adhes. 10, 431–435 (2003).
https://doi.org/10.1080/cac.10.4-6.431.435

29. H. Kaneto, G. Xu, K.H. Song, K. Suzuma, S. Bonner-Weir, A.
Sharma, G.C. Weir, Activation of the hexosamine pathway leads
to deterioration of pancreatic beta-cell function through the

Endocrine

https://doi.org/10.1111/dom.12778
https://doi.org/10.1111/dom.12778
https://doi.org/10.1530/JOE-17-0516
https://doi.org/10.1006/abbi.1998.1016
https://doi.org/10.1006/abbi.1998.1016
https://doi.org/10.1016/j.mam.2016.05.005
https://doi.org/10.1016/S0021-9258(19)67706-9
https://doi.org/10.1007/s00125-011-2315-1
https://doi.org/10.1007/s00125-011-2315-1
https://doi.org/10.1016/j.bbamcr.2016.02.019
https://doi.org/10.1016/j.bbamcr.2016.02.019
https://doi.org/10.2337/diabetes.48.7.1402
https://doi.org/10.2337/diabetes.48.7.1402
https://doi.org/10.1172/JCI9398
https://doi.org/10.1172/JCI9398
https://doi.org/10.2337/diabetes.54.6.1798
https://doi.org/10.2337/diabetes.54.6.1798
https://doi.org/10.1111/j.1463-1326.2009.01102.x
https://doi.org/10.1016/j.diabres.2012.10.016
https://doi.org/10.1242/dev.122.9.2895
https://doi.org/10.1016/0012-1606(91)90332-W
https://doi.org/10.1016/0012-1606(91)90332-W
https://doi.org/10.1210/en.2007-0974
https://doi.org/10.1210/en.2007-0974
https://doi.org/10.1677/JOE-06-0169
https://doi.org/10.1677/JOE-06-0169
https://doi.org/10.1210/en.2002-220916
https://doi.org/10.1210/en.2002-220916
https://doi.org/10.1007/s10735-004-1746-0
https://doi.org/10.1007/s00125-008-1103-z
https://doi.org/10.2337/db14-0257
https://doi.org/10.1159/000110459
https://doi.org/10.1159/000110459
https://doi.org/10.2337/diabetes.51.1.114
https://doi.org/10.1126/science.272.5265.1161
https://doi.org/10.1126/science.272.5265.1161
https://doi.org/10.1016/S0006-291X(03)00487-X
https://doi.org/10.1083/jcb.116.4.989
https://doi.org/10.1083/jcb.116.4.989
https://doi.org/10.1210/endo-111-1-86
https://doi.org/10.1007/BF02620828
https://doi.org/10.1080/cac.10.4-6.431.435


induction of oxidative stress. J. Biol. Chem. 276, 31099–31104
(2001). https://doi.org/10.1074/jbc.M104115200

30. J.S. Harmon, R. Stein, R.P. Robertson, Oxidative stress-mediated,
post-translational loss of MafA protein as a contributing
mechanism to loss of insulin gene expression in glucotoxic cells.
J. Biol. Chem. 280, 11107–11113 (2005). https://doi.org/10.1074/
jbc.M410345200

31. D.L. Eizirik, A.K. Cardozo, M. Cnop, The role for endoplasmic
reticulum stress in diabetes mellitus. Endocr. Rev. 29, 42–61
(2008). https://doi.org/10.1210/er.2007-0015

32. R.P. Robertson, Beta-cell deterioration during diabetes: what’s in
the gun? Trends Endocrinol. Metab. 20, 388–393 (2009). https://
doi.org/10.1016/j.tem.2009.05.004

33. G.C. Weir, Glucolipotoxicity, b-Cells, and diabetes: the emperor
has no clothes. Diabetes 69, 273–278 (2020). https://doi.org/10.
2337/db19-0138

34. T. Tsuboi, M.A. Ravier, L.E. Parton, G.A. Rutter, Sustained
exposure to high glucose concentrations modifies glucose sig-
naling and the mechanics of secretory vesicle fusion in primary rat
pancreatic beta-cells. Diabetes 55, 1057–1065 (2006). https://doi.
org/10.2337/diabetes.55.04.06.db05-1577

35. I.B. Leibiger, B. Leibiger, T. Moede, P.O. Berggren, Exocytosis
of insulin promotes insulin gene transcription via the insulin
receptor PI-3 kinase p70 s6 kinase and CaM kinase pathways.
Mol. Cell. 1, 933–938 (1998). https://doi.org/10.1016/S1097-
2765(00)80093-3

36. R.N. Kulkarni, J.C. Bruning, J.N. Winnay, C. Postic, M.A.
Magnuson, C.R. Kahn, Tissue-specific knockout of the insulin
receptor in pancreatic β-cells creates an insulin secretory defect
similar to that in type 2 diabetes. Cell 96, 329–339 (1999). https://
doi.org/10.1016/S0092-8674(00)80546-2

37. P. Walter, D. Ron, The unfolded protein response: from stress
pathway to homeostatic regulation. Science 334, 1081–1086
(2011). https://doi.org/10.1126/science.1209038

38. A.S. Treglia, S. Turco, L. Ulianich, P. Ausiello, D.D. Lofrumento,
G. Nicolardi, C. Miele, C. Garbi, F. Beguinot, B. Di Jeso, Cell fate
following ER stress: just a matter of “quo ante” recovery or death?

Histol. Histopathol. 27, 1–12 (2012). https://doi.org/10.14670/
HH-27.1

39. L. Ulianich, P. Mirra, C. Garbi, G. Calì, D. Conza, A.S. Tre-
glia, A. Miraglia, D. Punzi, C. Miele, G.A. Raciti, F. Beguinot,
E. Consiglio, B. Di Jeso, The pervasive effects of ER Stress on
a typical endocrine cell: dedifferentiation, mesenchymal shift
and antioxidant response in the thyrocyte. Front. Endocrinol.
11, 588–685 (2020). https://doi.org/10.3389/fendo.2020.
588685

40. B. Di Jeso, S. Formisano, L. Ulianich, Perturbation of cellular
calcium delays the secretion and alters the glycosylation of
thyroglobulin in FRTL-5 cells. Biochem. Biophys. Res.
Commun. 234, 133–136 (1997). https://doi.org/10.1006/bbrc.
1997.6601

41. X. Wang, J. Lee, B. Di Jeso, A.S. Treglia, D. Comoletti, N.
Dubi, P. Taylor, P. Arvan, Cis and transactions of the
cholinesterase-like domain within the thyroglobulin dimer. J.
Biol. Chem. 285, 17564–17573 (2010). https://doi.org/10.
1074/jbc.M110.111641

42. J. Lee, B. Di Jeso, P. Arvan, Maturation of thyroglobulin protein
region I. J. Biol. Chem. 286, 33045–33052 (2011). https://doi.org/
10.1074/jbc.M111.281337

43. B. Di Jeso, Y. Morishita, A.S. Treglia, D.D. Lofrumento, G.
Nicolardi, F. Beguinot, A.P. Kellogg, P. Arvan, Transient
covalent interactions of newly synthesized thyroglobulin with
oxidoreductases of the endoplasmic reticulum. J. Biol. Chem.
289, 11488–11496 (2014). https://doi.org/10.1074/jbc.M113.
520767

44. B. Di Jeso, P. Arvan, Thyroglobulin from molecular and cellular
biology to clinical endocrinology. Endocr. Rev. 37, 2–36 (2016).
https://doi.org/10.1210/er.2015-1090

45. L. Van Lommel, K. Janssens, R. Quintens, K. Tsukamoto, D.
Vander Mierde, K. Lemaire, C. Denef, J.C. Jonas, G. Martens,
D. Pipeleers, F.C. Schuit, Probe-independent and direct quan-
tification of insulin mRNA and growth hormone mRNA in
enriched cell preparations. Diabetes 55, 3214–3220 (2006).
https://doi.org/10.2337/db06-0774

Endocrine

https://doi.org/10.1074/jbc.M104115200
https://doi.org/10.1074/jbc.M410345200
https://doi.org/10.1074/jbc.M410345200
https://doi.org/10.1210/er.2007-0015
https://doi.org/10.1016/j.tem.2009.05.004
https://doi.org/10.1016/j.tem.2009.05.004
https://doi.org/10.2337/db19-0138
https://doi.org/10.2337/db19-0138
https://doi.org/10.2337/diabetes.55.04.06.db05-1577
https://doi.org/10.2337/diabetes.55.04.06.db05-1577
https://doi.org/10.1016/S1097-2765(00)80093-3
https://doi.org/10.1016/S1097-2765(00)80093-3
https://doi.org/10.1016/S0092-8674(00)80546-2
https://doi.org/10.1016/S0092-8674(00)80546-2
https://doi.org/10.1126/science.1209038
https://doi.org/10.14670/HH-27.1
https://doi.org/10.14670/HH-27.1
https://doi.org/10.3389/fendo.2020.588685
https://doi.org/10.3389/fendo.2020.588685
https://doi.org/10.1006/bbrc.1997.6601
https://doi.org/10.1006/bbrc.1997.6601
https://doi.org/10.1074/jbc.M110.111641
https://doi.org/10.1074/jbc.M110.111641
https://doi.org/10.1074/jbc.M111.281337
https://doi.org/10.1074/jbc.M111.281337
https://doi.org/10.1074/jbc.M113.520767
https://doi.org/10.1074/jbc.M113.520767
https://doi.org/10.1210/er.2015-1090
https://doi.org/10.2337/db06-0774

	Increased hexosamine biosynthetic pathway flux alters cell–cell adhesion in INS-1E cells and murine islets
	Abstract
	Introduction
	Materials and methods
	Materials
	Cell culture
	Immunofluorescence
	Immunohistochemistry
	Western blots analysis
	Cell–cell adhesion assays
	Islet isolation
	Cell viability assay

	Results
	Following GlcN treatment total E-cadherin expression did not change but there was an increase of E-cadherin intracellular pool
	Following GlcN treatment the total amount of β-catenin decreased and the cytosolic β-catenin increased
	GlcN decreased cell–cell adhesion
	GlcN altered islet structure

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




