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SUMMARY

In this study, we investigated the effect of low density lipoprotein receptor (LDLr) defi-

ciency on gap junctional connexin 36 (Cx36) islet content and on the functional and

growth response of pancreatic beta-cells in C57BL/6 mice fed a high-fat (HF) diet. After

60 days on regular or HF diet, the metabolic state and morphometric islet parameters

of wild-type (WT) and LDLr�/� mice were assessed. HF diet-fed WT animals became

obese and hypercholesterolaemic as well as hyperglycaemic, hyperinsulinaemic, glucose

intolerant and insulin resistant, characterizing them as prediabetic. Also they showed a

significant decrease in beta-cell secretory response to glucose. Overall, LDLr�/� mice

displayed greater susceptibility to HF diet as judged by their marked cholesterolaemia,

intolerance to glucose and pronounced decrease in glucose-stimulated insulin secretion.

HF diet induced similarly in WT and LDLr�/� mice, a significant decrease in Cx36

beta-cell content as revealed by immunoblotting. Prediabetic WT mice displayed

marked increase in beta-cell mass mainly due to beta-cell hypertrophy/replication. Nev-

ertheless, HF diet-fed LDLr�/� mice showed no significant changes in beta-cell mass,

but lower islet–duct association (neogenesis) and higher beta-cell apoptosis index were

seen as compared to controls. The higher metabolic susceptibility to HF diet of LDLr�/

�mice may be explained by a deficiency in insulin secretory response to glucose associ-

ated with lack of compensatory beta-cell expansion.

Keywords

Beta-cell mass, connexin 36, high-fat diet, LDL receptor, prediabetes

Type 2 diabetes mellitus (T2DM) is one of the most preva-

lent metabolic diseases, said to affect as many as a hundred

million people worldwide. T2DM often has an adulthood

onset and is characterized initially by moderated fasting hy-

perglycaemia associated with a marked peripheral insulin

resistance state partially compensated by beta-cell hyperpla-

sia. In later stages of T2DM pathogenesis, decrease in beta-

cell function and mass leads to dependence on insulin repo-

sition (Rhodes 2005; Prentki & Nolan 2006; Tripathy &

Chavez 2010). Insulin secretion is a complex process that

depends on several extra- and intracellular events, including

ATP-dependent K+ channel-mediated membrane depolariza-

tion, voltage-dependent Ca2+ channel opening resulting in

Ca2+ entry and intracellular increase, and gap junction (GJ)-

mediated intercellular Ca2+ oscillation synchronization

(Suckale & Solimena 2008). The reasons for beta-cell dys-

function in T2DM are not completely understood. Neverthe-

less, it has been demonstrated that diabetic rodents display

impairment of several steps involved in the stimuli–secretion
coupling process probably caused by chronic exposure to

hyperglycaemia and/or hyperlipidaemia, respectively,

referred to as glycotoxicity and lipotoxicity (Prentki &

Nolan 2006; Poitout & Robertson 2008; Del Prato 2009).

Obesity and dyslipidaemia are well-known positive risk

factors for the development of T2DM (Prentki & Nolan

2006; Ding et al. 2010). Recent data suggest that intracellu-

lar cholesterol and free fatty acid levels may influence

beta-cell secretory function and survival as well as GJ
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beta-cell-beta-cell coupling (Rhodes 2005; Allagnat et al.

2008; Del Prato 2009; Peyot et al. 2010; Carvalho et al.

2012; Souza et al. 2013). Transgenic rodents have been

designed for investigating the influence of dyslipidaemia on

cardiovascular abnormalities and metabolic disturbances

(Fan & Watanabe 2000). Low-density lipoprotein receptor

(LDLr) knockout (LDLr�/�) mice have been used exten-

sively as a research model to study pathways involved in

LDL-mediated lipid metabolism and as an animal model of

atherosclerosis and familial hypercholesterolaemia (Ishibashi

et al. 1993; Palinski et al. 1995; Merat et al. 1999; Coenen

& Hasty 2007). Nevertheless, the effect of deficiency of

LDLr on carbohydrate metabolism and especially on beta-

cell function has been less explored and has yielded conflict-

ing data (Schreyer et al. 2002; Karagiannides et al. 2008).

The LDLr removes cholesterol-rich intermediate density

lipoproteins (IDL) and LDL from the plasma compartment,

thereby regulating plasma cholesterol levels (Ishibashi et al.

1993). Therefore, LDLr-deficient mice display hypercholeste-

rolaemia and hypertriglyceridaemia that are aggravated fol-

lowing fat-enriched diets (Palinski et al. 1995; Schreyer

et al. 2002; Coenen & Hasty 2007).

In this work, we investigated the effect of a regular chow

(C) and high-fat (HF) diet on GJ Cx36 islet content and beta-

cell secretory function and growth in wild-type (WT; LDLr+/
+) and LDLr�/� C57 mice. By employing these different

mice and diets, we expected to obtain animals that display

different degrees of hypercholesterolaemia and metabolic

responses to diets, yielding a suitable model to investigate the

influence of dyslipidaemia and associated metabolic distur-

bances on beta-cell communication, function and growth.

Materials and methods

Animals and diets

Male and female C57BL/6 wild-type and LDLr-deficient

mice (Jackson Laboratory, Bar Harbor, ME, USA) were

obtained from the breeding colony of the University of

Campinas (UNICAMP, Campinas, Brazil) and housed at

25 °C on a 12-h light (0600 h am)/12-h dark (0600 pm)

cycle. The knockout C57BL/6 mouse used was homozygous

and lacked functional LDL receptor gene globally; they were

generated by homologous recombination in embryonic stem

cells as described in details by Ishibashi et al. (1993). Mice,

aged 16 to 20 weeks, had access to a standard chow diet

(Nuvital CR1, Colombo, Paran�a, Brazil) (composition: 4.5 g

% lipid, 53 g% carbohydrate and 23 g% protein) or to a

high-fat (HF) diet (composition: 21 g% lipid, 50 g% carbo-

hydrate and 20 g% protein) and water ad libitum during

60 days. All experiments were performed in female and

male mice because no marked gender differences were

observed regarding the metabolic parameters analysed after

60 days on this diet such as cholesterolaemia, fast and fed

glycaemia and insulinaemia. Therefore, the data presented

here are from pooled results of groups containing

comparable numbers of each gender.

Ethical Approval

The animals were used in accordance with the guidelines of

the Institutional Committee for Ethics in Animal Experimen-

tation of the UNICAMP.

Plasma biochemical analysis

Mice were fasted for 12 h (overnight) or had free access to

food (fed) before blood sampling, which was carried out

between 0900 and 1100 h am. Blood samples were collected

from either the neck vessels (after decapitation) or from the

tail tip. Total cholesterol was measured in fresh plasma in

the fasting state using a standard commercial kit, according

to the manufacturer’s instructions (Boehringer Mannheim,

Mannheim, Germany). Glucose levels (fast and fed) were

measured using a glucose analyser (Accu-Chek Advantage,

Roche Diagnostic, Mannheim, Germany), and plasma insu-

lin concentration (fast) was measured by radioimmunoassay

using rat insulin standard.

Glucose (GTT) and insulin (ITT) tolerance tests

At the end of diet period, mice were submitted to glucose

(GTT) or insulin tolerance tests (ITT) between 0900 and

1100 h am. For the GTT, mice were fasted for 12 h (over-

night), and a blood sample was taken from the tail tip to

determine the initial glycaemia (t = 0). A glucose load (1.5 g/

kg body weight) was then administered by oral gavage, and

additional blood samples were collected and glycaemia mea-

sured at different time points (15, 30, 60 and 90 min). The

ITT was performed in a separated fed mice group, which had

its initial blood glucose (t = 0) measured just before the injec-

tion of insulin (0.5 U/kg body weight of human insulin – Bioh-
ulin�R, Biobr�as, Montes Claros, MG, Brazil). Blood samples

were collected at 10, 15, 30 and 60 min after insulin injection

to determine the glucose levels. For both tests, the glucose lev-

els were measured using an Accu-Chek Advantage (Roche

Diagnostic). The results of GTT are presented as absolute

glycaemia values and area under curve (AUC) and ITT data,

as percentage to the initial glycaemia values (t = 0) and AUC.

Islet isolation

Islets were isolated by injection of 3 ml type V collagenase

solution (1.7 mg/ml in Hank’s balanced salt solution pH 7.4)

(EC 3.4.24.3, Sigma, St. Louis, MO, USA) within the pan-

creas, followed by incubation at 37 °C for 24 min then

washed in Hank’s to remove collagenase. After separation

with Histopaque-1077 (Sigma), pancreatic islets were individ-

ually collected under a dissecting microscope. Fresh islets were

used for determining glucose-stimulated insulin secretion or

homogenized in an anti-protease cocktail for immunoblotting.

Insulin secretion

To measure glucose-stimulated insulin secretion, five

freshly isolated and size-matched islets were added to each
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microtube (20–30 microtubes/group) and pre-incubated for

30 min at 37 °C in 0.5 ml bicarbonate-buffered Krebs solu-

tion (BBKS; composition in mM: NaCl 112, KCl 5, MgCl2
1, CaCl2 25, NaHCO3 1, HEPES 15) containing 5.6 mM

glucose and 3 mg/ml bovine serum albumin and equilibrated

to pH 7.4 with a mixture of 95% O2 – 5% CO2. The islets

were then incubated for 1 h at 37 °C in 0.5 ml BBKS sup-

plemented with either 2.8 or 16.7 mM glucose. Aliquots of

the supernatant fraction were taken and stored at �20 °C.
The insulin content within the samples was determined by

radioimmunoassay and expressed as ng per islet/h (Carvalho

et al. 2010).

Western blot

Pools of islets from all the experimental groups were

homogenized in an anti-protease cocktail for immunoblot-

ting of Cx36 as previously described (Carvalho et al. 2012;

Santos-Silva et al. 2012). Briefly, the protein concentration

of different samples was set as 50 lg and incubated for 1 h

at 37 °C with 59 concentrated Laemmli sample buffer

(30% of volume). The protein samples were then separated

by electrophoresis in 10% polyacrylamide gels, transferred

to nitrocellulose membranes (Bio-Rad, Hercules, CA, USA)

and stained with Ponceau S solution (Sigma) to compare

corresponding bands. After incubation with the primary

antibody (anti-Cx36; Zymed, San Francisco, CA, USA; dilu-

tion 1:350) and then the specific secondary antibody conju-

gated with horseradish peroxidase (HRP) (Zymed; dilution

1:2500), the membranes were washed and the detection of

antibodies was performed using an enhanced chemilumines-

cence kit (SuperSignal West Pico Chemiluminescent Sub-

strate, Thermo Fisher Scientific, Waltham, MA, USA) and

autoradiography film (Amersham, Pittsburgh, PA, USA).

Band intensities were quantified by optical densitometry

using the Image J analysis software (http://rsbweb.nih.gov/ij/

). As the anti-Cx36 antibody recognizes both monomeric

and dimeric protein forms, as confirmed by the antibody

supplier, the total densitometry obtained was a sum of

monomer and dimer signals. After stripping, the membranes

used for Cx36 detection were reblotted with an anti-b-actin,
antibody (dilution 1:1500; Zymed) as a loading control, and

the values were expressed as a ratio of Cx36/b-actin signals.

Co-localization of Cx36 and insulin

Pancreases were frozen in n-hexane with liquid nitrogen,

sectioned using a cryostat (8 lm section) and then fixed

with acetone at �20 °C for 3 min. Double immunofluores-

cence for Cx36 and insulin was performed in these pan-

creas sections as previously described (Carvalho et al.

2012) using as primary antibodies the following: rabbit

anti-Cx36 (Invitrogen, Carlsbad, CA, USA; dilution 1:30)

and guinea pig anti-insulin antibody (Dako, Glostrup,

Copenhagen, Denmark; dilution 1:100). Sections were

mounted with Vectashield (Vector Laboratories, Burlin-

game, CA, USA) and observed using a confocal laser-

scanning microscope (LSM 510 META; Zeiss, Hamburg,

Germany). To allow comparison among all animal groups

studied, islet sections were processed and analysed by

immunofluorescence during the same session using identical

confocal parameters.

Histological processing

Pancreases from all experimental groups were removed,

weighed and fixed for 18 h in either Bouin’s solution, in

case of insulin and propidium iodide labelling, or in 4%

paraformaldehyde (in 0.05 M Tris-buffered saline (TBS, pH

7.4)) for Ki67 and TUNEL reactions (Carvalho et al. 2006).

Each pancreas was sectioned in 3 or 5 fragments, and each

piece was embedded separately in paraffin. Two to three

blocks from each pancreas were serially sectioned (5-lm-

thick slice). One to two sections per block (given two to six

sections analysed per pancreas) were randomly selected and

processed for either insulin, Ki67 immunoperoxidase reac-

tion, TUNEL or propidium iodide assays.

Immunohistochemistry for insulin and Ki67

After paraffin removal, the sections were rehydrated and, in

the case of Ki67 labelling, treated with sodium citrate buffer

(0.01 M, pH 7.6) for 60 min in a steam cooker to retrieve

the Ki67 antigenicity. After washing with TBS, endogenous

peroxidase was blocked using hydrogen peroxide (0.3%

H2O2 in methanol) for 30 min followed by incubation with

5% dry skimmed milk in TBS for 1 h. The sections were,

then, incubated with guinea pig anti-insulin (Dako, dilution

1:50) or rat anti-Ki67 (TEC3; Dako, dilution 1:20) over-

night at 4 °C. For insulin reaction, sections were incubated

with the secondary antibody, anti-guinea pig IgG conjugated

with HRP (Zymed, dilution 1:1500), for 1 h and 30 min.

For Ki67 detection, incubation with a biotinylated anti-rat

IgG (Dako, dilution 1:75, incubation period 45 min) was

performed followed by 30-min incubation with streptavidin-

HRP (Invitrogen, dilution: 1:200), both at room temperature

(RT). Then, sections were treated with 10% 3,30diam-

inobenzidine (DAB, in Tris-HCl buffer 0.1 M, pH 7.4)

(Sigma) and 0.2% H2O2 in TBS. Finally, the sections were

quickly stained with Ehrlich’s haematoxylin and mounted

for microscopy observation. All islets from 2–6 sections/ani-

mal (7–11 animals/group) were photographed with a digital

camera (Nikon FDX-35) coupled to a bright-field/epifluores-

cence microscope (Nikon Eclipse E800), and images were

captured by an image analysis system (Image Pro Plus for

Windows). The stereological measurements were taken in

these digitized images using the free software ImageTool

(http://ddsdx.uthscsa.edu/dig/itdesc.html). The rate of beta-

cell proliferation was determined by counting the number of

Ki67-positive cell nuclei within the islet core (9100) and

dividing it by the total number of islet nuclei. As an index

of beta-cell neogenesis, we determined the frequency of islets

(immunolabelled for insulin) budding from pancreatic ducts

(Montanya & T�ellez 2009).
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Morphometry of endocrine pancreas

The pancreas morphometry was performed mostly in immu-

nolabelled insulin sections, as previously described with

some modifications (Inuwa & El Mardi 2005). Briefly, all

islets (with at least 5 cells or more) of the pancreas sections

selected (n = 6 sections/animal, n = 8–11 animals/group,

given n = 440–800 islets/group) were photographed as

described above, and the stereological measurements were

taken in these digitized images using the free software Im-

ageTool. The beta-cell relative area was determined by

dividing the total area of insulin positive cells by the islet

area multiplied by 100. The islet relative area was calculated

by dividing the sum of total islet area by the pancreas sec-

tional area multiplied by 100. The estimated total islet mass

(mg) was calculated by multiplying the pancreas weight by

the mean of islet relative area. The estimated total beta-cell

mass (mg) was calculated by multiplying the total islet mass

by the mean of percentage of beta-cells within islet. The

mean of number of islets per pancreas section, number and

size of beta-cells per islet were also determined. To obtain

the mean of beta-cell size (in lm2) per experimental group,

the total beta-cell area was divided by the beta-cell number

in all islets measured in each group.

TUNEL and propidium iodide assays

To prepare specimen for TUNEL staining, paraffin pancreas

sections were dewaxed and equilibrated in TBS, followed by

incubation with proteinase K solution (Sigma, 20 lg/ml in

0.01 M Tris-HCl pH 7.4) for 20 min at RT. After washing,

sections were treated with 0.01% Triton X-100 and 0.1%

sodium citrate solution in distilled water for 5 min. Follow-

ing washing, the reaction mixture containing terminal de-

oxynucleotidyltransferase (TDT), labelled nucleotides and

DNA polymerase was then applied to sections in a humidi-

fied chamber for 60 min at 37 °C, according to the manu-

facturer’s instructions (Kit In Situ Cell Death Detection, KIT

POD, Roche Diagnostic). After washing, anti-fluorescein

antibody peroxidase conjugate was added to the sections for

30 min at 37 °C. Sections were washed, incubated with

DAB substrate as described above, and after stained with

Ehrlich’s haematoxylin, they were visualized by light micros-

copy (Nikon Eclipse E800). Positive control sections were

treated with DNAse enzyme (3 U/ml in 0.05 M Tris-HCl

pH 7.4, 0.01 M MgCl2 and 1 mg/ml albumin) for 15 min

at RT previously the TUNEL reaction. The negative control

sections were exposed to enzyme TDT only, instead of the

whole TUNEL mixture.

The propidium iodide (PI) assay was used to identify mor-

phologically altered nuclei indicative of cell death as previ-

ously described (Scaglia et al. 1997). For that deparaffinized

and rehydrated pancreas sections were incubated for 40 min

in a dark humidified chamber with a solution of PI (concen-

tration 20 lg/ml, Sigma) and ribonuclease A (concentration

100 lg/ml, Sigma). Afterwards, glucagon immunofluores-

cence staining was carried out to detect islets within the

pancreas sections; for that, we used a specific primary anti-

body (rabbit anti-glucagon, dilution 1:75, Dako) and a sec-

ondary antibody conjugated with FITC (dilution 1:125,

Sigma). Labelled apoptotic nuclei of endocrine cells in pan-

creas sections (three sections/animal; n = 6 animal/group)

were counted in digitalized islet images obtained as

described above using the epifluorescence (Nikon Eclipse E-

800) microscope. The index of apoptotic cells was expressed

as number of apoptotic beta-cells per islet area (lm2).

Statistic analyses

All numerical results were expressed as the mean � standard

error of the mean (SEM). Statistical analyses were per-

formed using the GraphPad Prism, version 5.00 for Win-

dows (GraphPad Software, La Jolla, CA, USA). The

comparison of pairs of experimental groups to determine

the statistical significance was carried out by the parametric

Student’s t-test (two-tailed) (for the metabolic/biochemical

data) or the nonparametric Mann–Whitney U-test (two-

tailed) (for all the morphometric data). For multiple com-

parisons, the statistical significance was assessed by ANOVA

followed by the Bonferroni test. Two-way ANOVA was used

for the analyses of the GTT and ITT curve data. The signifi-

cance level was set at P < 0.05.

Results

High-fat diet and deficiency of LDLr result in
hypercholesterolaemia and disturbances of glucose
homeostasis

The measurement of plasma cholesterol showed that

LDLr�/� mice, when fed a regular chow diet (C), already

display hypercholesterolaemia that is markedly aggravated

after HF diet ingestion for 60 days (Figure 1a). Increase in

plasma cholesterol level was also observed in WT mice after

HF diet (Figure 1a); the experimental groups can be placed

in a descending order of cholesterolaemia as follows: HF

LDLr�/� ≫ C LDLr�/� > HF WT> C WT.

In addition to the changes in cholesterol levels, HF diet

induced, in both WT and LDLr�/� mice, a significant

increase in weight gain (P < 0.0005) (Figure 1b) as well as

an enhancement in fasting and postprandial blood glucose

levels (P < 0.0005) (Figure 1c,d) as compared to animals

treated on chow diet for the same period (control group). In

the fed state, glucose level was higher in LDLr�/� than in

WT mice after HF diet (169.1 � 8 (14) 9 190.7 � 6 (19)

mg/dL, WT x LDLr�/�, respectively, P < 0.05; Figure 1d).

Regarding the fasting plasma insulin concentration, LDLr�/�
mice displayed a significant lower insulinaemia (0.23 �
0.01 ng/ml) than the WT group (0.30 � 0.01 ng/ml)

(P < 0.05), that is in accordance with previous works (Bonfl-

eur et al. 2010, 2011). As shown in Figure 1e, the WT group

fed a HF diet showed a fivefold increase (P < 0.0005) in

plasma insulin concentration, while the group LDLr�/� diet

had only an increase of 2.2 fold (P < 0.05) in relation to
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their respective control mice. Therefore, treatment with HF

diet resulted in a relatively low hyperinsulinaemia in

LDLr�/� in comparison with WT mice.

As shown in Figure 2, the increase in blood glucose con-

centration after an oral glucose load was markedly

enhanced in HF-fed mice as compared to chow-fed ones

(Figure 2a). The incremental area under curve of the GTT

was significantly greater in the HF-fed mice as compared

to those fed a regular chow diet (P < 0.02) (Figure 2b).

These results indicate that HF diet induces glucose intoler-

ance in both WT and LDLr�/� animals. In accordance

with a previous report (Bonfleur et al. 2010), LDLr�/�
mice fed a chow diet already display a glucose intolerance

that was comparable to the HF-fed WT group (Figure 2a,

b). In addition, the area under curve of the GTT in HF-fed

LDLr�/� mice was significantly greater than that of HF-

fed WT mice (P < 0.01), suggesting a higher metabolic sus-

ceptibility to HF of LDLr�/� mice in comparison with

WT mice.

The ITT analysis showed that the glucose intolerance seen

in WT group fed HF diet was associated with peripheral

insulin resistance (Figure 2c,d). In contrast, administration

of HF diet for 60 days to LDLr�/� mice induced only a

tendency of insulin resistance in this experimental group

(Figure 2c,d). Accordingly, intraperitoneal injection of insu-

lin load for the ITT protocol resulted in similar plasma

removal rates of glucose in both WT and LDLr�/� mice

when fed a regular chow diet. These findings show that

LDLr�/� animals are not significantly insulin resistant even

when challenged with a diet rich in lipids.

HF diet and LDLr�/� deficiency induce reduced
glucose-stimulated insulin secretion by isolated
pancreatic islets

As the HF diet-induced hyperglycaemia and glucose intoler-

ance were not followed by significant insulin resistance in

the case of LDLr�/� mice, we investigated the possibility

that the pancreatic islet insulin secretory ability was reduced

in these animals. As shown in Figure 3, islets from LDLr�/

� mice fed a HF diet displayed a relatively greater reduction

in insulin secretory response to glucose (Figure 3c,d) as com-

pared to WT islets (Figure 3a,b). This reduced secretory

response observed in islets from HF-fed LDLr�/� mice was

mainly due to a significant decrease in stimulated insulin

secretion (to 16.7 mM glucose) as compared to its control

(chow-fed LDLr�/� mice) (P < 0.02), because both groups

displayed a similar basal secretion (2.8 mM glucose). In

(a)

(b)

(e)

(c)

(d)

Figure 1 Plasma cholesterol, glucose,
insulin levels and body weight gain in
wild-type (WT) and LDLr-knockout
(LDLr�/�) mice after high-fat diet
(HF). HF diet for 60 days induces
significant increase in cholesterolaemia
(a), body weight gain (b), fast and
postprandial glycaemia (c, d) in both
mice (WT HF and LDLr�/� HF) as
compared to those fed a regular chow
diet (WT and LDLr�/�). Regarding the
insulin plasma concentration (fast state)
(e), WT fed a HF showed a marked
increase in plasma level of this
hormone, while a much smaller
increase in this parameter was observed
in HF diet-treated LDLr�/� mice. All
values represent the mean + SEM. Data
in panel (b) are expressed as percentage
in relation to the initial weight value
(before HF diet). In panel (e), the
results are expressed as percentage in
relation to the mean value of its own
control group (fed a chow diet). Graph
(a) n = 19–35; (b) n = 80–87; (c)
n = 37–48; (d) n = 14–19; and (e)
n = 24–33 mice per group. *P < 0.05
and ***P < 0.0005 as compared to its
respective control fed a regular chow
diet (Student’s t-test). †P < 0.001 as
compared to WT control (fed a chow
diet) (ANOVA followed by Bonferroni’s
test).
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(a) (c)

(b) (d)

Figure 2 Glucose (GTT) and insulin (ITT) tolerance tests in WT and LDLr�/� mice fed a high-fat diet (HF). After 60 days treatment,
both WT and LDLr�/� HF-fed mice display marked intolerance to glucose (a) as demonstrated by the incremental area under the
curve (AUC) as depicted in panel (b); values in (a) and (b) are means + SEM of 10–13 mice per group. Regarding the ITT (c), only WT
HF-fed mice present a significant insulin resistance as seen by the AUC depicted in panel (d); values in (c) and (d) are means + SEM of
15–21 mice per group. In (a) and (c), *P < 0.05 in comparison with the respective control group (two-way ANOVA); in (b) and (d),
*P < 0.02, **P < 0.01 and ***P < 0.0001 as compared to its respective control group (fed a chow diet) (two-tailed Student’s t-test).

(a) (c)

(b) (d)

Figure 3 Glucose-stimulated insulin secretion in isolated islets from WT and LDLr�/� mice fed a regular chow (C) or high-fat diet
(HF). HF diet (for 60 days) induces a significant increase in basal insulin secretion (2.8 mM) in WT islets (a) and a decrease in
glucose-stimulated (16.7 mM) insulin release in LDLr�/� islets (c). Islets from both WT and LDLr�/� mice fed a HF diet displayed
a significant reduction in insulin secretory response to glucose when compared to their control group fed a C diet (b, d). Insulin
release within the supernatant is expressed as mean + SEM (ng/islet.h) in (a) and (c). In graphs (b) and (d), the data are expressed as
fold increase over basal mean value. The number of independent observations was 3 for WT and 4 for LDLr�/� group, n = 20–30
microtubes with 5 fresh islets in each tube. *P < 0.02; **P < 0.005 and ***P < 0.001 in comparison with its respective control (C).

International Journal of Experimental Pathology

6 R. B. d. Oliveira et al.



contrast, islets from WT mice fed a HF diet showed an

unaltered 16.7 mM glucose-stimulated insulin secretion yet

a significant higher basal secretion (2.8 mM glucose)

(P < 0.005) in comparison with islets isolated from chow-

fed WT mice (Figure 3a). In addition, comparing WT and

LDLr�/� islets of mice fed a chow diet (C), LDLr�/� islets

secreted overall less insulin at the same stimulatory

concentration of glucose (16.7 mM) than the WT islets

(P < 0.0001). These results suggest that the islets from

LDLr�/� mice are less sensitive to glucose than islets from

WT mice, which can explain at least in part the relatively

lower insulinaemia and higher glucose intolerance in these

animals after HF diet.

Decreased insulin secretion induced by HF diet was
associated with a reduction in gap junctional Cx36 islet
content in both LDLr�/� and WT islets

As shown in the Figure 4, the immunolabelling for the GJ

Cx36 was detected exclusively in insulin-secreting beta-cells

within the islets. No marked difference in Cx36 cell distri-

bution was observed in pancreas cryosections from WT and

LDLr�/� mice fed a HF diet in comparison with those that

received a regular chow diet (Figure 4a–d). Nevertheless,

60-day exposure to HF diet induced a significant reduction

in Cx36 islet content in both WT and LDLr�/� mice

(P < 0.02) (Figure 4i,k).

Lack of compensatory hyperplasia of the endocrine
pancreas in prediabetic LDLr�/� mice

Regarding the pancreatic islet structure, no marked differ-

ences were observed among WT and LDLr�/� control or

treated groups (Figure 5). Morphologically, pancreatic islets

from all experimental groups exhibited a normal structure,

characterized by a shape ranging from round to oval, sur-

rounded by a very thin capsule of reticular fibres that sepa-

rates it from the exocrine pancreatic parenchyma. The islet

parenchyma consists of cords of endocrine cells interspersed

by capillaries. The islets, regardless of the experimental

group, showed what appeared to be a typical cytoarchitec-

ture characterized by a core of beta-cells surrounded by a

mantle of non-beta-cells (Figure 5a–d).
Nevertheless, the HF diet for 60 days induced significant

morphometric changes in the endocrine pancreas of WT

mice (Figure 5a, b, f–h). The treated group showed a signifi-

cant increase in islet mass (P < 0.001) (Figure 5f), beta-cell

mass (P < 0.0005) (Figure 5g) and in the number of islets

per transversal pancreas section (P < 0.02) (Figure 5h) when

compared to chow-fed mice. The increase in the beta-cell

mass was due to a significant enhancement in the number

(C: 41.6 � 2.4 (623) of beta-cells/islet vs. HF: 56.4 � 3.3

(802), P < 0.005) and of size (C: 135.0 � 1.7 lm2 (623) vs.

HF: 150.9 � 1.4 lm2 (802), P < 0.0001) of this endocrine

cell type. These results suggest that the endocrine pancreas

(a) (e)

(i)

(j)

(k)

(b) (f)

(c) (g)

(d) (h)

Figure 4 Cx36 distribution and cell
content in the endocrine pancreas of
WT and LDLr�/� mice fed a regular
chow or a high-fat diet (HF).
Photomicrographs show the
immunostaining for Cx36 in pancreatic
islet sections of LDLr�/� (a) and WT
(b) mice fed a chow diet as well as of
LDLr�/� (c) and WT (d) mice fed a
HF diet. Images (e), (f), (g), (h) show
double labelling for Cx36 and insulin
in the same islets. They are
representative of four independent
experiments. Sonicates of isolated islets
were immunoblotted for Cx36 (i). The
protein was detected in its monomeric
(36 kDa) and dimeric (66 kDa) forms.
Densitometric evaluation, relative to
the internal control b-actin (j), revealed
a significant decrease of Cx36 in HF-
fed mice (k). Values are the mean +
SEM of at least seven membranes from
six independent experiments. Scale bar,
20 lm. *P < 0.02 in comparison with
its control group.
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of the HF-fed WT undergoes hyperplasia and hypertrophy

that is probably compensatory to the increasing demand for

insulin induced by the diet in these animals (Ahr�en et al.

2010; Peyot et al. 2010).

In contrast to the WT, the LDLr�/� mice showed no sig-

nificant changes in islet or beta-cell masses after HF diet (Fig-

ure 5c, d, f–h). Interestingly, islets of HF-fed LDLr�/� mice

display a significant decrease in beta-cell number per islet

(HF: 44.3 � 3.5 (440) vs. C: 55.2 � 3.6 (446); P < 0.02) as

well as larger beta-cells (HF:135.9 � 1.6 lm2 (440) vs. C:

124.7 � 1.4 lm2 (446); P < 0.0001) in comparison with

mice fed a chow diet. In addition, HF-fed LDLr�/� mice dis-

played a significant reduction in pancreas weight when com-

pared to their respective control group (Figure 5e).

Figure 6 shows that when submitted to HF diet ingestion,

WT and LDLr�/� islets display a higher rate of beta-cell

proliferation (Ki67-positive cells) in comparison with their

respective control group (chow-fed mice). To investigate the

degree of neogenesis in the endocrine pancreas of these

animals, we determined the frequency of association

(a) (c)

(b) (d)

(e) (g)

(f) (h)

Figure 5 Histological and
morphometric analysis of pancreas
from WT and LDLr�/� mice fed a
regular chow or high-fat diet (HF).
Images (a) – (d) show insulin
immunoperoxidase detection in
pancreas sections from the different
groups studied: WT (a), WT HF (b),
LDLr�/� (c) and LDLr�/� HF (d). No
significant histological changes were
observed in pancreatic islets of HF-fed
mice in comparison with their
respective controls (fed a regular chow
diet). Nevertheless, HF diet induced a
significant increase in islet (f) and beta-
cell masses (g), as well in islet number/
section (h) in WT mice, while LDLr�/�
mice displayed no significant
morphometric changes after HF diet for
60 days but a decrease in pancreas
weight (e). Data were obtained from six
pancreas sections from each animal
(n = 8–11 animals/group), and a total of
440–800 islets were analysed per group.
*P < 0.02; **P < 0.005 and
***P < 0.001 as compared to its
respective control. Scale bar, 50 lm.
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(a) (c)

(b)

(e)

(d)

Figure 6 Beta-cell proliferation, as
assessed by Ki67 immunolabelling, in
pancreatic islets from WT and LDLr�/
� mice after regular chow or high-fat
diet (HF). Images show size-matched
pancreatic islets immunolabelled for
Ki67 (arrows), of WT (a), WT HF (b),
LDLr�/� (c) and LDLr�/� HF (d)
groups. WT mice after HF diet showed
an increase of 115% in beta-cell
proliferation as compared to its control
group (e), corroborating the data from
morphometric analysis (see Figure 5).
Surprisingly, the LDLr�/� mice also
showed a high beta-cell proliferation
(increase of 150%) after HF. Data were
obtained from two pancreas sections
from each animal (n = 7–11 animals/
group), and a total of 189–255 islets
were analysed per group. **P < 0.005
and ***P < 0.0001 in comparison with
its respective control. Scale bar, 50 lm.

(b)(a)

Figure 7 Beta-cell neogenesis and apoptosis in the endocrine pancreas of WT and LDLr�/� mice fed a regular chow or a high diet
(HF). The panel (a) displays the frequency of islets (≥5 cells) associated with ducts in relation to the total islet number. A total of
440–800 islets were analysed per group (from 8–11 animals/group). In case of panel (b), all propidium iodide (PI)-positive cells were
counted and divided by the islet area. A total of 101–144 islets were analysed per group (from 6 animals/group). Note that the
exposure to HF diet induced a significant reduction in islet–duct association (neogenesis)(a) and a marked increase in PI-positive
beta-cells/islet (apoptosis) in LDLr�/� mice (b) but did not change these parameters in WT mice. **P < 0.01 as compared to its
respective control.
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between islet and duct (Montanya & T�ellez 2009). As

shown in Figure 7, no significant difference was observed

between the chow-fed and HF-fed WT mice regarding

this parameter, which was used as the neogenesis index

(Figure 7a). Meanwhile, the frequency of islet–duct associa-
tion was significantly reduced in LDLr�/� mice fed a HF

diet as compared to LDLr�/� controls (Figure 7a).

Then, we performed the TUNEL and PI assays to determine

the apoptosis index in the endocrine pancreas from all

experimental groups. No detectable reaction, as obtained by

TUNEL, was observed for any of the pancreas sections analy-

sed from WT and LDLr�/� mice, despite the fact that the

positive control pancreas sections (treated with DNAse)

showed a strong reaction (data not shown). In general, the PI

assay revealed a very few apoptotic islet cells (ranging

between 1 and 3 positive cells per islet), while majority of the

islets displayed no apoptotic cells regardless of the experimen-

tal group. LDLr�/� mice fed a HF diet showed a significant

increase in apoptotic beta-cells per islet area in comparison

with those fed a regular chow diet (P < 0.01) (Figure 7b). In

contrast, HF-fed WT mice displayed an overall lower

incidence of apoptosis than WT control group (Figure 7b).

Discussion

The pathogenesis of T2DM is complex, but it ultimately

depends on the pancreatic beta-cell functional state. Hyper-

lipidaemia has been pointed out as one of the important pre-

disposition factors leading to the glucose homeostasis

disturbances of T2DM (Ding et al. 2010). Bonfleur et al.

(2010, 2011) have demonstrated that a moderate hypercho-

lesterolaemia impairs the beta-cell insulin secretion, leading

to glucose intolerance without affecting peripheral insulin

sensitivity in LDLr�/� mice fed a regular chow diet. We

have recently suggested that the impairment in GJ-mediated

intercellular communication (GJIC) may be involved in the

development of prediabetes in WT C57BL/6 mice fed a HF

diet (Carvalho et al. 2012). The present study is an exten-

sion of these two previous works that addresses whether

severe hyperlipidaemia associated with prediabetes affects

beta-cell communication, function and growth. For that, we

have used wild-type (WT; LDLr+/+) and LDLr�/� C57BL/6

mice fed a normal or high-fat diet to yield a range of differ-

ent degrees of hypercholesterolaemia.

As predicted, our experimental mice displayed marked dif-

ferences in the plasma level of cholesterol being the lowest

cholesterolaemia value observed in the chow-fed (C) WT

mice and the highest in the HF diet LDLr�/� mice. These

results are in accordance with other works showing that HF

diets and LDLr gene mutation per se induce marked increase

in plasma cholesterol levels in mice (Merat et al. 1999;

Winzell & Ahr�en 2004; Coenen & Hasty 2007; Bonfleur

et al. 2010). Associated with the hypercholesterolaemia, the

exposure to HF diet for only 60 days induced in C57BL/6

mice (WT and LDLr�/�) a moderate hyperglycaemia, hy-

perinsulinaemia and marked intolerance to glucose. These

metabolic disturbances characterize the well-known predia-

betic state that corresponds to the initial phase of the

T2DM (Rhodes 2005; Ding et al. 2010; Tripathy & Chavez

2010).

Under the experimental conditions tested here, LDLr-defi-

cient mice displayed a relatively high susceptibility to the

diet as judged by their marked hypercholesterolaemia, post-

prandial hyperglycaemia and intolerance to glucose. Several

previous studies have shown that LDLr�/� mice do respond

metabolically to HF diets (Merat et al. 1999; Schreyer et al.

2002; Bie et al. 2010). In accordance with our data, Schre-

yer et al. (2002) suggested that LDLr�/� male mice

(6 weeks old) fed a diabetogenic diet (35.5% fat content,

mainly lard) up to 16 weeks were more susceptible to diet-

induced obesity and hyperglycaemia than WT C57BL/6

mice. Nevertheless, this idea has been challenged by others.

Karagiannides et al. (2008) showed that LDLr�/� female

mice (4–6 weeks old) were more resistant to developing hy-

perglycaemia and glucose intolerance in response to wes-

tern-type diet (21.1% fat content) for 15 weeks when

compared to the WT mice, suggesting that LDLr deletion

may have a protective effect on diet-induced obesity and

metabolic disturbances. The discrepancies between these

studies may reside in differences in animal age (Collins et al.

2009) and/or in fat diet content employed, as higher fat con-

tent in the diets used increases the possibility to occur satu-

ration of the metabolic pathways that control body fat

deposition and glucose homeostasis, as suggested previously

(Karagiannides et al. 2008).

It is well known that in T2DM pathogenesis the intoler-

ance to glucose is usually preceded by a peripheral insulin

resistance state that can be associated or not with impair-

ment in insulin secretion (Rhodes 2005; Prentki & Nolan

2006; Peyot et al. 2010; Tripathy & Chavez 2010). In our

model, HF diet induced in WT mice, besides insulin resis-

tance, a significant decrease (25%) in insulin secretory islet

response to glucose mainly due to an increased basal insulin

output, that is in accordance with previous works (Collins

et al. 2010; Carvalho et al. 2012). In addition, we described

here for the first time that LDLr�/� mice when fed a HF

diet display a much more severe impairment in the stimu-

lated insulin secretion in comparison with the WT mice.

The insulin secretory response of islets isolated from HF-fed

LDLr�/� mice was 50% lower than those from chow diet-

fed LDLr�/� mice. Even under a regular balanced diet,

LDLr�/� mice showed a relatively low stimulated insulin

secretion that agrees with our previous works (Bonfleur

et al. 2010; Souza et al. 2013). This markedly impairment

in insulin secretion explains, at least partially, the relatively

severe intolerance to glucose observed in LDLr�/� mice

(fed a HF diet) that surprisingly did not display a significant

insulin resistance.

To unravel one possible mechanism that could explain, at

least partially, the deleterious effect of HF diet exposure and

deletion of LDLr gene on insulin secretion, we went to look

at the level of Cx36 beta-cell content in WT and LDLr�/�
islets. Experimental evidences indicate that GJ channels and

its constitutive Cx36 protein are required for the fine
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regulation of the biosynthesis, storage and release of insulin,

particularly in response to glucose (Leite et al. 2005; Serre-

Beinier et al. 2009; Carvalho et al. 2010; Head et al. 2012).

Lack of Cx36-made GJ channels is associated with

impairment of the secretory response to glucose (Ravier

et al. 2005) and with higher susceptibility to cytokine-

induced beta-cell apoptosis in KO-Cx36 mice (Klee et al.

2011a), but does not seem to affect beta-cell mass (Klee

et al. 2011b). In prediabetic WT mice, we have shown a

correlation between a reduction in Cx36 islet expression

and decrease in beta-cell secretory response (Carvalho et al.

2012) that may involve a deleterious effect of hyperlipida-

emia on beta-cells (Allagnat et al. 2008).

Our initial hypothesis herein was that Cx36 downregula-

tion contributes to the reduced glucose responsiveness and

altered insulin secretion in WT and LDLr�/� islets from

mice fed a HF diet. If it was true, we would see a direct

correlation between the decrease in Cx36 islet levels and a

decrease in stimulated insulin islet secretion or an increase

in circulating cholesterol blood levels. Indeed, HF diet expo-

sure elicited a significant decrease in Cx36 islet content in

both WT and LDLr�/� mice; nevertheless, the effect was

similar in both animal groups despite their marked differ-

ences in insulin secretory response. These data reinforce the

idea that impairment of the Cx36-made GJ channels is

involved in the altered insulin secretion and disturbance of

glucose homeostasis observed during prediabetic stage.

However, as reduced Cx36 islet content did not correlate

directly with the decreased secretory response specifically in

the case of the LDLr�/� islets, it is possible that other con-

tributing defects in the stimulus–secretory coupling process

may be associated with LDLr gene deletion, such as

decreased glucose uptake and metabolism (Bonfleur et al.

2010) and impaired cAMP/PKA signalling pathway-depen-

dent insulin exocytosis (Bonfleur et al. 2011). Interestingly,

the fact that LDLr�/� islets do display reduced PKA expres-

sion (Bonfleur et al. 2011) can even explain the relatively

lower reduction in Cx36 expression seen in our HF-fed

LDLr�/� mice as it has been shown that this kinase medi-

ates, through activation of ICER-1 (inducible cAMP early

repressor), the changes in Cx36 expression and insulin secre-

tion in fatty acid-exposed beta-cells (Allagnat et al. 2008).

Islet compensatory response to insulin resistance, involv-

ing increase in beta-cell mass, is a recognized feature in

obesity and T2DM (Rhodes 2005; Prentki & Nolan 2006;

Ahr�en et al. 2010). Long-term regulation of beta-cell mass is

determined by the balance of beta-cell growth, resulted of

replication and neogenesis, and beta-cell loss through apop-

tosis or necrosis (Rhodes 2005; Prentki & Nolan 2006;

Montanya & T�ellez 2009). Our WT mice fed a HF diet dis-

played a marked increase in beta-cell mass probably due to

mainly beta-cell proliferation, as indicated by Ki67 immuno-

reaction. Interestingly, HF diet-fed LDLr�/� mice showed

no morphometric alterations indicative of hyperplasia of the

endocrine pancreas, at least at the period analysed, despite

the fact that the beta-cell proliferation index was similar to

that observed in WT mice.

The next step was to evaluate the beta-cell neogenesis and

apoptosis in LDLr�/� mice in an attempt to understand the

lack of beta-cell expansion seen in these animals after HF

diet. As an indirect indicator of neogenesis, we have used

the proximity of islets and of small beta cell clusters to pan-

creatic ducts (Montanya & T�ellez 2009; Gianani 2011). We

observed that HF-fed LDLr�/� mice displayed a significant

decrease in the frequency of islet–duct association in com-

parison to those fed a regular chow diet, suggesting that the

neogenesis process may be somehow impaired in endocrine

pancreas of LDLr�/� mice. Meanwhile, the PI assay

revealed no significant changes in the WT mice but a consis-

tent higher incidence of apoptotic beta-cells of HF-fed

LDLr�/� mice in comparison with their controls.

To our knowledge, this is the first study reporting pancre-

atic beta cell apoptosis in HF-fed LDLr-deficient mice.

Other studies have demonstrated that HF-high-cholesterol

diets induce apoptosis in LDLr�/� mouse liver that explains

the development of hepatic fibrosis in these animals (Subra-

manian et al. 2011; Bieghs et al. 2012). It was proposed

that this hepatic damage was most likely a consequence of

an increased sensitivity for oxidized LDL-induced inflamma-

tion in LDLr�/� mice (Bieghs et al. 2012). Although we do

not know at the moment the mechanisms involved in the

HF diet-induced beta-cell apoptosis in our animal model, it

is possible that a similar process described previously for the

liver (Bieghs et al. 2012) can occur in the endocrine pan-

creas of the LDLr�/� mice and can even explain their

impaired insulin secretion. Evidences that support this

hypothesis are as follows: (i) high concentrations of oxida-

tively modified LDL can compromise insulin production and

increase beta-cell apoptosis in vitro (Abderrahmani et al.

2007); (ii) oxidized LDL plasma levels are expected to be

high in HF-fed LDLr�/� mice (Palinski et al. 1995); (iii)

beta-cells express scavenger receptor class B, member 1 (SR-

B1) and CD36 (Noushmehr et al. 2005; Okajima et al.

2005), two scavenger receptors that uptake oxidized LDL

(Horiuchi et al. 2003) in the absence of LDLr; and (iv) pan-

creatic islets from hypercholesterolaemic LDLr�/�mice,

even on a regular diet, do show a markedly high-cholesterol

cell content in comparison with WT mice (Bonfleur et al.

2011; Souza et al. 2013).

Taken all together, we demonstrated that the hypercho-

lesterolaemia correlated well with the observed intolerance

to glucose and reduced insulin secretion in both WT and

LDLr�/� mice fed a HF diet. The higher metabolic suscepti-

bility to HF diet seen in LDLr�/� mice, as compared to

WT, may be explained by a relatively high deficiency in

insulin secretory response to glucose and an impairment of

the compensatory beta-cell hyperplasia (involving increase in

apoptosis and reduction in neogenesis). The prediabetic state

induced by HF diet intake is associated with a decreased

Cx36 content at similar level in both WT and LDLr�/�
islets that reinforces a role of the GJIC in the pathogenesis

of T2DM as much as raises a possible negative influence of

the LDLr in the process. So, we propose here that LDLr�/�
mice fed a HF diet for 60 days constitute a suitable model
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for studying the deleterious effect of LDLr deficiency on

diet-induced changes in beta-cell GJIC and growth/survival

dynamic. Such studies can shed light on how modifications

in lipoproteins observed in T2DM could contribute to the

pathogenesis and progression of beta-cell failure.
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