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Hypercholesterolemic low-density lipoprotein receptor knockout mice (LDLR−/−) show
normal whole-body insulin sensitivity, but impaired glucose tolerance due to a reduced
insulin secretion in response to glucose. Here, we investigate the possible mechanisms
involved in such a defect in isolated LDLR−/− mice islets. Low-fat chow–fed female and male
mice aged 20 weeks, LDLR−/− mice, and wild-type (WT) mice were used in this study. Static
insulin secretion, cytoplasmatic Ca2+ analysis, and protein expression were measured in
islets isolated from LDLR−/− andWTmice. At basal (2.8 mmol/L) and stimulatory (11.1mmol/
L) glucose concentrations, the insulin secretion rates induced by depolarizing agents such as
KCl, L-arginine, and tolbutamide were significantly reduced in LDLR−/− when compared with
control (WT) islets. In addition, KCl-induced Ca2+ influx at 2.8 mmol/L glucose was lower in
LDLR−/− islets, suggesting a defect downstream of the substrate metabolism step of the
insulin secretion pathway. Insulin secretion induced by the protein kinase A (PKA)
activators forskolin and 3-isobutyl-1-methyl-xanthine, in the presence of 11.1 mmol/L
glucose, was lower in LDLR−/− islets and was normalized in the presence of the protein
kinase C pathway activators carbachol and phorbol 12-myristate 13-acetate. Western
blotting analysis showed that phospholipase Cβ2 expression was increased and PKAα was
decreased in LDLR−/− compared with WT islets. Results indicate that the lower insulin
secretion observed in islets from LDLR−/− mice at postprandial levels of glucose can be
explained, at least in part, by the reduced expression of PKAα in these islets.
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1. Introduction

The incidence of type 2 diabetes mellitus (T2DM) has reached
international epidemic dimensions and is expected to affect
300 million people within the next 25 years [1]. Numerous
prospective cohort studies have indicated that T2DM is asso-
ciated with a 3- to 4-fold increase in the risk for coronary heart
disease (CHD) [2,3]. Patients with T2DM have 50% greater
hospital mortality, and a 2-fold higher rate of death within
2 years post–myocardial infarction. Overall, CHD is the leading
cause of death in individuals with T2DM [4].

Much of this increased CHD is associatedwith the presence
of well-characterized risk factors, including abnormalities of
plasma lipid and lipoprotein concentrations. Diabetic dyslip-
idemia is characterized by elevated blood levels of triglycer-
ides (TG), low levels of high-density lipoprotein, and increased
or normal concentrations of low-density lipoproteins (LDL) [5].
Chemically altered LDL (oxidized and glycated), as well as
smaller and denser LDL particles, are also features of the
diabetic dyslipidemia [6,7].

Modifications in lipoproteins observed in T2DM could con-
tribute to the pathogenesis and progression of β-cell failure;
however, the effect of dyslipidemias on β-cell function is
poorly understood. The use of animal models that exhibit
alterations in lipoprotein metabolism allows us to examine
how factors that regulate lipid metabolism may influence
susceptibility to T2DM. Hypercholesterolemic LDL receptor
knockout mice (LDLR−/−), a model of human familial hyper-
cholesterolemia [8,9], when submitted to a Western-type diet,
develop hypertriglyceridemia, obesity, hyperglycemia, insulin
resistance [10], and severe atherosclerosis [11].

We previously demonstrated that LDLR−/−, in the absence
of a high-fat diet, shows normal whole-body insulin sensitiv-
ity, but impaired glucose tolerance due to a reduced insulin
secretion in response to postprandial glucose concentrations
[12]. In this study, we investigated the possible involvement of
the protein kinase A (PKA) and phospholipase C (PLC)/protein
kinase C (PKC) pathways in the reduced insulin secretion
response to glucose found in hypercholesterolemic LDLR−/−

mice islets.
2. Materials and methods

2.1. Materials

125I human insulin was purchased from Amersham Interna-
tional (Little Chalfont, Bucks, UK). Routine reagents were
purchased from Sigma Chemical (St Louis, MO).

2.2. Animals

The LDLR−/− mice founders were purchased from the Jackson
Laboratory (Bar Harbor, ME). Control wild-type (WT) mice
(C57BL/6 background) were obtained from the breeding colony
of the State University of Campinas. Animal experiments were
approved by the University's Committee for Ethics in Animal
Experimentation. The mice had free access to standard
laboratory rodent chow diet (Nuvital CR1, Colombo, PR, Brazil)
and water ad libitum and were housed at 22°C ± 1°C on a
12-hour light/dark cycle.

2.3. General nutritional parameters

Fasted LDL−/− and WT mice were decapitated, their blood was
collected, and plasmawas stored at −20°C. Plasma glucosewas
measured using a glucose analyzer (Accu-Chek Advantage;
Roche Diagnostic, Basel, Switzerland); insulin was measured
by radioimmunoassay (RIA; as previously reported by Bonfleur
et al [12]); and total cholesterol (CHOL), TG, and nonesteri-
fied fatty acids (NEFA) were measured using standard com-
mercial kits, according to the manufacturer's instructions
(Boehringer Mannhein, Germany; Merck, Germany; andWako,
Germany, respectively).

2.4. Pancreatic islet isolation and static insulin secretion

The pancreatic islets were isolated from fed mice (20 weeks
old) by collagenase digestion and then selected with a
microscope. After isolation, batches of 4 islets from each
group were preincubated in Krebs-Ringer bicarbonate buffer
(KRBB) containing the following (in millimoles per liter): 115
NaCl, 5 KCl, 24 NaHCO3, 2.56 CaCl2, 1 MgCl2, and 25 HEPES (pH
7.4) plus 2.8 mmol/L glucose and 0.3% bovine serum albumin
(BSA) for 30 minutes at 37°C. The islets were further incubated
for 1 hour in KRBB containing different secretagogues, as
indicated in the “Results” section. Aliquots of the supernatant
at the end of the incubation period were kept at −20°C for
posterior insulin measurement by RIA [13]. For islet insulin
content, groups of 4 islets were collected and transferred to
tubes of 1.5 mL. Deionized water (1 mL) was added to the
samples, followed by disruption of the pancreatic cells using a
Polytron PT 1200 C homogenizer (Brinkmann Instruments,
NY); and the islet insulin content was measured by RIA.

2.5. Cytoplasmatic Ca2+ oscillations

Fresh pancreatic islets were incubated with Fura-2/AM
(5 μmol/L) for 1 hour at 37°C in KRBB containing glucose
(5.6 mmol/L), pH 7.4, and supplemented with BSA. Islets were
washed with the same medium and placed in a chamber that
was thermostatically regulated at 37°C on the stage of an
inverted microscope (Nikon UK, Kingston, UK). Islets were
then perifusedwith KRBB continuously gassedwith 95%O2/5%
CO2, pH 7.4, containing 2.8 mmol/L glucose with or without
40 mmol/L KCl. A ratio image was acquired at approximately
every 5 seconds with an ORCA-100 CCD camera (Hamma-
matsu Photonics Iberica, Barcelona, Spain), in conjunction
with a Lambda-10-CS dual-filter wheel (Sutter Instrument,
Novato, CA), equipped with 340 and 380 nm, 10-nm bandpass
filters, and a range of neutral density filters (Omega Opticals,
Stanmore, UK). Data were obtained using the ImageMaster3
software (Photon Technology International, Pemberton, NJ).

2.6. Western blotting

Isolated islets from LDLR−/− and WT mice were homogenized
in a buffer containing the following (in millimoles per liter):
100 Tris (pH 7.5), 10 sodium pyrophosphate, 100 sodium



Table 1 – Fasting plasma glucose, insulin, CHOL, TG, and
NEFA concentrations in LDLR−/− and WT mice

WT LDLR−/−

Glucose (mg/dL) 67 ± 3 75 ± 2 ⁎

Insulin (ng/mL) 0.27 ± 0.03 0.17 ± 0.02 ⁎

CHOL (mg/dL) 107 ± 3 284 ± 7 ⁎

TG (mg/dL) 107 ± 8 188 ± 7 ⁎

NEFA (mmol/L) 1.20 ± 0.06 1.19 ± 0.07

Data are means ± SEM (n = 13-22).
⁎ P < .05 vs WT mice.
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fluoride, 10 EDTA, 10 sodium vanadate, 2 phenylmethyl-
sulfonyl fluoride, and 1% Triton-X 100. The islets were
disrupted using a Polytron PT 1200 C homogenizer (Brinkmann
Instruments), using three 10-second pulses. The extracts were
then centrifuged at 12 600g at 4°C for 5 minutes to remove
insoluble material. The protein concentration in the super-
natants was assayed using the Bradford dye method [14],
using BSA as a standard curve and Bradford reagent (Bio-
Agency Lab, São Paulo, SP, BRA). For sodium dodecyl sulfate
gel electrophoresis and Western blot analysis, the samples
were treated with a Laemmli sample buffer containing dithi-
othreitol. After heating to 95°C for 5 minutes, the proteins
were separated by electrophoresis (70 μg protein per lane,
10% gels) and, afterward, transferred to nitrocellulose mem-
branes. The nitrocellulose filters were treated overnight with
a blocking buffer (5% nonfat dried milk, 10 mmol/L Tris, 150
mmol/L NaCl, and 0.02% Tween 20) and were subsequently
incubated with a rabbit polyclonal antibody against PLCβ2
(1:500; cat. [H-255] sc 9018) or PKAα (1:500; cat. [C-20] sc 903),
mouse monoclonal antibody to PKCα (1:1000; cat. [H-7] sc
8393), or rabbit polyclonal antibody to phospho (p)-PKCα/βII
(Thr638/641) (1:1000; cat. 9375S) at 4°C. Visualization of
specific protein bands was made by incubating the mem-
branes for 2 hours with a peroxidase-conjugated secondary
antibody (1:10 000; Zymed Laboratories, San Francisco, CA),
followed by detection with enhanced chemiluminescence
reagents (Pierce Biotechnology, Rockford, IL) and exposure to
x-ray film (Kodak, AM, Brazil). The band intensities were
quantified by optical densitometry (Scion Image; Scion,
Frederick, MD). After assaying the target proteins, Western
blotting was repeated using rabbit polyclonal antibody to
actin (1:1000; cat. [H-196]: sc-7210), used as an internal control
for total proteins and for pPKC, results were expressed as a
ratio of pPKCα/βII:PKCα expression. All primary antibodies
used were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA) with the exception of the pPKCα/βII antibody from
Cell Signaling (Beverly, MA).

2.7. Statistical analysis

Results are presented as means ± SEM for the number of
determinations (n) indicated. Statistical analyses were carried
out using unpaired Student t test; the level of significance was
set at P < .05, and analyses were performed using GraphPad
Prism version 4.00 for Windows (GraphPad Software, San
Diego, CA).
3. Results

3.1. Animal features

Low-fat chow–fed female and male mice aged 20 weeks,
LDLR−/− mice, and WT mice were used in this study. As
previously reported [12], LDLR−/− mice showed higher glyce-
mia, hypoinsulinemia, and increased total CHOL and TG
plasma levels when compared with WT mice (P < .02, P < .005,
and P < .0001, respectively), whereas NEFA plasma concen-
trations were similar to those of WT (Table 1).
3.2. Insulin secretion induced by depolarizing agents

In the presence of subthreshold (2.8 mmol/L) (Fig. 1A) and
postprandial glucose concentrations (11.1 mmol/L) (Fig. 1B),
the insulin secretion rates induced by depolarizing agents
such as 40 mmol/L KCl, 10 mmol/L L-arginine, and 100 μmol/L
tolbutamide were lower in LDLR−/− than in WT islets (P < .05).
At 2.8 mmol/L glucose, the insulin secretion was not different
between groups (0.12 ± 0.01 and 0.11 ± 0.01 ng per islet per
hour for LDLR−/− and WT islets, respectively; n = 25), whereas
at 11.1 mmol/L glucose, insulin secretion was 50% lower in
LDLR−/− islets than in WT islets (0.77 ± 0.04 and 1.52 ± 0.11 ng
per islet per hour, respectively; n = 20-22; P < .05). In
accordance with insulin secretion experiments, KCl induced
a lower Ca2+ influx in LDLR−/− islets (Fig. 2B) when compared
with WT islets (Fig. 2A). The amplitude and total cytoplas-
matic Ca2+ levels in response to KCl were lower in LDLR−/−

islets compared with WT islets (P < .03 and P < .01, Fig. 2C and
2D, respectively).

3.3. Carbachol and phorbol 12-myristate 13-acetate
induced insulin secretion

Fig. 3A shows that, at 11.1 mmol/L glucose, increasing
concentrations of carbachol (Cch) (1-100 μmol/L), which
stimulates the formation of inositol-1,4,5-triphosphate plus
diacylglycerol through activation of PLC, dose-dependently
increased insulin secretion in both groups of islets. Insulin
secretion observed at all concentrations of Cch in LDLR−/−were
similar to those of WT islets. In addition, the presence of 100
nmol/L phorbol 12-myristate 13-acetate (PMA), which stimu-
lates PKC, also fully recovered insulin secretion in LDLR−/−

islets (Fig. 3B).

3.4. Forskolin and 3-isobutyl-1-methyl-xanthine
induced secretion

Forskolin (10 μmol/L) and 3-isobutyl-1-methyl-xanthine
(IBMX) (1 mmol/L), which increase cyclic adenosine mono-
phosphate (cAMP) by adenylate cyclase stimulation or by
phosphodiesterase inhibition (respectively), significantly
stimulated secretion in both types of islets (Fig. 4). However,
the insulin secretion stimulated by both agents was markedly
lower in LDLR−/− compared with WT islets. It should be
noted that the decreased insulin release observed in LDLR−/−

islets was not due to any alteration in insulin synthesis or
storage because islet insulin content was similar between
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groups (54 ± 4 vs 51 ± 5 ng per islet for WT and LDLR−/−

islet, respectively).

3.5. PLCβ2, PKCα, and PKAα protein expression

Western blotting analysis shows that the expression of PLCβ2
in LDLR−/− isletswas 55%higher (n = 4, P < .05, Fig. 5A) and PKAα
was 22% lower (n = 5, P < .05, Fig. 5D) when compared withWT
islets, whereas the expression of PKCα (Fig. 5B) was similar
between groups. When the ratio of pPKCαThr638/βIIThr641/PKCα
was measured, no difference between LDLR−/− and WT islets
(Fig. 5C) was observed, showing that threonine residue
phosphorylation, required for PKC catalytic competence [15],
was not altered between the groups.
4. Discussion

In addition to hypercholesterolemia, LDLR−/− mice submitted
to diabetogenic diets demonstrate increased adiposity, hyper-
triglyceridemia, hyperglycemia, and peripheral insulin resis-
tance, indicating that the dyslipidemia induced by the LDLR
mutation and unbalanced diets impairs glucose homeostasis
[10,11].We recently observed that, in the absence of metabolic
factors induced by a high-fat diet, LDLR−/− mice show normal
whole-body insulin sensitivity but postprandial hyperglyce-
mia, hypoinsulinemia, and glucose intolerance. Furthermore,
we demonstrated that the main cause for impaired glucose
homeostasis was a reduced islet insulin secretion in response
to glucose [12]. Here, we investigated possible additional
mechanisms involved in the lower secretory response of
LDLR−/− mice islets.
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First, we observed that depolarizing the β-cell membrane
with high concentrations of KCl, L-arginine, and tolbutamide
resulted in a lower insulin secretion in LDLR−/− compared with
WT islets, both under basal and stimulatory glucose concen-
trations (Fig. 1). The lower secretion observed in LDLR−/− islets
was not due to islet insulin and DNA content [12], but rather
probably the consequence of other defects in the signal
transduction pathways responsible for the secretory process.

Glucose stimulation of insulin secretion occurs by a
synergistic interaction between at least 2 signaling pathways.
One is the adenosine triphosphate (ATP)–sensitive K+ chan-
nel–dependent pathway, where the closure of these channels
depolarizes the β-cell membrane; provokes Ca2+ influx
through voltage-gated channels; increases intracellular Ca2+

concentrations; and, ultimately, activates the extrusion of
insulin granules. Our evidence suggests that the latter
mechanismwas impaired in LDLR−/− group because decreased
insulin secretion in response to depolarizing agents occurred
in LDLR−/− islets because of the lower Ca2+ influx (Figs. 1 and 2).
This effect may be due to an impaired depolarization process
and/or L-type voltage-sensitive Ca2+ channel activation or
expression in the LDLR−/− group. It is known that membrane
lipid composition may influence β-cell ion flux and channel
activation [16]. We previously reported that LDLR−/− islets
showed high CHOL levels and that plasma membrane CHOL
depletion restored glucose-induced insulin release in LDLR−/−

islets [12]. In addition, lower insulin secretion was observed in
rodents that showed decreased or deletion of the α1.2 subunit
of the L-type channel levels [17,18].

In the second pathway, glucose-stimulated insulin release
is an ATP-sensitive K+ channel–independent mechanism. In
the former, glucose still increases insulin secretion without
affecting the membrane potential (also known as the Ca2+-
dependent pathway) [19]. Because glucose metabolism was
reduced in LDLR−/− islets by 30% [12], it may be postulated
that the lower insulin secretion in LDLR−/− islets, which was
not corrected by additional membrane depolarization (high
KCl, L-arginine, and tolbutamide; Fig. 1B), may be to the
consequence of alterations in the ATP-sensitive K+ channel–
independent pathway [20-22].

Activation of PKC is important for the phosphorylation
of many proteins associated with the exocytotic process in
β-cells [23]. Thus, we investigated the insulin secretory
response to 11.1 mmol/L glucose in the presence of different
concentrations of Cch, a muscarinic receptor agonist that
enhances glucose-stimulated insulin secretion by activating
the PLC/PKC pathway [24]. Carbachol restored the insulin
secretory competence in LDLR−/− islets, reaching an even
higher degree than that of WT islets (Fig. 2). This effect
correlates well with a higher protein expression of PLCβ2 in



Fig. 5 – PLCβ2 (A), PKCα (B), pPKCα/βII:PKCα (C), and PKAα (D) protein expression in isolated islets from LDLR−/− and WT
mice. Protein extracts were processed for Western blotting. The bars represent the means ± SEM of the values, determined
by optical densitometry. n = 3 to 5; *P < .05 vs WT.
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LDLR−/− islets (Fig. 4A). Although theexpressionof PKCαwasnot
altered in LDLR−/− islets, we also observed a full recovery of the
insulin secretory responseof these isletswhenPKCwasdirectly
stimulated by PMA. These findings suggest that the increased
PLC expression may be a compensatory mechanism, which
warrants normal in vivo insulin secretion at basal, nonstimu-
latory glucose concentrations; however, this is not enough to
cope with the full response to postprandial levels of glucose.

The importance of the cAMP/PKA pathway for insulin
secretion process has long been demonstrated [25]. Dyachok
et al [26] monitored alterations in cAMP levels in β-cells by
observing the dissociation of PKA catalytic from the regulatory
subunits. These authors showed that glucose induces cAMP
level oscillations, demonstrating that the cAMP/PKA pathway
is important for glucose-induced insulin secretion. In addi-
tion, several hormones (incretins) use this pathway to poten-
tiate glucose-stimulated insulin secretion [27-29]. These
effects involve a series of reactions triggered by PKA, including
the phosphorylation of vesicular and plasma membrane
proteins, voltage-dependent channels, and transcription fac-
tors [23,30]. Protein kinase A activity seems to be specifically
involved in the granule fusion reaction [30,31] because
reduction of PKA expression diminishes the phosphorylation
of proteins involved in the extrusion of insulin granules, such
as snapin [32] and synaptosome-associated protein of 25 kd
[33]. In support of this view, reduced glucose-induced insulin
secretion in isolated islets and insulinoma cells is observed
by inhibition of PKA [34] and lower PKAα expression [35,36].
Thus, the concomitant reduction of PKAα expression and
insulin secretion observed in LDLR−/− mice islets (Fig. 4C) is in
agreement with these observations.

In mice islets, PKA inhibitors selectively reduced the
number of exocytotic events during the initial period of the
first phase of glucose-induced exocytosis [31]. Protein kinase A
inhibitors did not affect the glucose-induced increase in
intracellular Ca2+ concentrations, and the exposure of islets
to high glucose concentrations increased the duration of Ca2+-
dependent insulin exocytosis, an effect not mimicked by
2-deoxy-D-glucose, indicating that a glucose metabolite is
necessary for the process [31]. One candidate is ATP [37], given
that glucose rapidly increases its cytosolic concentrations [38].
The fast mode of Ca2+-dependent insulin exocytosis is aug-
mented by intracellular ATP concentration ([ATP]i) in a
concentration-dependent manner [39], and this effect seems
to require both cAMP and PKA. Activation of PKA was also
observed by increasing [ATP]i even in the absence of increased
concentrations of cAMP [37]. In our experiments, both
forskolin and IBMX, which increase [cAMP]i, failed to fully
restore the insulin secretory competence in LDLR−/− islets
(Fig. 3), indicating a lower availability of PKA for activating the
secretion process (Fig. 4C). As stated before, we have pre-
viously observed a 30% reduction in the glucose metabolism
in LDLR−/− islets, suggesting a possible reduction in [ATP]i.
Because ATP and PKA are important for the final steps of
insulin granule extrusion, the association of these abnormal-
itiesmay explain the reduced insulin secretion in the presence
of glucose and other stimulators in LDLR−/− islets.

In conclusion, these data indicate that the lower insulin
secretion in LDLR−/− mice islets may also be explained by
decreased Ca2+ influx and PKA expression. The mechanism
responsible for this abnormality in LDL receptor defective
islets remains to be elucidated.
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