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A B S T R A C T

High density lipoprotein (HDL) has attracted the attention of biomedical community due to its well-documented
role in atheroprotection. HDL has also been recently implicated in the regulation of islets of Langerhans se-
cretory function and in the etiology of peripheral insulin sensitivity. Indeed, data from numerous studies strongly
indicate that the functions of pancreatic β-cells, skeletal muscles and adipose tissue could benefit from improved
HDL functionality. To better understand how changes in HDL structure may affect diet-induced obesity and type
2 diabetes we aimed at investigating the impact of Apoa1 or Lcat deficiency, two key proteins of peripheral HDL
metabolic pathway, on these pathological conditions in mouse models. We report that universal deletion of
apoa1 or lcat expression in mice fed western-type diet results in increased sensitivity to body-weight gain
compared to control C57BL/6 group. These changes in mouse genome correlate with discrete effects on white
adipose tissue (WAT) metabolic activation and plasma glucose homeostasis. Apoa1-deficiency results in reduced
WAT mitochondrial non-shivering thermogenesis. Lcat-deficiency causes a concerted reduction in both WAT
oxidative phosphorylation and non-shivering thermogenesis, rendering lcat−/− mice the most sensitive to
weight gain out of the three strains tested, followed by apoa1−/− mice. Nevertheless, only apoa1−/− mice show
disturbed plasma glucose homeostasis due to dysfunctional glucose-stimulated insulin secretion in pancreatic β-
islets and insulin resistant skeletal muscles. Our analyses show that both apoa1−/− and lcat−/− mice fed high-fat
diet have no measurable Apoa1 levels in their plasma, suggesting no direct involvement of Apoa1 in the observed
phenotypic differences among groups.

1. Introduction

High density lipoprotein (HDL) is a macromolecular assembly of

proteins and lipids circulating in blood. In recent decades it has at-
tracted the attention of the biomedical community mainly due to the
inverse relationship between blood HDL-cholesterol (HDL-C) levels
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with the risk of developing atherosclerosis and coronary heart disease
(CHD) [1–7]. However, the failure of a number of HDL-C raising drugs
to reduce CHD morbidity and mortality [4,5] led to the conclusion that
simply increasing plasma HDL-C levels only may not be an effective
strategy for the prevention and treatment of CHD [4,7]. Moreover, it
reinforced the principle that HDL particle functionality may be more
important in atheroprotection than HDL-C levels alone [4,7].

HDL particles may be discoidal or spherical with varying diameters
[8]. Their biogenesis involves lipid transporters ATP-binding cassette
A1 and G1 (ABCA1 and ABCG1, respectively) which are responsible for
cholesterol efflux, and the plasma enzyme Lecithin:Cholesterol Acyl
Transferase (LCAT), which catalyzes the esterification of free choles-
terol and converts HDL from discoidal to spherical particles. In addi-
tion, cholesteryl-ester transfer protein (CETP) and phospholipid transfer
protein (PLTP) further process HDL in plasma, resulting in spherical
particles of different diameters [9–13]. Studies in mouse models
showed that in addition to apolipoprotein A1 (APOA1) other apolipo-
proteins, such as APOE [14] and APOC3 [15] may also promote de
novo biogenesis of HDL, independently of pre-existing classical APOA1-
containing HDL [4]. APOE- and APOC3-containing HDL particles ap-
pear structurally and functionally distinct from APOA1-containing HDL
and from each other [16,17]. Notably, the apolipoprotein composition
of HDL is a decisive factor for its lipid cargo and overall functionality
[16–19]. In agreement with data from animal studies, studies in hu-
mans indicate that variations in apolipoprotein content of HDL set the
basis for its functional heterogeneity among individuals [20], and that
differences in lipid composition may result in HDL of either discoidal or
spherical shapes [4,7]. Specifically, reduced levels of APOA1 and con-
comitant elevated content of APOC3 and APOE in HDL correlate with
less functional HDL [18,19].

Adipose tissue consists of white adipose tissue (WAT) and brown
adipose tissue (BAT): the former is mainly responsible for lipid storage,
and the latter for energy production (heat and ATP). Under certain
circumstances WAT may be activated metabolically and turn into
BRITE (BRown Into whiTE) adipose tissue that can produce heat via
non-shivering thermogenesis [21]. The latter phenomenon results from
an elevated mitochondrial metabolic activity, mainly of uncoupling
protein 1 (Ucp1) function, which mediates the metabolic conversion of
free fatty acids to heat, thus contributing to the lean phenotype [22,23].
However, induction of WAT mitochondrial oxidative phosphorylation
for ATP production, independently of Ucp1 increase, may also con-
tribute to the lean phenotype [24]. Metabolic activation of WAT into
BRITE is considered a promising strategy for treatment of morbid
obesity and numerous experimental drugs have been designed towards
this goal, though to this date the molecular targets for such interven-
tions remain vague. It is generally agreed that dysfunctional adipose
organ predisposes to type 2 diabetes mellitus (T2DM) and other pa-
thological components of the metabolic syndrome [25].

T2DM is a major global health problem, affecting over 300 million
people worldwide [26]. It develops because of reduced glucose toler-
ance, initially manifested as peripheral resistance, and consequently
impaired insulin production and secretion by pancreatic β-cells. Re-
cently, considerable attention has been put on the role of HDL in the
regulation of β-cell secretory function and peripheral insulin sensitivity.
Indeed, data from numerous studies strongly support the hypothesis
that pancreatic β-cells, as well as skeletal muscles and adipose tissues
could benefit from improved HDL functionality [27]. Yet, although
many studies explored the correlation between HDL-C levels and the
risk of developing T2DM [27–29], the effects of HDL structure on the
disease remain poorly investigated.

To understand how structural changes in HDL may affect morbid
obesity and diabetes, we compared in the present study the effects of
Apoa1- and Lcat-deficiency on diet-induced weight gain, WAT mi-
tochondrial metabolism and plasma glucose homeostasis in mice.

2. Material and methods

2.1. Animals

Female C57BL/6, and apoa1−/− mice 10–12weeks old were pur-
chased from Jackson Labs (Bar Harbor, Maine, USA). The lcat−/− mice
were a generous gift of Dr. Silvia Santamarina-Fojo [30]. Both apoa1−/

− and lcat−/− mouse models were back-crossed on the C57BL/6
background for at least 10 generations. Mice in each group were caged
individually and were allowed unrestricted access to food and water
under a 12 h light/dark cycle. All animals employed in the study were
fed the standard western type diet (Mucedola SRL. Milano, Italy) that
contains 4.5 kcal/g (17.3% protein, 48.5% carbohydrate, 21.2% fat,
0.2% cholesterol) for the indicated periods. At the end of each experi-
ment, mice were euthanatized, and plasma and tissue samples were
collected. All animal studies were conducted according to the EU
guidelines of the Protocol for the Protection and Welfare of Animals. The
estimated sample size was determined based on the desired power of
statistical analysis, using an online statistical tool (http://www.stat.
ubc.ca/~rollin/stats/ssize/n2.html). The work was approved by the
appropriate committee of the Laboratory Animal Center of The Uni-
versity of Patras Medical School and the Veterinary Authority of the
Prefecture of Western Greece.

2.2. Determination of body weight and plasma lipids

Mice were briefly anesthetized using isofluorane and weighted on a
Mettler® precision microscale. Plasma total cholesterol and triglyceride
levels were assessed spectrophotometrically following a 16 h fasting
period, as described previously [31]. The DiaSys Cholesterol FS kit
(cat# 113009910021, Diagnostic Systems GmbH, Holzheim, Germany)
and the DiaSys Triglycerides FS kit (cat# 157109910021, Diagnostic
Systems GmbH, Holzheim, Germany) respectively, were employed ac-
cording to the manufacturers' instructions.

2.3. Intraperitoneal glucose tolerance (GTT), insulin sensitivity (IST) and
pyruvate tolerance tests (PTT)

Prior analysis mice were fasted for 16 h. GTT, IST and PTT were
performed as described previously [32] and blood glucose determina-
tion was performed at the indicated time–points of each test. Plasma
glucose was determined by DiaSys Glucose FS kit (cat# 125009910021,
Diagnostic Systems GmbH, Holzheim, Germany).

2.4. Determination of post-prandial plasma triglyceride kinetics and tissue
distribution following oral administration of olive oil

A modification of the method of Augustus et al. was used [33] as
described previously [34]. Specifically, groups of apoa1−/−, lcat−/−,
and control C57BL/6 mice were gavage fed 200 μl of extra virgin olive
oil, containing 59.2 KBq [3H]-triolein with specific activity 2.22 TBq/
mmol (American Radiolabeled Chemicals, Inc., Triolein [9,10-3H (N)]
cat# ART0199) and 5.92 KBq [14C]-cholesterol with specific activity
1.85 GBq/mmol (American Radiolabeled Chemicals, [4-14C]-Choles-
terol cat# ARC0857). [3H]-triolein served a tracer for plasma trigly-
ceride clearance while [14C]-cholesterol served as a tracer for plasma
cholesterol and lipoprotein remnant clearance. At 240min, mice were
sacrificed, perfused with sterile cold saline for 3min, liver, soleus
muscle, BAT, visceral WAT and islets of Langerhans were collected and
their [3H] and [14C] content was determined by liquid scintillation in a
Beckman β-counter model LS6500 (Beckman Coulter, Brea CA, USA).
Values were expressed in cpm of each isotope/g tissue ± standard
error of the mean (S.E.M).
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2.5. Fractionation of plasma lipoproteins by density gradient
ultracentrifugation

Isolated plasma samples from ten mice per group were pooled and
0.4 ml of pools were fractionated by density gradient ultracentrifuga-
tion (UCF) over a 4ml KBr (Sigma-Aldrich, St. Louis, MO, USA) density
gradient in a Beckmann-Coulter Ultracentrifuge (Indianapolis, IN, USA)
using an SW60 rotor, as described previously [17].

2.6. Isolation of mitochondria

Mitochondria from BAT and WAT were isolated as described pre-
viously [35]. The protein concentration of each mitochondrial sample
was determined by the Lowry assay using the DCTM Protein Assay Kit
(cat# 500-0116, Bio-Rad, USA).

2.7. Western blot analysis

For the semiquantitative measurement of Apoa1, Apoa2, Apoe,
Apoc1, Apoc2 and Apoc3 in lipoprotein fractions, Western blot analysis
was performed as described previously [17,34,35]. For the detection of
Apoa1, Apoe and Apoc3 rabbit anti-Apoa1 (cat# AP23390PU-N, Acris),
anti-Apoe (cat# K23100R, Meridian Life Science) and anti-Apoc3 (cat#
ab55984, Abcam and cat# PAB5869, Abnova) were used respectively
as primary and a goat anti-rabbit antibody (cat#7074, Cell Signaling)
as secondary. Goat anti-Apoa2 (cat# K34001G), anti–Apoc1 (cat#
K74110G) and anti-Apoc2 (cat# K59600R) antibodies from Meridian
Life Science, USA, were used respectively as primary, and a rabbit anti-
goat antibody (cat# sc-2768, Santa-Cruz) as secondary. Western blot-
ting for Cytc, Ucp1, and Cox4 was performed using IgG primary rabbit
anti-mouse antibodies (cat# 4272, Cell Signaling; Danvers, MA, USA;
cat# GTX10983, Acris, Herford, Germany; cat# 4844, Cell Signaling,
Danvers, MA, respectively). SDS-PAGE of pure mitochondrial extracts
was performed using 6 μg protein/sample for BAT and 10 μg protein/
sample for WAT. Semiquantitative determination of the relative protein
amounts was performed by Image J free software and Cytc and Ucp1
levels were normalized to Cox4 levels.

2.8. Insulin stimulated [3H]-2-deoxy-D-glucose uptake assay (ISGU) in
isolated soleus muscles

Soleus muscle glucose uptake, in the presence or absence of insulin
stimulation, was determined as described previously [36]. Briefly, mice
were fasted for 16 h and then sacrificed and both soleus muscles from
each animal were dissected and incubated in a buffer solution con-
taining 0.37MBq/ml [3H]-2-deoxy-D-glucose (American Radiolabelled
Chemicals, St. Louis, MO, USA, cat#ART0103A, with specific activity
2.22 TBq/mmol) in the presence (+insulin) or absence (−insulin) of
500 nM actrapid insulin U-100 (Novo Nordisk, Denmark).

2.9. HOMA index calculation

As an additional measure of insulin sensitivity, the homeostasis
model assessment (HOMA) index was calculated from the fasting
plasma glucose and insulin levels as follows: HOMA= (fasting glucose
concentration [md/dl] x fasting insulin concentration [mU/l])/405
[37,38]. Plasma glucose was determined by DiaSys Glucose FS kit (cat#
125009910021, Diagnostic Systems GmbH, Holzheim, Germany) while
plasma insulin levels were measured by ELISA (Merck Millipore, Bill-
erica, MA, USA cat# EZRMI-13).

2.10. Islets of Langerhans isolation and glucose stimulated insulin secretion
assay

Islets of Langerhans were isolated from mice of each group, fol-
lowing collagenase digestion of pancreases and ex vivo glucose

stimulated insulin secretion (GSIS) assay was performed, as described
previously [39]. Briefly, isolated islets were successively incubated in
Krebs-Ringer bicarbonate HEPES-BSA buffer containing different con-
centrations of glucose (3.3 mM and 16.7mM) and finally in lysis buffer.
All incubations were performed at 37 °C for 1 h. Islets from C57BL/6 or
apoa1−/− mice were also incubated for 1 h in Krebs-Ringer bicarbonate
HEPES-BSA buffer containing 3.3mM glucose in the presence or ab-
sence of 40mM KCl, in order to exogenously stimulate the plasma
membrane depolarization and subsequent insulin secretion. Super-
natants of each incubation were collected, and insulin levels were
measured by ELISA (Merck Millipore, Billerica, MA, USA cat# EZRMI-
13).

2.11. Two-photon microscopy analysis of cell membrane fluidity in isolated
islets of Langerhans

To determine the effects that structural changes of HDL exert on cell
membrane fluidity of freshly isolated islets of Langerhans, two-photon
microscopy analysis using Laurdan stain was performed. Briefly, islets
were incubated in 1mM Laurdan (Molecular Probes, Inc., Eugene, OR,
USA) in dimethyl sulfoxide (DMSO; Sigma, St. Louis, MO) in a 5% CO2

incubator for 30min in the dark. Afterwards, the slide was placed on
the inverted confocal microscope (DMIRE2, Leica Microsystems,
Germany) and Laurdan intensity images were obtained using a 60×
objective (NA 1.4) under excitation at 800 nm with a mode-locked
Titanium-Sapphire laser (Chameleon, Coherent, Santa Clara, CA).
Internal photon multiplier tubes collected images in an eight-bit, un-
signed images at a 400 Hz scan speed. Laurdan intensity images were
recorded simultaneously with emission in the range of 400–460 nm and
470–530 nm and imaging was performed at room temperature. For
each specimen, 4–6 field images were analyzed first with the software
GPicture [40]. The program measures membrane fluidity in terms of
ratio of emission intensities by using Generalized Polarization (GP)
value [41]. GP value was calculated for each pixel using the two
Laurdan intensity images [I(400–460) and I(470–530)]. The calibration
factor G was obtained from the GP values of solutions of Laurdan in
DMSO. GP images (as eight-bit unsigned images) were pseudocoloured
in Image-J. GP histograms values were determined within multiple
Regions of Interest (plasma membranes of single cells) for each sample,
and their mean ± standard deviation (S.D) determined and utilized for
further statistical analysis (two-tailed Student's t-test). Line profiles and
analysis of acquired images were performed with Image J free software.

2.12. Statistical analysis

Data are reported as Mean ± S.E.M or Mean ± S.D. * indicates
P≤ 0.05, ** indicates P < 0.01. n indicates the number of animals
tested in each experiment. Data sets were tested using the Kolmogorov-
Smirnov and the Shapiro-Wilk tests and were treated with parametric
(P > 0.1) or non-parametric tests (P < 0.1) according to their devia-
tion from normality. All statistical tests were performed using the
GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, US).

3. Results

3.1. Effects of feeding high-fat diet on body weight gain, plasma lipid levels
and lipoprotein and apolipoprotein distribution

To determine the effects of Apoa1- and Lcat-deficiency on body
weight gain, apoa1−/− and lcat−/− mice were fed ad libidum western-
type diet for 24 weeks: body weights (Fig. 1A) and plasma lipids
(Fig. 1B, C) were determined at the beginning and at the end of the
experiment. At the beginning all mice had similar body weight
(16.88 ± 0.3 g for C57BL/6, 19.66 ± 0.33 g for apoa1−/− and
17 ± 0.57 g for lcat−/−, all P > 0.05), which significantly increased
during the course of the diet (Fig. 1A). Indeed, at week 24 the average
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body weight of C57BL/6 mice reached 32.46 ± 1.89 g whereas
apoa1−/− and lcat−/− mice were significantly heavier reaching
39.08 ± 1.42 g and 45.83 ± 1.62 g, respectively (both P < 0.001
compared to C57BL/6 group) (Fig. 1A).

Given that the lipoprotein system is responsible for the management
of dietary lipids in circulation, we further investigated the effects of
Apoa1 and Lcat deficiency on plasma lipoprotein and apolipoprotein
profiles. Peripheral blood samples were isolated from apoa1−/−, lcat−/

− and C57BL/6 mice at the end of week 24 and plasma cholesterol and
triglyceride levels were measured. Total plasma cholesterol levels were
below 100mg/dl for all mouse strains (95.6 ± 5.7mg/dl,
67.2 ± 5.2mg/dl and 87.9 ± 5.5mg/dl for C57BL/6, apoa1−/− and
lcat−/− mice, respectively) (Fig. 1B). Similarly, plasma triglyceride
levels were below 150mg/dl for all mouse strains (55.7 ± 4.0mg/dl,
46.5 ± 4.1mg/dl and 102.5 ± 21.5mg/dl for C57BL/6, apoa1−/−

and lcat−/− mice, respectively) (Fig. 1C). Then, lipoprotein fractions
were purified by KBr density gradient UCF (Fig. 1D). Both apoa1−/−

and lcat−/− mice on western type diet exhibited reduced HDL-C levels
compared to their C57BL/6 counterparts, while lcat−/− mice displayed
a notable shift of their plasma cholesterol towards VLDL, IDL and LDL
fractions (Fig. 1D). As expected, control C57BL/6 mice had mainly HDL
in their peripheral circulation.

Western blot analysis of apolipoproteins of the purified lipoprotein
fractions revealed that HDL from all three mouse strains presented
discrete apolipoprotein composition (Fig. 2): HDL from apoa1−/− mice
contained mainly Apoe and Apoc2, low level of Apoa2 and trace
amount of Apoc1. On the other hand, HDL from lcat−/− mice contained
primarily Apoa2, Apoe, and trace amount of Apoc1. As expected, HDL
from control C57BL/6 mice contained mainly Apoa1, Apoa2 and
Apoc2, and a lower level of Apoe.

3.2. Post-prandial triglycerides and cholesterol tissue distribution

Next, we investigated whether the differences in plasma lipoprotein
and apolipoprotein profiles were associated with changes in post-
prandial triglyceride and cholesterol tissue accumulation, thus

contributing to differences in body weight gain among groups (Fig. 3).
Apoa1−/−, lcat−/− and C57BL/6 mice were gavage fed olive oil con-
taining [3H]-triolein and [14C]-cholesterol and their liver, soleus
muscle, BAT, visceral WAT and pancreatic islets were collected and
their [3H] and [14C] content was determined, as described in Methods.

Measurement of the [3H] radioactive tracer following gavage
feeding, showed a significantly lower dietary triglyceride tissue de-
position in WAT of apoa1−/− and lcat−/− mice even though they be-
came more obese than the control C57BL/6 mice upon feeding western-
type diet. Interestingly, there was also reduced [3H]-tracer deposition
in isolated pancreatic islets of Langerhans (Fig. 3A). No differences in
[3H] levels among groups were identified in liver, BAT and soleus
muscle.

Measurement of [14C] radioactive tracer, following the gavage
showed no difference in WAT [14C]-tracer levels among groups.
Nevertheless, apoa1−/− mice accumulated higher amounts of [14C]-
tracer in BAT and soleus muscle, suggesting increased dietary choles-
terol deposition in these tissues (Fig. 3B).

3.3. Effects of Apoa1 and Lcat deficiency on BAT and WAT mitochondrial
metabolic activity

We then determined the effects of Apoa1- and Lcat-deficiency on
visceral WAT and BAT metabolic activity. Groups of apoa1−/−, lcat−/

and C57BL/6 mice were fed western-type diet for 24 weeks and then
pure visceral WAT and BAT mitochondria were isolated and analyzed
for Cytc, Ucp1 and Cox4 protein levels (Fig. 4). Comparable levels of
Cytc were found in WAT mitochondria, of apoa1−/− and C57BL/6
mice, indicative of similar levels of oxidative phosphorylation in this
tissue. Interestingly, lcat−/− mice exhibited significantly lower Cytc
levels, suggesting that lack of functional Lcat has a selective negative
impact on WAT mitochondrial oxidative phosphorylation. The sig-
nificant level of Ucp1 in WAT mitochondria from C57BL/6 mice, were
drastically reduced in apoa1−/− and lcat−/− mice, indicating atte-
nuated substrate oxidation towards thermogenesis in WAT of these
animals (Fig. 4A, C, E). Ucp1 levels in WAT mitochondria from lcat−/−

mice were lower than in apoa1−/− mice (P < 0.01).
Similar analysis of purified BAT mitochondrial extracts revealed

comparable levels of Cytc in all three mouse strains indicative of similar
oxidative phosphorylation. When Ucp1 was measured in these mi-
tochondrial extracts we observed a rather small increase in apoa1−/−

and lcat−/− mice compared to C57BL/6 mice (Fig. 4B, D, E).

3.4. Effects of Apoa1 and Lcat deficiency on plasma glucose homeostasis

To determine the effects of Apoa1- and Lcat-deficiency on plasma
glucose homeostasis, apoa1−/− and lcat−/− mice were fed ad libidum
western-type diet for 24 weeks and glucose tolerance test (GTT), insulin
sensitivity test (IST) and pyruvate tolerance test (PTT) were performed
at the beginning and at the end of the experiment (Fig. 5).

At week 0 of the experiment, apoa1−/− mice demonstrated a re-
duced glucose tolerance as indicated by the area under the curve (AUC)
values in GTT compared to control mice (Fig. 5A, H). On the other
hand, lcat−/− mice displayed increased hepatic gluconeogenesis as
determined by the AUC values in PTT (Fig. 5C, J). No significant dif-
ferences in insulin sensitivity among groups were detected when IST
was performed (Fig. 5B, I). Moreover, all three mouse strains had
normal fasting glucose levels (t=0) between 60 and 80mg/dl (Fig. 5A-
C).

At week 24 of the experiment, glucose tolerance of apoa1−/− mice
was significantly deteriorated (Fig. 5D, H). Similarly, these mice also
displayed reduced insulin sensitivity compared to lcat−/− and C57BL/6
mice (Fig. 5E, I), indicating a normal response to intraperitoneally
administered exogenous insulin when compared to week 0 (Fig. 5 I).
Both apoa1−/− and C57BL/6 mice had similar levels of hepatic glu-
coneogenesis (Fig. 5F, J). Of note, feeding lcat−/− mice with western-

Fig. 1. Body weight, plasma triglyceride and cholesterol levels of C57BL/6,
apoa1−/− and lcat−/− mice at the beginning of the experiment (week 0) or
24 weeks after feeding western-type diet (week 24). (A) Body weight, (B)
plasma total cholesterol levels and (C) plasma triglyceride levels. (D) Total
cholesterol levels of plasma lipoprotein fractions isolated by KBr density gra-
dient ultracentrifugation (UCF) from plasma samples of C57BL/6, apoa1−/−

and lcat−/− mice after 24 weeks of feeding western-type diet. Data were ana-
lyzed using Student's t-test and are presented as mean ± S.E.M (n=4–9).
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type diet for 24 weeks resulted in reduced hepatic gluconeogenesis
compared to week 0 (P < 0.01) (Fig. 5J). Apoa1−/− mice also dis-
played higher fasting plasma glucose levels (126.4 ± 6.5mg/dl,
P < 0.01) compared to lcat−/− mice (100.9 ± 5.7mg/dl) and C57BL/
6 mice (91.1 ± 4.8mg/dl) (Fig. 5D–F), which appear overall resistant
to diet-induced glucose intolerance and insulin sensitivity.

3.5. Effects of Apoa1 and Lcat deficiency on skeletal muscle insulin
sensitivity and HOMA index

Next, we performed an ISGU test in isolated intact soleus muscle
from apoa1−/−, lcat−/− and C57BL/6 mice at the beginning and end of
the 24-week period, as described previously [36] and detailed in Ma-
terials and Methods.

Immediately prior to diet initiation (week 0) soleus muscles from
C57BL/6 and lcat−/− mice showed considerable insulin sensitivity as
indicated by the higher content of [3H]-2-deoxy-D-glucose internalized

upon insulin stimulation (0.83 ± 0.17 and 1.42 ± 0.04 pmol2-deox-
yglucose/mg tissue/min, respectively, P < 0.05) (Fig. 6A). Similarly,
insulin augmented hexose uptake in soleus muscles from lcat−/− mice
in comparison to their basal level (0.52 ± 0.04 to 0.80 ± 0.04 pmol/
2-deoxyglucose/mg tissue/min, P < 0.05). In contrast, muscles iso-
lated from apoa1−/− mice appeared resistant to acute insulin stimu-
lation (1.06 ± 0.16 and 1.18 ± 0.18 pmol/2-deoxyglucose/mg
tissue/min, in the absence and presence of insulin respectively,
P > 0.05).

Following feeding the western-type diet for 24 weeks, soleus mus-
cles isolated from apoa1−/− mice remained resistant to insulin
(1.36 ± 0.08 and 1.12 ± 0.08 pmol/2-deoxyglucose/mg tissue/min,
in the absence and presence of insulin respectively, P > 0.05). In
contrast, muscle isolated from C57BL/6 mice maintained their re-
sponsiveness to insulin (0.88 ± 0.07 and 1.19 ± 0.17 pmol/2-deox-
yglucose/mg tissue/min, in the absence and presence of insulin, re-
spectively). Similarly, the corresponding uptake levels in soleus muscles

Fig. 2. Western blot analyses for plasma
apolipoproteins. Lipoproteins were isolated
by KBr density gradient ultracentrifugation
from plasma samples of C57BL/6, apoa1−/−

and lcat−/− mice after 24weeks of feeding
western-type diet (n=10). Purified lipo-
protein fractions were then analyzed by
western blotting for Apoa1, Apoe, Apoa2,
Apoc1, Apoc2 and Apoc3.

Fig. 3. Steady state levels of [3H] and [14C] tracers in
tissues isolated from C57BL/6, apoa1−/− and lcat−/

− mice, four hours following gavage administration
of 200 μl extra virgin olive oil mixed with [3H]-trio-
lein and [14C]-cholesterol. (A) [3H] levels and (B)
[14C] levels measured in the indicated tissues for
each mouse strain. Data were analyzed using
Student's t-test and are presented as mean cpm of
each tracer/g of each tissue ± S.E.M. (n=4).

Fig. 4. Cytc and Ucp1 protein expression in isolated
visceral WAT and BAT mitochondria from C57BL/6,
apoa1−/− and lcat−/− mice fed western-type diet for
24weeks. Representative western blot analyses (A, B)
in pure mitochondrial extracts from visceral WAT (A)
and BAT (B) isolated from C57BL/6, apoa1−/− and
lcat−/− mice. Panels C, D show the semiquantitative
measurement of mitochondrial Ucp1 and Cytc levels
relative to mitochondrial Cox4 levels in WAT (C) and
BAT (D) of C57BL/6, apoa1−/− and lcat−/− mice,
based on the western of panels (A) and (B) respec-
tively. Panel E indicates the Ucp1/Cytc ratio as an
index of energy balance. Data were produced from
the same blots probed with the indicated antibodies
and analyzed using Student's t-test. Bars show the
mean ± S.E.M (n=3).
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from lcat−/− mice were 0.47 ± 0.04 and 0.82 ± 0.13 pmol/2-deox-
yglucose/mg tissue/min, in the absence and presence of insulin re-
spectively (Fig. 6B).

When fasting plasma insulin and glucose levels were measured, we
found that all three mouse strains had elevated plasma glucose and
insulin levels in response to feeding western-type diet for 24 weeks
(Fig. 6C). Interestingly, all strains also had elevated HOMA index at the

end of the 24-week period with lcat−/− mice showing the highest in-
crease (Fig. 6).

3.6. Effects of Apoa1 and Lcat deficiency on insulin secretion

To further investigate the physiological mechanisms responsible for
the differential effect of Apoa1- and Lcat-deficiency on diet-induced

Fig. 5. Glucose tolerance test (GTT) (A, D,
H), insulin sensitivity test (IST) (B, E, I) and
pyruvate tolerance test (PTT) (C, F, J) at
week 0 (A–C) and week 24 of the experi-
ment (D-F). Panels H, I and J are graphic
depictions of the area under the curve (AUC)
of GTT (H), IST (I), and PTT (J). Data were
analyzed using Student's t-test and are pre-
sented as mean ± S.E.M. (n=4–9).

Fig. 6. Representative data of [3H]-2-deoxy-D-glu-
cose uptake by isolated soleus muscles from C57BL/
6, apoa1−/− and lcat−/− mice at week 0 (A) and
week 24 (B) of western-type diet feeding. Muscles
were incubated in a solution containing [3H]-2-
deoxy-D-glucose in the presence (+insulin) or ab-
sence (−insulin) of actrapid insulin (500 nM). Panel
(C) shows the fasting plasma glucose and insulin le-
vels and calculated HOMA index of C57BL/6,
apoa1−/− and lcat−/− mice at week 0 and week 24
of the experiment, respectively. Data in all panels
were analyzed using Student's t-test and are pre-
sented as mean ± S.E.M. (n=3–6).
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glucose intolerance and insulin sensitivity, we performed a GSIS test on
freshly isolated islets of Langerhans from apoa1−/−, lcat−/− and
C57BL/6 mice fed western-type diet for 24 weeks, as described pre-
viously [39] and detailed in Materials and Methods.

As shown in Fig. 7A, islets of Langerhans isolated from lcat−/− mice
secreted less insulin in response to 3.3mM glucose compared to those of
apoa1−/− and control C57BL/6 mice (6.9 ± 1.3% for lcat−/− mice vs.
11.2 ± 0.7% for apoa1−/− mice vs. 11.9 ± 1.2% for C57BL/6 mice).
When the islets were incubated with 16.7 mM glucose, those isolated
from C57BL/6 and lcat−/− mice secreted more insulin upon stimulation
(Fig. 7A). However, the stimulatory response to increased glucose levels
was blunted in islets of apoa1−/− mice (Fig. 7A). In a separate ex-
periment, depolarization of islets isolated from apoa1−/− and C57BL/6
mice with 40mM KCl resulted in a comparable augmented secretion of
insulin. This indicates that the islets of apoa1−/− mice maintain an
intact secretory machinery that was not responsive glucose stimulation
(Fig. 7B).

3.7. Effect of Apoa1 deficiency on cell membrane fluidity in isolated islets

Since changes in plasma membrane fluidity is known to affect the
structure and responsiveness of ion-channels to natural stimuli [42],
next we measured cell membrane fluidity in isolated islets of Langer-
hans from apoa1−/− and C57BL/6 mice. The measurement was per-
formed by Laurdan two-photon microscopy, as described in Materials
and Methods. We found that in islets from apoa1−/− mice cells had a
more rigid membrane (i.e. less fluid) compared to islets from C57BL/6
mice. Fig. 7C shows representative fluidity images. The cumulative
Generalized Polarization (GP) histogram in Fig. 7D shows a shift of
apoa1−/− β-cells towards higher GP values, which correlates with a
more gel-like (i.e., less fluid) state of plasma membrane. Fig. 7E depicts
the average GP value increase of apoa1−/− vs C57BL/6 β-cells
(0.605 ± 0.016 vs 0.557 ± 0.014, P < 0.05).

4. Discussion

Increasing amount of evidence suggests that in addition to its role in
atheroprotection [1,3] HDL is also involved in the regulation of β-cell
secretory function and peripheral tissue insulin sensitivity
[27,32,43,44]. To better understand how changes in HDL metabolism
may correlate with diet-induced obesity and T2DM we investigated the

impact of Apoa1 and Lcat deficiency, two key proteins of peripheral
HDL metabolic pathway, on these pathological conditions in mice.
Deficiency in Apoa1 results in spherical HDL particles containing
mainly esterified cholesterol and Apoe and Apoc2 and some Apoa2 [16]
while deficiency in Lcat results in discoidal HDL particles containing
primarily free cholesterol, Apoe and barely detectable levels of Apoa1
[45].

The present data show that apoa1−/− and lcat−/− mice became
more sensitive to diet-induced obesity than control C57BL/6 mice, with
lcat−/− animals becoming more obese than apoa1−/− animals
(Fig. 1A). HDL from all three mouse strains presented distinct apoli-
poprotein composition (Fig. 2). HDL from C57BL/6 mice contained
predominantly Apoa1, Apoa2 and Apoc2, and lower levels of Apoe.
Even though feeding lcat−/− mice western-type diet resulted in an
apparent lack of measurable plasma Apoa1, a finding consistent with
previous observations [45], the apolipoprotein composition of the HDL
in these mice is markedly different from the HDL of apoa1−/− mice.
Specifically, lcat−/− mice had less Apoc2 and higher Apoa2 levels than
apoa1−/− mice (Fig. 2).

These structural differences among HDL from the three mouse
strains correlated with differences in peripheral postprandial plasma
triglyceride and cholesterol tissue deposition (Fig. 3). Nevertheless,
they could not account for the observed phenotypic differences in diet-
induced obesity. Indeed, measurement of radioactive tracers following
gavage administration of olive oil containing [3H]-triolein and [14C]-
cholesterol showed a significantly lower dietary triglyceride tissue de-
position in WAT of apoa1−/− and lcat−/− mice, although they accu-
mulated significantly more visceral WAT than control C57BL/6 mice
who were the same diet. Interestingly we also observed reduced [3H]-
tracer deposition in pancreatic β-islets isolated from apoa1−/− and
lcat−/− mice (Fig. 3A). No difference in WAT [14C]-tracer accumulation
was apparent among groups indicating similar post-prandial cholesterol
deposition. Nevertheless, apoa1−/− mice showed higher deposition of
[14C]-tracer in BAT and soleus muscle, suggesting increased dietary
cholesterol uptake and storage in these tissues (Fig. 3B). The deposition
of increased amounts of dietary cholesterol to soleus muscle may ex-
plain the development of insulin resistance of this tissue in response to
feeding high fat diet, as previously reported [46].

Guided by these results and our previous experience with apolipo-
protein E [34], we next hypothesized that Apoa1- or Lcat-deficiency
may exert an effect on adipose tissue mitochondrial metabolic

Fig. 7. Panels A and B show data of islets of
Langerhans insulin secretion during GSIS. GSIS assay
was performed, as described in Materials and
Methods. Islets were successively incubated in Krebs-
Ringer bicarbonate HEPES-BSA buffer containing
3.3 mM glucose, 16.7 mM glucose and finally in lysis
buffer. Panel B shows data of apoa1−/− and C57BL/6
β-islets insulin secretion during GSIS performed with
a solution containing 40mM KCl. Islets were succes-
sively incubated in solutions containing 3.3 mM glu-
cose, 3.3 mM glucose+KCl 40mM and finally in
lysis buffer. Data in all panels were analyzed using
Student's t-test and are presented as mean percentage
of total insulin content of cell lysates ± S.E.M.
(n=3–6). Panels C–E represent the analysis of
membrane fluidity of β-cells isolated from C57BL/6
and apoa1−/− at the beginning of the experiment.
(C) Representative images for cell membrane fluidity
of C57BL/6 and apoa1−/− mice. (D) Generalized
Polarization (GP) histogram and graph of GP values
(E). Data in all panels were analyzed using Student's
t-test and are presented as mean ± S.D.
(n=15–20).
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activation [34]. When Cytc was analyzed as a marker of oxidative
phosphorylation, WAT mitochondrial extracts of apoa1−/− and C57BL/
6 animals displayed similar levels, indicating comparable oxidative
phosphorylation activity in this tissue. However, lcat−/− mice ex-
pressed lower Cytc levels, suggesting that lack of functional Lcat had a
selective negative impact on visceral WAT mitochondrial substrate
oxidation towards energy production (heat and ATP). When Ucp1 was
analyzed as a marker of non-shivering thermogenesis, WAT mitochon-
drial extracts, from C57BL/6 mice displayed considerable levels
(Fig. 4A, C). However, similar analysis in apoa1−/− and lcat−/− mice
displayed reduced Ucp1 levels, indicative of substantially reduced non-
shivering thermogenesis in visceral WAT of these mice compared to the
C57BL/6 group (Fig. 4A, C). Of note, Ucp1 levels were much lower in
lcat−/− than apoa1−/− mice suggesting an even lower WAT oxidative
phosphorylation capacity in the absence of Lcat. Similar analysis of BAT
mitochondrial extracts revealed a rather small increase of Ucp1 levels in
apoa1−/− and lcat−/− mice compared to C57BL/6 mice (Fig. 4B, D).
No differences in BAT mitochondrial Cytc levels were found among the
three mouse groups. These finding indicate that the increased sensi-
tivity of apoa1−/− and lcat−/− mice towards diet-induced obesity is
associated with reduced WAT mitochondrial non-shivering thermo-
genesis and that further suppression of WAT oxidative phosphorylation
in lcat−/− mice renders them even more sensitive than apoa1−/− mice
to weight-gain. Apparently, the small increase in BAT metabolic activity
of apoa1−/− and lcat−/− mice may not suffice to counteract the mas-
sive decline in WAT mitochondrial metabolic activity of these mice
when fed high-fat diet (Fig. 6A, C).

It is widely accepted that visceral obesity in subjects with metabolic
syndrome predisposes to T2DM and other pathological components of
the syndrome [25]. Contrasting this view, our findings show that only
apoa1−/− mice developed glucose intolerance and insulin resistance
following feeding high-fat diet (Fig. 5). This discovery supports the
notion that obesity does not always induce glucose metabolic ab-
normalities. It is worth mentioning that apoa1−/− mice displayed re-
duced glucose tolerance even on normal chow diet, before they were
challenged with the western-type diet (Fig. 5A). This observation shows
that the lack of Apoa1 predisposes even lean animals fed chow-diet to
disturbed glucose homeostasis, a pathology which is exacerbated by
feeding a high-fat diet (Fig. 5D).

In agreement with these data, GSIS analysis in isolated pancreatic β-
islets from apoa1−/− mice fed western-type diet for 24 weeks showed
that insulin secretion in response to glucose stimulation is impaired in
these mice compared to lcat−/− and C57BL/6 mice. Depolarization of
cell membrane in islets of Langerhans from apoa1−/− mice following
treatment with KCl resulted in significant amount of secreted insulin
that wαs comparable to those of C57BL/6 mice (Fig. 7B) indicating that
the secretory machinery in the islets of apoa1−/− mice remains intact
and functional, but unresponsive to glucose (Fig. 7A). The deposition of
dietary cholesterol and triglycerides to the islets of apoa1−/− mice
(Fig. 3A, B) appears not to be a confounding factor to the impairment of
their secretory function given that similarly levels of dietary lipids were
also measured in the islets from lcat−/− mice.

It is well-established that changes in plasma membrane cholesterol
content may impact cell membrane fluidity [47,48], which in turn may
affect the structure and responsiveness of ion-channels to natural sti-
muli [42]. Since insulin secretion involves substrate stimulated and
voltage-gated channels, we next determined how Apoa1-deficiency may
influence cell membrane fluidity in isolated islets, using Laurdan
staining and two-photon microscopy. This analysis revealed a sig-
nificant shift of cell-membrane fluidity towards a more rigid gel-like
structure, a physicochemical property that is associated with reduced
stimulation of ion-channels [42]. Our data raise the possibility that in
the more rigid membrane microenvironment of apoa1−/− mice, ATP-
dependent potassium channels and/or voltage-gated Ca+2 channels
become less responsive to their natural stimuli. In addition to impaired
insulin secretion, apoa1−/− mice display insulin resistant skeletal

muscles (Figs. 5E, I and 6B) which further exacerbates their systemic
glucose tolerance as shown in GTT (Fig. 5D).

Conversely, islets of lcat−/− mice were more responsive to glucose
stimulation than those of apoa1−/− mice (Fig. 7A). Moreover, hexose
uptake by the skeletal muscles of lcat−/− mice remained responsive to
insulin (Fig. 6) and lcat−/− mice maintained similar glucose tolerance
and insulin sensitivity comparable to C57BL/6 mice (Fig. 5D, H, E, I),
despite their massive increase in visceral WAT accumulation at week 24
of the diet.

When the HOMA index was determined, we found that all mouse
strains had deteriorated insulin sensitivity in response to feeding high-
fat diet, including lcat−/− and C57BL/6 mice. Interestingly, lcat−/−

mice displayed the highest deterioration in insulin sensitivity based on
their HOMA index, even though they displayed GTT and IST responses
comparable to those of C57BL/6 mice. Apparently, when fed western-
type diet for 24 weeks, lcat−/− mice enter a hyperinsulinemic state that
overcomes their insulin resistance and maintains their plasma glucose
levels physiological. In contrast, apoa1−/− mice have plasma insulin
levels comparable to those of C57BL/6 mice but obviously their skeletal
muscles fail to respond to insulin (Fig. 6B), while their islets remain
unresponsive to glucose and unable to boost plasma insulin to a level
that could overcome peripheral insulin resistance (Fig. 7A). Of course,
in this interpretation it is very important to keep in mind the significant
limitations of HOMA index use in mice. Even though HOMA index is a
measure of insulin resistance widely used in numerous human clinical
studies [38,49], the HOMA model has not been validated for use in
rodents or any other animals and such use may violate the assumptions
of the model [49].

Notably, the basal levels (−insulin) of glucose uptake by isolated
soleus muscle in lcat−/− mice are significantly lower from the levels
measured in the control C57BL/6 group, while stimulated levels
(+insulin) reach those of the basal levels of the control group. These
findings may indicate a shift from glucose metabolism to fatty acid
oxidation and lower demand for glucose in lcat−/− mice. Yet, their
soleus muscles remain highly sensitive to insulin stimulation at either
week 0 or 24 (Fig. 6A, B, +insulin) indicating no induction of insulin
resistance in the muscle of these animals following feeding the high fat
diet.

5. Conclusions

Taken together, our data suggest that universal deletion of apoa1
and lcat in mice fed western-type diet correlates with discreet effects on
WAT metabolic activation and plasma glucose homeostasis. Apoa1-
deficiency results in reduced WAT mitochondrial non-shivering ther-
mogenesis. However, Lcat-deficiency causes a concerted reduction in
both WAT oxidative phosphorylation and non-shivering thermogenesis,
rendering lcat−/− mice the most sensitive in weight gain out of the
three strains tested, followed by apoa1−/− mice. Nevertheless, only
apoa1−/− mice show disturbed plasma glucose homeostasis due to non-
responsive pancreatic β-islets to glucose and insulin resistant skeletal
muscles. Our analyses show that both apoa1−/− and lcat−/− mice fed
high-fat diet have no measurable Apoa1 levels in their plasma, sug-
gesting that other HDL components may be responsible for the observed
phenotypic differences of these groups. The precise role of Apoc2-HDL
that is mainly present in apoa1−/− mice and Apoa2-HDL that is mainly
present in the circulation of lcat−/− mice on WAT metabolic activation,
pancreatic β-islet function and peripheral insulin resistance remain to
be investigated.

Our data further indicate that changes in plasma apolipoprotein
levels induced by hypolipidemic medications may impact WAT energy
metabolism and glucose tolerance. It should be investigated if the
weight gain and glucose intolerance associated with long term use of
hypolipidemic medications, such as statins [50], is the result of altered
plasma apolipoprotein levels triggered by these medications.
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