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( 3, 4 ). Cholesterol and TGs are taken up by adipocytes from 
plasma lipoproteins via lipoprotein receptors including the 
LDL receptor (LDLR), scavenger receptor B1 (SR-B1), and 
CD36 ( 3–5 ). TGs leave adipose tissue as NEFAs after TG li-
polysis ( 6 ), while cholesterol is removed from adipocytes via 
transporters such as ABCA1 and ABCG1 ( 7, 8 ). 

 ABCA1 is responsible for the effl ux of cholesterol to 
apoA1 and small HDL particles and is the rate-limiting 
protein in HDL production ( 9, 10 ). ABCA1 is widely ex-
pressed ( 11 ), has been shown to be a crucial regulator of 
intracellular cholesterol stores, and has an important role 
in the function of multiple tissues ( 12, 13 ). For example, 
lack of ABCA1 in the brain leads to changes in motor activ-
ity and sensorimotor function ( 12 ), whereas ABCA1 defi -
ciency in beta cells reduces insulin release ( 14 ). ABCA1 
has been shown to be expressed and functional in adipo-
cytes ( 7, 8 ). Gonadal adipose tissue (GAT) lacking ABCA1 
has reduced cholesterol effl ux concomitant with increased 
cholesterol stores ( 9, 15 ), indicating that ABCA1-mediated 
cholesterol effl ux is important in adipocyte cholesterol 
metabolism. Changes in adipocyte cholesterol homeosta-
sis are associated with adipose dysfunction and obesity ( 3, 
16, 17 ). However, the role of ABCA1 and intracellular cho-
lesterol in adipose function with regard to body weight 
and glucose metabolism is unclear. 

 Intracellular cholesterol has been suggested to play a 
role in adipose tissue dysfunction ( 3, 16, 17 ). Adipocytes 
from obese individuals contain increased stores of both 
TGs and cholesterol ( 3, 17 ). Furthermore, in 3T3 adipo-
cytes, stimulation of TG lipolysis has been shown to induce 
cholesterol effl ux ( 7 ). Therefore, it has been suggested 
that cholesterol may directly affect TG stores ( 16, 17 ). This 
also suggests that ABCA1 may be linked to TG metabolism 
in adipocytes and adipose tissue function. Adipose tissue 
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supernatant containing lipids was dried, and lipids were dissolved 
in 2% Triton X-100. TGs were measured with TG reagent (Roche, 
Penzberg, Germany), and cholesterol with infi nity cholesterol 
reagent (Fisher, Waltham, MA). For Western blotting, tissue 
lysates were prepared, separated by SDS-PAGE, and blotted to a 
polyvinylidene difl uoride   membrane, and proteins were detected 
using the following antibodies: LDLR (Abcam, Cambridge, MA); 
actin and GAPDH   (Millipore, Billerica, MA); glucose transporter 
4 (GLUT-4), protein kinase B (AKT), and phosphorylated AKT 
(pAKT)   (Cell Signaling, Danvers, MA); anti-mouse Alexa Fluor 
800 (Rockland, Gilbertsville, PA); and anti-rabbit Alexa Fluor 680 
(Molecular Probes, Invitrogen). Proteins were visualized and ana-
lyzed using Licor   Odyssey (Licor Biosciences, Lincoln, NE). ABCA1 
was detected with our in-house antibody and HRP-labeled sec-
ondary antibodies (Jackson ImmunoResearch, West Grove, PA) 
and visualized using ECL (Pierce, Rockford, IL). For the lipolysis 
assay, adipose tissue was isolated, minced, and cultured in DMEM 
F12. Adipose tissue was treated with isoproterenol (Sigma, St. 
Louis, MO), glycerol release in the medium was measured over 
a 4 h period using glycerol and TG reagent (Roche), and glycerol 
release per hour normalized by tissue weight was calculated. 

 Plasma analysis 
 Blood samples were drawn from mice from the saphenous 

vein after 4 h fasting (8 AM to 12 PM). Blood glucose was mea-
sured with a glucose meter (OneTouch) or using QuantiChrom 
glucose assay reagents (BioAssay Systems, Hayward, CA) accord-
ing to the manufacturer’s protocol. Insulin was measured using 
the Mouse Insulin ELISA (Mercodia, Uppsala, Sweden). TGs 
were measured with TG reagent (Roche), NEFAs with NEFA half-
micro test (Roche), and cholesterol with infi nity cholesterol re-
agent (Fisher). HDL cholesterol was measured after precipitation 
of apoB-containing lipoproteins from plasma using heparin (500 
U/ml) and MnCl 2  (0.2 M) 2:1:1 ( 22 ). Adiponectin, visfatin, and 
leptin were measured with commercially available ELISA kits 
(adiponectin: Alpco, Salem, NH; visfatin: Abnova, Tapei City, Tai-
wan; leptin: Abcam, Cambridge, UK). 

 Glucose tolerance and insulin sensitivity testing 
 Mice were fasted for 4 h (8 AM to 12 PM) and were injected 

intraperitoneally with 1 g/kg (HFHC) or 2 g/kg (chow) glucose 
(Sigma) in PBS for glucose tolerance testing or with 1 U/kg insu-
lin (Novo Nordisk, Bagsværd, Denmark) in PBS for insulin sensi-
tivity testing. Blood was drawn via the saphenous vein before 
injection and at 15, 30, 60, and 90 min after injection and was 
assayed for glucose. 

 Insulin secretion 
 Islets were isolated from mice anesthetized with avertin intra-

peritoneally, and the pancreas was perfused with collagenase 
(Sigma) in calcium-free HBSS via the bile duct. The pancreas 
was homogenized after digestion at 37°C, and islets were hand-
picked in RPMI 10% FBS and penicillin/streptomycin. For glu-
cose secretion experiments, islets were incubated in Krebs-Ringer 
Bicarbonate (KRB) buffer for 2 h followed by 1 h incubation in 
low- or high-glucose KRB buffer (1.67 vs. 16.7 mM). Insulin se-
creted in the supernatant was assayed using Mouse Insulin ELISA 
(Mercodia). 

 Statistical analysis 
 Data are expressed as means ± SEM. Data were interpreted us-

ing Student’s  t -test or two-way ANOVA followed by Bonferroni 
post hoc test using Prism 5.0a (GraphPad, La Jolla, CA). Differ-
ences were considered statistically signifi cant when  P  < 0.05. 

dysfunction is a characteristic of obesity ( 18 ) and is an im-
portant risk factor for insulin resistance, glucose intoler-
ance, and the eventual development of type 2 diabetes 
( 18, 19 ). Adipose tissue dysfunction affects glucose toler-
ance through altered release of NEFAs and adipokines in 
plasma ( 1, 2, 19, 20 ). NEFA release from adipose tissue 
reduces insulin sensitivity and insulin secretion ( 19, 21 ). 
Expression and release of the various adipokines regulate 
insulin sensitivity, insulin release, and glucose tolerance 
( 2, 19, 21 ). 

 Adipocyte cholesterol may also directly regulate glucose 
homeostasis in the adipocyte. Membrane cholesterol de-
pletion from the adipocyte using methyl- � -cyclodextrin 
reduces  glut-4  expression and impairs insulin-stimulated 
adipocyte glucose transport in 3T3 cells ( 16 ). This pro-
vides further evidence for a direct link between cholesterol 
and adipocyte glucose homeostasis. 

 Collectively, this evidence suggests that cholesterol reg-
ulation in adipocytes may have important implications for 
glucose homeostasis. ABCA1 has been shown to regulate 
adipocyte cholesterol levels ( 7, 8 ). However, the role of 
ABCA1 in adipocyte function with regard to body weight 
and glucose metabolism is unknown. In this study, we suggest 
a link between the regulation of cholesterol in adipocytes 
by ABCA1 with TG storage, body weight, and whole-body 
glucose homeostasis. 

 MATERIALS AND METHODS 

 Animals 
 Mice lacking ABCA1 in the adipose tissue (ABCA1  � ad/ � ad ) 

were generated by crossing ABCA1 fl oxed mice with mice ex-
pressing the cre transgene under the adipose-specifi c aP2 pro-
moter (The Jackson Laboratory, Bar Harbor, ME). These mice 
have been shown to be defi cient in ABCA1 specifi cally in their 
adipose tissues ( 15 ). Mice were on a C57BL/6 background, were 
housed under 12 h light-dark cycles, and had ad libitum access to 
chow or high-fat, high-cholesterol (HFHC) diet and water. Male 
mice were used for all experiments. To study the role of adipo-
cyte ABCA1 in diet-induced obesity, mice were fed an HFHC diet 
containing 21% milk fat weight/weight (w/w) and 0.21% choles-
terol (Western diet D12079B; Research Diets, New Brunswick, 
NJ) at 10 weeks of age. All experiments were in conformity with 
Public Health Service   policy, approved by the University of British 
Columbia Animal Care Committee, and conducted in accordance 
with their guidelines. 

 Tissue analysis 
 Mice were euthanized using CO 2  after 4 h fasting, and tissues 

were isolated, frozen in liquid nitrogen, and stored at  � 80°C. 
Subcutaneous adipose tissue (SAT) was isolated from the hip re-
gion, and brown adipose tissue (BAT) from the intrascalpular 
region. For quantitative PCR, RNA was isolated using Trizol (In-
vitrogen, Carlsbad, CA) according to the manufacturer’s proto-
col, cDNA was synthesized using the SuperScript First-Strand 
Synthesis kit (Invitrogen), and PCR was performed using SYBR 
Green (ABI, Carlsbad, CA) in a 7500 ABI fast machine. Lipids 
were isolated from tissues after homogenization in 10  � l/mg 
methanol, 25  � l homogenate was added to 225  � l methanol, 675  � l 
chloroform was added, samples were mixed and centrifuged, the 
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MAT in ABCA1  � ad/ � ad  mice compared with wild-type con-
trol mice (ABCA1 +/+ ) on a chow diet ( Fig. 1B ). Following an 
HFHC diet, we observed a signifi cant increase of cholesterol 
in GAT, SAT, and BAT in ABCA1  � ad/ � ad  mice ( Fig. 1C ). 

 To maintain intracellular cholesterol homeostasis, cho-
lesterol has been shown to regulate the expression of genes 
affecting cholesterol metabolism via SREBP2 and the liver 
X receptor (LXR) ( 16, 17, 23 ). Thus, we evaluated how the 
loss of adipocyte ABCA1 affects the expression of genes 
involved in maintaining cholesterol homeostasis. An in-
crease in  abcg1  mRNA expression as well as a reduction in 
 ldlr  gene expression and LDLR protein levels was observed 
( Fig. 1D, E ). ABCG1 is a cholesterol transporter impor-
tant in the maintenance of tissue cholesterol homeostasis 
by mediating cholesterol effl ux to HDL ( 24 ). The LDLR 
mediates uptake of cholesterol by cells ( 25, 26 ). Our re-
sults indicate that the loss of ABCA1 signifi cantly alters 
adipose tissue cholesterol homeostasis and that adipo-
cytes compensate for disturbances in lipid homeostasis 
by altering the expression of genes involved in cholesterol 
metabolism. 

 Adipocyte ABCA1 defi ciency increases fat pad weight on 
an HFHC diet 

 Obesity is associated with the accumulation of both cho-
lesterol and TGs in adipose tissue ( 3, 17 ). We evaluated 
whether changes in adipocyte ABCA1 expression and cho-
lesterol content infl uence body weight, fat pad weight, 
and adipocyte TG levels. 

 On a chow diet, ABCA1  � ad/ � ad  mice demonstrated no 
difference in body weight, fat pad weight, and adipose tis-
sue TG content compared with wild-type littermate con-
trols (  Fig. 2A ,  B  ).  However, on an HFHC diet containing 
21% milk fat (w/w) and 0.21% of cholesterol (w/w), 
ABCA1  � ad/ � ad  mice gain more weight than their littermate 
controls ( Fig. 2C, D ). To assess whether these changes in 
body weight gain were refl ected in changes to adipose tis-
sue mass, we isolated adipose tissue depots. Concomitant 
with increased body weight gain, GAT and SAT depots 
showed a signifi cant increase in weight ( Fig. 2E ). To evalu-
ate changes in TG content, we extracted lipids from differ-
ent types of adipose tissue depots and observed that TG 
content was signifi cantly increased in GAT, SAT, and MAT 
following correction for protein levels ( Fig. 2F ). Our re-
sults indicate that lack of adipocyte ABCA1 leads to choles-
terol accumulation, increased TG content in adipocytes, 
enlarged fat pads, and increased body weight. 

 Adipocyte ABCA1 defi ciency alters lipolysis but does 
not lead to major changes in genes involved in TG 
metabolism 

 Adipose tissue stores large amounts of TGs, which can 
act as sources of energy and can be used to synthesize 
membrane and signaling lipids. However, in order to cross 
the adipocyte plasma membrane and be released into the 
plasma, adipocyte TGs must be hydrolyzed into fatty acids 
by a process known as lipolysis ( 6 ). 

 Sustained lipolysis has been shown to stimulate choles-
terol effl ux through ABCA1 ( 7 ). This suggests that there 

 RESULTS 

 Adipocyte ABCA1 defi ciency increases adipose tissue 
cholesterol content 

 ABCA1 protein expression in adipose tissue was mea-
sured by Western blotting to confi rm the specifi c loss of 
ABCA1 in adipose tissue from ABCA1  � ad/ � ad  mice. A sig-
nifi cant reduction in adipocyte ABCA1 protein levels in 
ABCA1  � ad/ � ad  mice was observed (  Fig. 1A  ).  To ensure that 
ABCA1 knockdown due to expression of the ap2-cre trans-
gene was only localized to adipocytes, we also measured 
ABCA1 in liver, muscle, and brain and found no change in 
ABCA1 protein levels (supplementary Fig. IA). 

 Because ABCA1 is a major mediator of cholesterol effl ux 
( 9, 10 ), we evaluated whether loss of ABCA1 in adipocytes 
raises adipose cholesterol content. We observed a signifi -
cant increase in the cholesterol content in GAT, SAT, and 

  Fig.   1.  Adipocyte ABCA1 defi ciency increases adipose tissue cho-
lesterol content. GAT was isolated from ABCA1 +/+  and ABCA1  � ad/ � ad  
mice, and ABCA1 levels were measured by Western blotting (A). 
Adipose tissue depots were isolated from 10-week-old ABCA1 +/+  
mice and ABCA1  � ad/ � ad  mice fed a chow diet and were assessed for 
cholesterol content (B). ABCA1 +/+  mice and ABCA1  � ad/ � ad  mice 
were fed an HFHC diet from 10 weeks of age until 18 weeks of age, 
adipose tissue was extracted for quantifi cation of cholesterol con-
tent (C), mRNA expression of genes in cholesterol homeostasis was 
measured by RT-PCR (D), and protein levels of the LDLR were as-
sessed by Western blotting (E). Values are means ± SEM; N = 4 (A), 
N = 5–6 (B, E), N = 6–10 (D), N = 6–7 (C). *  P  < 0.05; **  P  < 0.01. 
 Hmg-coA red , HMG-CoA reductase; MAT, mesenteric adipose tissue; 
 Srebp , sterol regulatory element binding protein.   
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HDL ( 19, 28 ). In order to assess the contribution of adi-
pocyte ABCA1 to plasma lipid metabolism, we measured 
total cholesterol, HDL, TGs, and NEFAs in the plasma of 
wild-type and ABCA1  � ad/ � ad  mice. We would expect de-
creased plasma cholesterol levels because of decreased ef-
fl ux of cholesterol from adipose tissue in ABCA1  � ad/ � ad  
mice. We indeed observed a decrease in plasma choles-
terol levels; however, plasma levels of HDL cholesterol 
showed no signifi cant difference (  Table   1  ).  There was a 
signifi cant increase in plasma TG levels in ABCA1  � ad/ � ad  
mice ( Table 1 ). Plasma NEFA levels were not signifi cantly 
affected ( Table 1 ). 

 Obesity and adipose dysfunction not only have conse-
quences on plasma lipids but also have been associated 
with hepatosteatosis ( 21 ). Although the precise mecha-
nism by which adipose tissue affects lipid accumulation in 
the liver remains unclear, increased NEFA fl ux, decreased 
adiponectin and visfatin expression, and insulin resis-
tance may all play a role ( 1, 20, 21, 28 ). To assess the 
effect of adipose ABCA1 on the liver, we measured liver 
weight and hepatic lipid content in ABCA1  � ad/ � ad  mice. 
After an HFHC diet, ABCA1  � ad/ � ad  mice had an in-
creased liver weight and demonstrated elevated levels 
of TG and cholesterol content in hepatic tissue (supple-
mentary Fig. IIIA, B). 

 Adipocyte ABCA1 defi ciency alters the expression of 
proteins involved in glucose homeostasis 

 Adipose tissue is critical in regulating whole-body glu-
cose homeostasis through the release of adipokines such 
as leptin, adiponectin, and visfatin ( 1, 2 ). These act on 
various tissues including the pancreas to stimulate insulin 
secretion and the muscle to enhance insulin sensitivity. 
Low adiponectin levels are associated with reduced insulin 
secretion, insulin resistance, and hepatosteatosis. Visfatin 
is an insulin-mimicking protein, while leptin levels in-
crease with weight gain and serve to regulate food intake 
and energy expenditure ( 1, 2, 20 ). Obesity and adipose 
dysfunction can alter adipokine expression and secretion. 

 We evaluated whether adipose tissue dysfunction due to 
the loss of ABCA1 could affect the expression of adipokine 
genes critical to whole-body glucose homeostasis. In ABCA1-
defi cient adipose tissue, we found that mRNA expression 
of  leptin  was signifi cantly increased, whereas  adiponectin  and 
 visfatin  expression were signifi cantly reduced (  Fig. 4A  ). 
 Plasma leptin and visfatin levels were unaltered (supple-
mentary Fig. IID, E). HMW adiponectin levels showed a 
30% decrease ( P  < 0.05) ( Fig. 4C ). These changes in adi-
pokine expression may affect glucose tolerance. 

 GLUT-4 is a protein crucial for insulin-stimulated glu-
cose uptake. Depletion of membrane adipocyte choles-
terol by methyl- � -cyclodextrin in vivo reduces  glut-4  mRNA 
expression and decreases insulin-stimulated glucose up-
take ( 16 ). Moreover, GLUT-4 defi ciency in adipose tissue 
has been shown to affect whole-body glucose tolerance 
( 29 ). We evaluated whether ABCA1 affects  glut-4  mRNA 
expression and GLUT-4 protein levels in adipose tissue. 
Both mRNA and protein expression of GLUT-4 were re-
duced in GAT from ABCA1  � ad/ � ad  mice ( Fig. 4A, B ). The 

may be an association between ABCA1 function and TG li-
polysis. In order to address this relationship, we investigated 
whether ABCA1 expression can affect TG lipolysis. We stim-
ulated lipolysis using isoproterenol and observed reduced 
glycerol release in the medium from adipose tissue lacking 
ABCA1 (  Fig. 3A  ).  This suggests that ABCA1-mediated cho-
lesterol effl ux activity may infl uence TG lipolysis. 

 TG stores in adipose tissue are regulated by the com-
bined effect of TG uptake, TG synthesis, and lipolysis. To 
further explore possible mechanisms linking adipocyte 
ABCA1 and TG homeostasis, we assessed the expression of 
10 major genes in TG metabolism. A signifi cant increase 
was observed only in  dgat2  mRNA expression ( Fig. 3B ). 
DGAT2 is a crucial enzyme involved in TG biosynthesis 
( 27 ). However, the consequence of increased  dgat2  mRNA 
on TG metabolism is unclear because protein levels of 
DGAT2 were unaltered ( Fig. 3C ). 

 Adipocyte ABCA1 defi ciency alters plasma and liver lipid 
levels 

 In humans, adipose dysfunction is associated with dys-
lipidemia including elevated plasma TG levels and low 

  Fig.   2.  Adipocyte ABCA1 defi ciency increases fat pad weight and 
adipose TG content on an HFHC diet. Adipose tissue depots were 
isolated from 10-week-old ABCA1 +/+  and ABCA1  � ad/ � ad  mice on a 
chow diet and weighed (A), and TG content was measured (B). 
ABCA1 +/+  mice and ABCA1  � ad/ � ad  mice were fed an HFHC diet 
starting at 10 weeks of age and were weighed biweekly to assess 
weight gain (C, D). After 8 weeks of diet, adipose depots were iso-
lated and weighed (E), and TG content was quantifi ed (F). Values 
are means ± SEM; N = 5–6 (A, B), N = 15 (C, D), N = 6–7 (E, F). 
*  P  < 0.05; **  P  < 0.01.   
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linked to impaired glucose tolerance and reduced insulin 
sensitivity ( 1, 2, 19, 20 ). Based on these fi ndings, we hy-
pothesize that adipocyte ABCA1 defi ciency leads to glu-
cose intolerance and insulin resistance in vivo. 

 To address this, we assessed glucose tolerance in 
ABCA1  � ad/ � ad  versus control mice. Although we observed 
that glucose tolerance was unaltered in mice lacking 
adipocyte ABCA1 on a chow diet (data not shown), 
ABCA1  � ad/ � ad  mice had signifi cantly impaired glucose tol-
erance following an HFHC diet (  Fig. 5A ,  B  ).  To determine 
whether impaired glucose tolerance could be explained 
by a reduction in insulin sensitivity, we measured the re-
sponse in plasma glucose levels after intraperitoneal insu-
lin injection. A signifi cant impairment of insulin sensitivity 
was observed in ABCA1  � ad/ � ad  mice ( Fig. 5C, D ). We then 
evaluated in which tissues insulin sensitivity was affected 
through measurement of AKT phosphorylation, a marker 
for intracellular insulin signaling. Because basal pAKT 
levels were too low to quantify (data not shown), we stim-
ulated AKT phosphorylation by giving mice an intraperito-
neal insulin injection followed by tissue extraction and 
immunoblotting analysis. Western blots revealed that the 
pAKT/AKT ratio was reduced in muscle from ABCA1  � ad/ � ad  
following insulin injection. The pAKT/AKT ratio was un-
altered in adipose tissue ( Fig. 5E, F ). In the liver, AKT lev-
els were very low, even following the injection of insulin, 
and we found no obvious changes in pAKT/AKT ratio 
(data not shown). Thus, adipocyte ABCA1 defi ciency spe-
cifi cally impairs muscle tissue insulin sensitivity. 

changes in adipokine expression and reduced  glut-4  ex-
pression suggest that adipose tissue dysfunction as a result 
of ABCA1 defi ciency may impact whole-body glucose tol-
erance and insulin sensitivity. 

 Adipocyte ABCA1 defi ciency impairs glucose tolerance, 
reduces insulin sensitivity, and impairs beta-cell function 

 We demonstrate that adipose ABCA1 defi ciency in-
creases cholesterol and TG storage in adipocytes and re-
duces  adiponectin ,  visfatin , and  glut-4  expression. These 
alterations in lipid homeostasis and gene expression are 

  Fig.   3.  Adipocyte ABCA1 defi ciency reduces lipolysis. GAT was isolated from ABCA1 +/+  and ABCA1  � ad/ � ad  
mice, and isoproterenol-stimulated lipolysis was assessed ex vivo (A). In addition, mRNA expression of genes 
involved in TG homeostasis was measured in GAT by RT-PCR (B), and diglyceride acyltransferase (DGAT) 
2 protein levels were measured by Western blotting (C). Values are means ± SEM; N = 4–6 (A), N = 10 (B), 
N = 5–6 (C). *  P  < 0.05.  Atgl : adipose triglyceride lipase;  Gpat , glycerol-3-phosphate acyltransferase;  Hsl , hor-
mone sensitive lipase;  Mgl , monoglyceride lipase.   

 TABLE 1. Plasma parameters in adipose ABCA1 knockout mice 

ABCA1 +/+ ABCA1  � ad/ � ad  P   

Chow
 Cholesterol 2.51 ± 0.09 2.21 ± 0.09  0.034 
 HDL 2.10 ± 0.07 1.96 ± 0.08 0.234
 TG 1.06 ± 0.06 1.22 ± 0.04  0.030 
 NEFA 0.31 ± 0.017 0.31 ± 0.014 0.780
 Glucose 9.01 ± 0.28 9.91 ± 0.22  0.017 
 Insulin 0.84 ± 0.09 0.96 ± 1.00 0.410
HFHC
 Cholesterol 3.94 ± 0.22 3.59 ± 0.10 0.260
 HDL 3.25 ± 0.23 3.07 ± 0.31 0.643
 TG 0.71 ± 0.01 0.79 ± 0.08  0.047 
 NEFA 0.36 ± 0.043 0.43 ± 0.041 0.340
 Glucose 8.65 ± 0.49 9.45 ± 0.21 0.240
 Insulin 1.11 ± 0.09 1.92 ± 0.32  0.028 

Blood was drawn from the saphenous vein after 4 h fasting and 
assessed for the parameters above. Values are means ± SEM. P values 
reaching statistical signifi cance are bold. Chow: n = 15 (cholesterol, TG, 
glucose, HDL), n = 5–10 (insulin, NEFA); HFHC: n = 8–6.    
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and obesity, and ABCA1 has been shown to mediate cho-
lesterol effl ux from adipose tissue ( 7, 9, 15 ). Adipose tissue 
dysfunction is an important risk factor for the development 
of glucose intolerance, insulin resistance, and type 2 dia-
betes ( 3, 19, 28 ); this indicates a role for adipocyte choles-
terol and ABCA1 in these conditions. 

 Previous studies showing that cholesterol may be crucial 
in adipocyte function were mainly carried out in the 3T3 
adipocyte cell line or observations in obese mice ( 3, 4, 16 ). 
In our study, we directly investigated how adipocyte ABCA1 
affects adipose lipid content and adipose function using 
a mouse model specifi cally lacking ABCA1 in adipocytes. 
In this study, we demonstrated signifi cantly increased in-
tracellular cholesterol levels in the adipose tissue of adipo-
cyte ABCA1-defi cient mice. Concomitant with increased 
cholesterol levels, we observed an enlargement of fat 
pads and an accumulation of TGs in the adipose tissue of 
ABCA1  � ad/ � ad  mice on an HFHC diet. These changes in adi-
pose tissue have signifi cant metabolic consequences be-
cause we demonstrated that ABCA1  � ad/ � ad  mice manifest 
with impaired glucose tolerance, reduced muscle insulin 
sensitivity, and lower glucose-stimulated insulin secretion 
from beta cells ex vivo. 

 Using ABCA1  � ad/ � ad  mice, we showed that cholesterol 
accumulates in ABCA1-defi cient adipose tissue in mice on 
both a chow and an HFHC diet. This increase in choles-
terol content is likely a direct effect of reduced ABCA1-
mediated cholesterol effl ux from adipose tissue. Increased 
intracellular cholesterol has a major impact on lipid me-
tabolism because cholesterol regulates the expression of 
multiple genes involved in intracellular lipid homeostasis. 
For example, increased intracellular cholesterol reduces 
the expression of  hmgcoA reductase  and the  ldlr  via SREBP2 
to reduce cholesterol synthesis and uptake ( 16, 17 ). In ad-
dition, the generation of oxysterols from intracellular cho-
lesterol activates the LXR transcription factor, which 
increases the expression of cholesterol effl ux genes in-
cluding  abca1  and  abcg1  ( 16, 23 ). In this study, we observed 
decreased  ldlr  expression and an increase in  abcg1  expres-
sion in ABCA1-defi cient adipose tissue. We believe that 
the absence of ABCA1 induces cholesterol accumulation 
and infl uences various compensatory mechanisms to regu-
late cholesterol balance in adipocytes. Increased ABCG1 
to enhance cholesterol effl ux and decreased LDLR to 
reduce cholesterol uptake suggest that compensatory mech-
anisms are conserved in the adipocyte to regulate cho-
lesterol homeostasis. 

 It has been suggested that intracellular cholesterol in-
fl uences TG stores in adipose tissue ( 3, 17 ). This hypoth-
esis is also supported by our data because we observed that 
ABCA1-defi cient adipose tissue accumulates TGs and cho-
lesterol in response to an HFHC diet. It has been shown in 
vitro that increased ABCA1-mediated cholesterol effl ux 
from adipocytes occurs following the stimulation of TG li-
polysis ( 7, 8 ). This may indicate a possible link between 
ABCA1 and TG lipolysis in adipocytes. We demonstrated 
that TG lipolysis is reduced ex vivo in adipose tissue from 
ABCA1  � ad/ � ad  mice. This suggests that ABCA1 may directly 
infl uence TG levels and lipolysis. Reduced TG lipolysis 

 Decreased insulin sensitivity in peripheral tissues results 
in increased insulin secretion by the pancreas to compen-
sate for this insulin resistance ( 30, 31 ). Increased produc-
tion of insulin may eventually lead to beta-cell failure and 
reduced insulin secretion ( 30, 31 ). This is consistent with 
our fi ndings because ABCA1  � ad/ � ad  mice demonstrated 
both decreased insulin sensitivity in muscle tissue and a sig-
nifi cant increase in circulating plasma insulin levels on an 
HFHC diet ( Table 1 ). To explore whether beta-cell func-
tion was affected, pancreatic islets were isolated from 
ABCA1  � ad/ � ad  and wild-type mice and incubated in KRB   
buffer with low (1.67 mM) or high (16.67 mM) glucose, and 
insulin secretion in the media was measured. We observed 
that insulin secretion from beta cells was reduced in islets 
from ABCA1  � ad/ � ad  mice after HFHC feeding ( Fig. 5G ). 
Our fi ndings support the paradigm that reduced beta-cell 
function can result from an increase in insulin demand as a 
consequence of insulin resistance in tissues. Collectively, 
our data suggest that intracellular cholesterol homeostasis 
in adipocytes is maintained by ABCA1 and is crucial for glu-
cose tolerance, insulin sensitivity, and beta-cell function. 

 DISCUSSION 

 Adipose tissue contains one of the largest pools of cho-
lesterol in the body, is the primary storage depot for TGs, 
and is crucial in energy metabolism ( 20 ). Alterations in 
adipocyte cholesterol are associated with adipose dysfunction 

  Fig.   4.  Adipocyte ABCA1 defi ciency infl uences expression of genes 
in glucose metabolism. Levels of mRNA expression of genes in-
volved in glucose homeostasis were assessed in GAT from ABCA1 +/+  
mice and ABCA1  � ad/ � ad  mice fed an HFHC for 8 weeks by RT-PCR 
(A). GLUT-4 levels were measured using Western blotting (B), and 
plasma adiponectin levels were measured using ELISA (C). Values 
are means ± SEM; N = 6–7 (A), N = 9–10 (B), N = 14–15 (C). *  P  < 
0.05; **  P  < 0.01. HMW, high molecular weight  .   
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may contribute to the TG accumulation we observed 
in adipose tissue from ABCA1  � ad/ � ad  mice on an HFHC 
diet. We ruled out feeding behavior causing weight gain 
because we did not observe a difference in food intake 
between ABCA1  � ad/ � ad  mice and control littermates (sup-
plementary Fig. IIC). 

 ABCA1  � ad/ � ad  mice demonstrated increased body weight, 
impairment in glucose tolerance, and increased insulin re-
sistance on an HFHC diet. This suggests that adipocyte 
ABCA1 is crucial for proper adipose tissue function in re-
sponse to dietary fat and cholesterol. Our observations also 
indicate that loss of adipocyte ABCA1 and subsequent in-
crease in intracellular cholesterol levels are suffi cient to in-
fl uence whole-body glucose tolerance. Increased body 
weight and adipocyte TG accumulation are associated with 
adipocyte dysfunction, which may lead to a number of met-
abolic disturbances including glucose intolerance, insulin 
resistance, and hepatosteatosis ( 18, 19, 21, 32 ). 

 Metabolic disturbances are affected by adipose tissue 
through the release of NEFAs and adipokines in plasma 
( 1, 2, 19, 20 ). Increased NEFA fl ux from adipose tissue to 
liver, muscle, and pancreas has been shown to reduce in-
sulin sensitivity and secretion ( 19, 21 ). However, we did 
not observe signifi cantly altered NEFA levels in the plasma 
of our ABCA1  � ad/ � ad  mice. Expression and release of adi-
ponectin shows an inverse correlation with adipose mass 
( 2, 19, 21 ). Decreased levels of adiponectin reduce insulin 
sensitivity and stimulate hepatic lipid accumulation ( 2, 19, 
21 ). In our ABCA1  � ad/ � ad  model, we observed reduced  adi-
ponectin , gene expression, and a reduction in  visfatin  and 
 glut-4  gene expression along with increased  leptin  ex-
pression. In plasma, we observed a decrease in HMW adi-
ponectin, which is the metabolically most active form of 
adiponectin. This decrease in plasma HMW adiponectin 
may therefore contribute to the insulin resistance and glu-
cose intolerance, as well as the hepatic lipid accumulation, 
we observed in our mouse model. GLUT-4 defi ciency in 
adipose tissue has been shown to impair whole-body glu-
cose tolerance and muscle insulin resistance, but this ef-
fect is independent of circulating NEFAs, TGs, or leptin 
( 29 ). This suggests that other unknown mechanisms asso-
ciated with GLUT-4 may play a role in modulating insulin 
resistance. 

 In an effort to identify other mechanisms by which adi-
pocyte ABCA1 defi ciency affects whole-body glucose ho-
moeostasis, we investigated the expression of genes and 
proteins involved in glucose metabolism in the liver. We 
did not observe altered levels of pAKT in the liver. Expres-
sion of the gluconeogenesis genes  phosphoenolpyruvate car-
boxykinase  and  glucose 6-phosphatase  in the liver were also 
unaltered (data not shown). We cannot exclude, however, 
that the hepatosteatosis we observed in ABCA1  � ad/ � ad  mice 
could contribute to glucose intolerance by altering hepatic 
glucose output or uptake ( 21 ). 

 When blood glucose levels rise due to insulin resistance, 
the pancreas attempts to compensate by increasing beta-
cell insulin secretion. However, elevated insulin secretion 
may eventually result in beta-cell dysfunction and failure 
( 31, 33, 34 ). We observed that adipocyte-specifi c ABCA1 

  Fig.   5.  Adipocyte ABCA1 defi ciency impairs glucose tolerance. 
ABCA1 +/+  mice and ABCA1  � ad/ � ad  mice fed an HFHC diet received 
an intraperitoneal injection of 1 g/kg glucose in PBS, blood sam-
ples were drawn at the indicated time points, and glucose was mea-
sured to assess glucose tolerance (A, B). Insulin sensitivity was 
assessed by injecting mice intraperitoneally with 1 U/kg insulin in 
PBS, and glucose was measured at the indicated time points (C, D). 
To assess tissue-specifi c insulin sensitivity, mice were injected with 
10 U/kg insulin, tissues were isolated, and pAKT and total AKT 
levels were measured by Western blotting (E, F). Pancreatic islets 
were isolated from ABCA1 +/+  mice and ABCA1  � ad/ � ad  mice fed an 
HFHC diet and incubated in low- (1.67 mM) and high-glucose 
(16.7 mM) medium, and insulin secretion was measured (G). Val-
ues are means ± SEM; N = 6–7 (A–D), N = 3–4 (E, F), N = 10–13 
(G). *  P  < 0.05; **  P  < 0.01.   
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knockout mice have increased fasting insulin levels, while 
insulin secretion from beta cells in response to glucose was 
reduced. We conclude that changes in adipose tissue indi-
rectly lead to beta-cell dysfunction as a result of insulin 
resistance in the muscle of ABCA1  � ad/ � ad  mice. 

 The generation of mice specifi cally lacking ABCA1 in 
adipocytes has given us a unique opportunity to directly 
assess the role of adipocyte ABCA1 in glucose and lipid 
metabolism in vivo. Our data suggest a critical role for adi-
pocyte intracellular cholesterol maintained by ABCA1 in 
the adipocyte in whole-body glucose homeostasis. Our 
fi ndings indicate that adipocyte ABCA1 regulates adipo-
cyte cholesterol and TG stores and thereby infl uences 
muscle insulin sensitivity and glucose tolerance. We con-
clude that ABCA1 in the adipocyte is an important regula-
tor of intracellular lipid stores and has signifi cant effects 
on glucose metabolism.  
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