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Loss of Both ABCA1 and ABCG1 Results in Increased
Disturbances in Islet Sterol Homeostasis, Inﬂammation,
and Impaired b-Cell Function
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Cellular cholesterol homeostasis is important for normal b-cell
function. Disruption of cholesterol transport by decreased function
of the ATP-binding cassette (ABC) transporter ABCA1 results
in impaired insulin secretion. Mice lacking b-cell ABCA1 have
increased islet expression of ABCG1, another cholesterol transporter implicated in b-cell function. To determine whether ABCA1
and ABCG1 have complementary roles in b-cells, mice lacking
ABCG1 and b-cell ABCA1 were generated and glucose tolerance,
islet sterol levels, and b-cell function were assessed. Lack of both
ABCG1 and b-cell ABCA1 resulted in increased fasting glucose
levels and a greater impairment in glucose tolerance compared
with either ABCG1 deletion or loss of ABCA1 in b-cells alone. In
addition, glucose-stimulated insulin secretion was decreased and
sterol accumulation increased in islets lacking both transporters
compared with those isolated from knockout mice with each gene
alone. Combined deﬁciency of ABCA1 and ABCG1 also resulted
in signiﬁcant islet inﬂammation as indicated by increased expression of interleukin-1b and macrophage inﬁltration. Thus,
lack of both ABCA1 and ABCG1 induces greater defects in b-cell
function than deﬁciency of either transporter individually. These
data suggest that ABCA1 and ABCG1 each make complimentary and important contributions to b-cell function by maintaining islet cholesterol homeostasis in vivo. Diabetes 61:659–
664, 2012

T

ype 2 diabetes is characterized by both progressive b-cell dysfunction and loss of b-cell mass.
Recently, abnormalities of cholesterol metabolism have emerged as a potential contributor to
b-cell dysfunction (1,2). In humans, low levels of HDL,
which is the predominant acceptor of cellular cholesterol,
is a risk factor for the development of type 2 diabetes (3)
and is associated with b-cell dysfunction (4). Although
multiple mechanisms may explain the protective properties of HDL on b-cell dysfunction, enhancement of cellular
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cholesterol efﬂux seems to play a crucial role. Cholesterol
accumulation in islets compromises b-cell function and
reduces insulin secretion in mice (5–8). In vitro data indicate that HDL-mediated increase in insulin secretion is
dependent on the ATP-binding cassette (ABC) transporters
ABCA1 and ABCG1 (9). We previously demonstrated that
ABCA1 plays a critical role in b-cell cholesterol homeostasis and b-cell function in mice (5). Deletion of ABCA1
speciﬁcally in b-cells leads to markedly impaired glucose
tolerance, defective insulin secretion, and cholesterol accumulation in islets (5). Islets lacking b-cell ABCA1 have
increased expression of the related cholesterol transporter
ABCG1, perhaps as a compensatory mechanism to maintain islet cholesterol homeostasis.
ABCG1 promotes cholesterol efﬂux to HDL and acts
sequentially with ABCA1 to remove cellular cholesterol
(10). Mice with deletion of ABCG1 also have impaired
glucose-induced insulin secretion (11). ABCA1 and ABCG1
have complementary roles in macrophage function (12,13).
In addition to massive lipid accumulation, loss of both
ABCA1 and ABCG1 in macrophages leads to increased expression of proinﬂammatory cytokines and enhanced susceptibility to apoptosis (13). However, the relative importance
of ABCA1 and ABCG1 in islets is thus far unknown.
In this study, we examined whether ABCA1 and ABCG1
have a complimentary role in mediating cholesterol efﬂux
in b-cells. To determine whether loss of both cholesterol
transporters induces an exacerbated phenotype compared
with loss of either transporter alone, we assessed cholesterol accumulation, glucose tolerance, insulin secretion,
and islet inﬂammation in mice with b-cells deﬁcient in both
ABCA1 and ABCG1.
RESEARCH DESIGN AND METHODS
Animals. ABCA1ﬂ/ﬂ;Rip-Cre mice (5) and ABCG12/2 mice (Deltagen, San
Mateo, CA), both on pure C57Bl/6 backgrounds, were crossed to generate F1
heterozygotes. Heterozygote F1 animals were crossbred to obtain the following mice: ABCA1ﬂ/ﬂ;ABCG1+/+ (designated in text as “control”), ABCA1ﬂ/ﬂ;
Rip-Cre;ABCG1+/+ (ABCA12P/2P), ABCA1ﬂ/ﬂ;ABCG12/2 (ABCG12/2), and
ABCA1ﬂ/ﬂ;Rip-Cre;ABCG12/2 (ABCA12P/2P;ABCG12/2) mice. We have previously reported that under our experimental conditions, mice with ﬂoxed
ABCA1 alleles (ABCA1ﬂ/ﬂ) or mice transgenic for the RIP-Cre transgene do not
have altered glucose homeostasis compared with ABCA1+/+ mice (5). All mice
were 3–4 months of age. All studies were approved by the University of British
Columbia Animal Care Committee.
Physiological and metabolic studies. Intraperitoneal glucose tolerance tests
(GTTs) were performed on 4 h–fasted mice injected with 2 g/kg glucose as
previously described (5). Insulin secretion during static incubation and perifusion were performed on hand-picked islets isolated after intraductal collagenase injection (5,7). Plasma cholesterol was determined by enzymatic
assay (Thermo Electron Corporation). Islet cholesterol, desmosterol, lathosterol,
cholestanol, campesterol, and sitosterol were determined by gas-liquid
chromatography-mass spectrometry (14).
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FIG. 1. Loss of b-cell ABCA1 and ABCG1 exacerbates glucose intolerance and b-cell dysfunction. A: Body weight of 3-month-old mice (n = 8–12 per
group). B: Fasted plasma glucose levels (n = 10–14 per group). C: Plasma glucose levels during intraperitoneal GTT (n = 5–9). Values represent
mean 6 SEM. D: Area under curve of GTT. E: Plasma glucose levels during intraperitoneal insulin tolerance test (n = 5–9). Values represent
mean 6 SEM. F: Insulin secretion from isolated islets during static incubation. Islets were cultured overnight and then stimulated for 1 h in the
conditions indicated. Values represent pooled data from three separate experiments, each consisting of pooled islets from two mice per genotype.
G: Insulin release during islet perifusion experiments (n = 3 per group). Values represent mean 6 SEM. H: Area under the curve of insulin release
during islet perifusion experiments. aP < 0.05 versus control; bP < 0.05 versus ABCA12P/2P; cP < 0.05 versus ABCG12/2.
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Quantitative PCR. Real-time PCR for C/EBP homologous protein (CHOP),
interleukin-1b (IL-1b), and F4/80 was performed as previously described (5).
Primer sequences are available upon request.
b-Cell mass and immunoﬂuorescence. b-Cell mass was determined from
ﬁve evenly spaced, parafﬁn-embedded pancreatic sections as previously described (5). Macrophage staining was performed with antibodies to F4/80
(Cedarlane) and insulin (DAKO) and quantiﬁed using ImagePro software
(MediaCybernetics). All islets in three sections from different areas of the
pancreas were analyzed.
Statistical analysis. Differences between groups were calculated by KruskalWallis test with Conover post-test (for four groups) with a P value of 0.05
considered signiﬁcant.

RESULTS

Loss of b-cell ABCA1 and ABCG1 exacerbates glucose
intolerance and b-cell dysfunction. In order to determine the effects of combined deﬁciency of ABCA1 and
ABCG1 on b-cell function, we crossed mice with b-cell–
speciﬁc ABCA1 deﬁciency (ABCA1-P/-P) with globally deﬁcient ABCG1 (ABCG12/2) mice to generate ABCA12P/2P;
ABCG12/2 double knockout animals. Double knockout
mice showed no changes in body weight (Fig. 1A), but had
increased fasting glucose levels (Fig. 1B) compared with
single knockout mice, which had similar fasting glucose
levels as control animals. Lack of ABCA1 speciﬁcally in
b-cells resulted in glucose intolerance (Fig. 1C and D), as
previously reported (5). Although deletion of ABCG1 alone
had no signiﬁcant effect on glucose tolerance, combined
deletion of ABCG1 and ABCA1 greatly exacerbated glucose
intolerance compared with either ABCG12/2 or ABCA12P/2P
mice alone. Insulin sensitivity was similar in all groups
(Fig. 1E).
As reported previously (5), islets lacking b-cell ABCA1
showed decreased glucose-induced insulin secretion during
static incubation (Fig. 1F), as well as perifusion experiments
(Fig. 1G and H). Both ﬁrst and second-phase, glucosestimulated insulin secretion were reduced. Glucosestimulated insulin secretion was signiﬁcantly but less
markedly decreased in ABCG12/2 mice (Fig. 1F). Notably,
islets lacking both ABCA1 and ABCG1 had an even greater
reduction in glucose-stimulated insulin secretion compared
with islets from mice lacking either transporter (Fig. 1F, G,
and H).
Loss of b-cell ABCA1 and ABCG1 exacerbates islet
sterol accumulation. As loss of both ABCA1 and ABCG1
leads to massive sterol accumulation in several tissues (15),
we measured sterol levels in isolated islets. In agreement
with our previous ﬁndings (5), loss of b-cell ABCA1 resulted
in signiﬁcant islet cholesterol accumulation (Table 1). Although ABCG1 deletion alone had no effect on cholesterol
accumulation, combined loss of both transporters resulted
in increased islet cholesterol levels compared with control,
ABCA12P/2P, and ABCG12/2 islets (Table 1). Other sterols,

such as desmosterol, cholestanol, campesterol, and sitosterol, were also increased in islets lacking both transporters (Table 1). Importantly, plasma cholesterol levels
were similar in all groups (control mice, 2.26 6 0.08 mmol/L;
ABCA12P/2P mice, 2.37 6 0.07 mmol/L; ABCG12/2 mice,
2.36 6 0.12 mmol/L; ABCA12P/2P;ABCG12/2 mice, 2.19 6
0.23 mmol/L).
Increased CHOP expression, but no differences in
b-cell mass, in islets lacking ABCA1 and ABCG1.
Cholesterol accumulation in macrophages leads to activation of the unfolded protein response and CHOP-induced
apoptosis (16). CHOP is an unfolded protein response–
induced transcription factor that links endoplasmic reticulum stress to b-cell dysfunction and apoptosis in animal
models of type 2 diabetes (17). We found that b-cell–speciﬁc
deletion of ABCA1 caused a signiﬁcant increase in CHOP
expression in isolated islets, whereas ABCG1 deﬁciency
had no effect (Fig. 2A). Lack of both transporters led to
a further increase in CHOP expression (Fig. 2A), but this
was not associated with any change in b-cell mass at the
time point studied (Fig. 2B).
Loss of both b-cell ABCA1 and ABCG1 leads to
macrophage inﬁltration and increased IL-1b expression.
Islet inﬂammation is emerging as an important contributor
to type 2 diabetes (18). Recent studies have shown that
both ABCA1 and ABCG1 modulate inﬂammation (19). Thus,
we examined mRNA levels of IL-1b, a proinﬂammatory
cytokine that plays a central role in modulating islet chemokine release and impairs islet function (18). IL-1b
mRNA was signiﬁcantly increased in islets lacking both
ABCA1 and ABCG1, but not in islets lacking either ABCA1
or ABCG1 alone (Fig. 3A). To assess islet macrophage inﬁltration, we analyzed expression of the macrophage marker
F4/80 in islets. Both ABCA12P/2P and ABCA12P/2P;
ABCG12/2 islets were found to have increased mRNA
levels of the macrophage marker F4/80 (Fig. 3B). In support of these data, increased numbers of F4/80-positive
cells were observed, by immunostaining, to be present
in islets of ABCA12P/2P and ABCA12P/2P;ABCG12/2 mice
(Fig. 3C).
DISCUSSION

b-Cell cholesterol homeostasis is an emerging factor that
has been shown to inﬂuence b-cell function and insulin
secretion (1,2). Islet cholesterol accumulation due to impaired cholesterol efﬂux or hypercholesterolemia leads to
decreased insulin secretion (5–8). The current study shows
that two major cellular cholesterol efﬂux transporters,
ABCA1 and ABCG1, play complementary roles in mediating cholesterol efﬂux from b-cells and protecting against
islet sterol accumulation and resultant impairment of insulin secretion and islet inﬂammation.

TABLE 1
Islet sterol levels are increased in ABCA1-P/-P;ABCG12/2 mice
Control
Cholesterol (mg/mg protein)
Lathosterol (ng/mg protein)
Desmosterol (ng/mg protein)
Cholestanol (ng/mg protein)
Campesterol (ng/mg protein)
Sitosterol (ng/mg protein)

33.2
18
249
463
400
428

6
6
6
6
6
6

3.5
4
50
47
43
71

ABCA12P/2P
52.8
8
268
636
543
520

6
6
6
6
6
6

2.9a,c
3
48
36a,c
76
30

ABCG12/2
38.3
15
151
481
478
536

6
6
6
6
6
6

5.3
4
44
55
78
72

ABCA12P/2P;ABCG12/2
118.8
10
466
1,760
1,876
990

6
6
6
6
6
6

4.8a,b,c
2
36a,b,c
200a,b,c
325a,b,c
253a,b,c

Data are mean 6 SEM. aP , 0.05 versus control. bP , 0.05 versus ABCA12P/2P. cP , 0.05 versus ABCG12/2 (n = 4–6 in each group).
diabetes.diabetesjournals.org
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FIG. 2. Increased CHOP expression, but normal b-cell mass in ABCA12P/2P
and ABCA12P/2P;ABCG12/2 islets. A: Relative CHOP mRNA levels
in isolated islets (n = 5–7 per group). B: b-Cell mass (n = 4–8 per
group). aP < 0.05 versus control; bP < 0.05 versus ABCA12P/2P; cP < 0.05
versus ABCG12/2.

The dramatic sterol accumulation in islets lacking both
ABCA1 and ABCG1 conﬁrmed the important role of these
transporters in lipid metabolism in b-cells. Importantly, the
degree of sterol accumulation, as well as glucose intolerance
in mice deﬁcient for both transporters, was more than
additive, indicating that these two transporters have a
synergistic effect on islet sterol homeostasis. Islets lacking
ABCA1 and ABCG1 not only accumulate cholesterol, the
cholesterol metabolite cholestanol, and the cholesterol
precursor desmosterol, but also plant sterols such as
campesterol and sitosterol, underlining the importance of
these transporters in sterol efﬂux. Previously, it was suggested that ABCG1 does not mediate cholesterol efﬂux in
b-cells (11), as ABCG1 deﬁciency did not impact cholesterol levels or cholesterol efﬂux in b-cells. Cholesterol
levels in insulin vesicles was decreased in ABCG1 knockdown b-cells, which led to the suggestion that ABCG1 in
b-cells primarily regulates subcellular cholesterol distribution (11). Although we similarly observed that ABCG1
deﬁciency alone does not result in islet cholesterol accumulation, a role for ABCG1 in b-cell cholesterol export was
unmasked in the absence of b-cell ABCA1.
In the current study, we used b-cell–speciﬁc ABCA1deﬁcient mice crossed with the global ABCG12/2 mice to
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FIG. 3. Loss of b-cell ABCA1 and ABCG1 results in islet inﬂammation.
A: Relative IL-1b mRNA levels in isolated islets (n = 5–7 per group).
B: Relative mRNA levels of the macrophage marker F4/80 in isolated
islets (n = 5–7 per group). C: Number of F4/80-positive cells per insulinpositive area in pancreas isolated from control, ABCA12P/2P,
ABCG12/2, and ABCA12P/2P;ABCG12/2 mice (n = 4–6 per group). aP <
0.05 versus control; bP < 0.05 versus ABCA12P/2P; cP < 0.05 versus
ABCG12/2.
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determine whether ABCA1 and ABCG1 have complementary roles in b-cells. We chose not to use mice with global
ABCA1 deﬁciency that have very low plasma cholesterol
levels (20), as we previously showed that b-cells lacking
ABCA1 are susceptible to dysfunction in vivo only in the
presence of sufﬁcient levels of plasma cholesterol (5). An
obvious limitation of the current study is that the loss of
ABCG1 is not b-cell speciﬁc and we can therefore not
exclude effects of ABCG1 deﬁciency in other cell types
mediating the phenotype reported here.
Absence of both ABCA1 and ABCG1 in b-cells resulted
in no overt alteration in b-cell mass in 4-month-old mice. In
contrast, glucose-stimulated insulin secretion was further
impaired in islets lacking both transporters, indicating that
impaired b-cell function and not b-cell loss resulted in the
hyperglycemia in the double knockout mice. It remains to
be determined whether b-cell mass will be diminished in
older mice, since we did notice a marked increase in expression of the endoplasmic reticulum stress–related apoptosis factor CHOP in islets lacking both ABCA1 and
ABCG1. In keeping with our previous ﬁndings (5), b-cell
dysfunction was characterized by loss of both glucose- and
KCl-stimulated insulin secretion, consistent with a defect
in granule exocytosis associated with cholesterol accumulation (21).
Loss of both ABCA1 and ABCG1 resulted in increased
IL-1b expression and increased macrophage inﬁltration in
islets. Islet inﬂammation has been reported in type 2 diabetes (22). Elevated glucose and free fatty acids increase
expression of proinﬂammatory cytokines in islets (22). Our
results suggest that decreased activity of ABCA1 and
ABCG1 in b-cells could also lead to islet inﬂammation.
Loss of both transporters in macrophages results in an
exaggerated cytokine response to toll-like receptor (TLR)
stimuli (19). Although the precise mechanism is unknown,
recent data suggest that macrophages lacking ABCA1 exhibit increased trafﬁcking of TLRs to lipid rafts, which
leads to enhanced signaling (23). The IL-1 receptor, which
appears to be critical for inﬂammatory responses in b-cells
(18), also depends on lipid rafts for signaling (24). Therefore, lack of both ABCA1 and ABCG1 in b-cells could potentially lead to enhanced TLR or IL-1 receptor signaling,
resulting in islet inﬂammation. Furthermore, cholesterol
accumulation could lead to the formation of cholesterol
crystals, which have been shown to induce inﬂammation
by stimulating the NLRP3 inﬂammasome in macrophages
(25). Our data provide an important link between islet
cholesterol accumulation and islet inﬂammation, which
both potentially contribute to increased islet dysfunction
in the absence of ABCA1 and ABCG1.
In summary, our data show that ABCA1 and ABCG1
have complementary roles in protecting against islet cholesterol accumulation, inﬂammation and impaired insulin
secretion. These data add further support to the concept
that regulation of b-cell cholesterol homeostasis is essential
for normal islet function, and suggest that upregulating the
activity of ABCA1 and ABCG1 could be a promising approach to decrease islet cholesterol accumulation, decrease
islet inﬂammation, and improve b-cell function in type 2
diabetes.
ACKNOWLEDGMENTS

J.K.K. was supported by postdoctoral fellowship awards
from the Canadian Institutes of Health Research (CIHR)
and the Michael Smith Foundation for Health Research
diabetes.diabetesjournals.org

(MSFHR). N.W. was supported by a postdoctoral fellowship
from the Heart and Stroke Foundation of Canada. C.W.-R.
is a recipient of a Vanier Canada Graduate Scholarship and
an MSFHR Junior Graduate Studentship. W.d.H. was supported by postdoctoral fellowship awards from the Canadian
Diabetes Association and MSFHR. L.R.B. received research
support from the University of British Columbia Department of Medicine. C.B.V. is an MSFHR Senior Scholar.
M.R.H. holds a Canada Research Chair in Human Genetics
and is a University of British Columbia Killam Professor.
This work was supported by CIHR grants to M.R.H. and
C.B.V.
No potential conﬂicts of interest related to this article
were reported.
J.K.K. designed and performed the research and wrote
the manuscript. N.W., C.W.-R., and W.d.H. performed the
research, contributed to discussion, and reviewed and
edited the manuscript. T.V., A.B., and R.T. performed the
research. C.L.W., D.L., J.D.J., and L.R.B. contributed to
discussion and reviewed and edited the manuscript. C.B.V.
designed the research, contributed to discussion, and
reviewed and edited the manuscript. M.R.H. designed the
research and wrote the manuscript. M.R.H. is the guarantor of this work and, as such, had full access to all the data
in the study and takes responsibility for the integrity of the
data and the accuracy of the data analysis.
The authors would like to thank Piers Ruddle, Mark
Wang, and Xiaoke Hu (University of British Columbia) for
technical assistance; John S. Parks (Wake Forest University School of Medicine, Winston-Salem, NC) for providing
the ABCA1ﬂ/ﬂ mice; Jan A. Ehses (University of British
Columbia) for insightful comments, and Vincent W. Bloks
(University Medical Center Groningen, Groningen, the
Netherlands) for statistical advice.
REFERENCES
1. Brunham LR, Kruit JK, Verchere CB, Hayden MR. Cholesterol in islet
dysfunction and type 2 diabetes. J Clin Invest 2008;118:403–408
2. Kruit JK, Brunham LR, Verchere CB, Hayden MR. HDL and LDL cholesterol signiﬁcantly inﬂuence beta-cell function in type 2 diabetes mellitus.
Curr Opin Lipidol 2010;21:178–185
3. von Eckardstein A, Schulte H, Assmann G. Risk for diabetes mellitus in
middle-aged Caucasian male participants of the PROCAM study: implications for the deﬁnition of impaired fasting glucose by the American
Diabetes Association. Prospective Cardiovascular Münster. J Clin Endocrinol
Metab 2000;85:3101–3108
4. Hermans MP, Ahn SA, Rousseau MF. log(TG)/HDL-C is related to both
residual cardiometabolic risk and b-cell function loss in type 2 diabetes
males. Cardiovasc Diabetol 2010;9:88
5. Brunham LR, Kruit JK, Pape TD, et al. Beta-cell ABCA1 inﬂuences insulin
secretion, glucose homeostasis and response to thiazolidinedione treatment. Nat Med 2007;13:340–347
6. Hao M, Head WS, Gunawardana SC, Hasty AH, Piston DW. Direct effect of
cholesterol on insulin secretion: a novel mechanism for pancreatic betacell dysfunction. Diabetes 2007;56:2328–2338
7. Kruit JK, Kremer PH, Dai L, et al. Cholesterol efﬂux via ATP-binding
cassette transporter A1 (ABCA1) and cholesterol uptake via the LDL receptor inﬂuences cholesterol-induced impairment of beta cell function in
mice. Diabetologia 2010;53:1110–1119
8. Peyot ML, Pepin E, Lamontagne J, et al. Beta-cell failure in diet-induced
obese mice stratiﬁed according to body weight gain: secretory dysfunction
and altered islet lipid metabolism without steatosis or reduced beta-cell
mass. Diabetes 2010;59:2178–2187
9. Fryirs MA, Barter PJ, Appavoo M, et al. Effects of high-density lipoproteins
on pancreatic beta-cell insulin secretion. Arterioscler Thromb Vasc Biol
2010;30:1642–1648
10. Gelissen IC, Harris M, Rye KA, et al. ABCA1 and ABCG1 synergize to mediate
cholesterol export to apoA-I. Arterioscler Thromb Vasc Biol 2006;26:534–540
11. Sturek JM, Castle JD, Trace AP, et al. An intracellular role for ABCG1mediated cholesterol transport in the regulated secretory pathway of
mouse pancreatic beta cells. J Clin Invest 2010;120:2575–2589
DIABETES, VOL. 61, MARCH 2012

663

b-CELL FUNCTION BY MAINTAINING ISLET CHOLESTEROL HOMEOSTASIS

12. Out R, Hoekstra M, Habets K, et al. Combined deletion of macrophage
ABCA1 and ABCG1 leads to massive lipid accumulation in tissue macrophages and distinct atherosclerosis at relatively low plasma cholesterol
levels. Arterioscler Thromb Vasc Biol 2008;28:258–264
13. Yvan-Charvet L, Ranalletta M, Wang N, et al. Combined deﬁciency of
ABCA1 and ABCG1 promotes foam cell accumulation and accelerates
atherosclerosis in mice. J Clin Invest 2007;117:3900–3908
14. Lütjohann D, Stroick M, Bertsch T, et al. High doses of simvastatin,
pravastatin, and cholesterol reduce brain cholesterol synthesis in guinea
pigs. Steroids 2004;69:431–438
15. Out R, Jessup W, Le Goff W, et al. Coexistence of foam cells and hypocholesterolemia in mice lacking the ABC transporters A1 and G1. Circ Res
2008;102:113–120
16. Feng B, Yao PM, Li Y, et al. The endoplasmic reticulum is the site of
cholesterol-induced cytotoxicity in macrophages. Nat Cell Biol 2003;5:781–792
17. Song B, Scheuner D, Ron D, Pennathur S, Kaufman RJ. Chop deletion reduces oxidative stress, improves beta cell function, and promotes cell survival in multiple mouse models of diabetes. J Clin Invest 2008;118:3378–3389
18. Donath MY, Böni-Schnetzler M, Ellingsgaard H, Ehses JA. Islet inﬂammation impairs the pancreatic beta-cell in type 2 diabetes. Physiology
(Bethesda) 2009;24:325–331

664

DIABETES, VOL. 61, MARCH 2012

19. Yvan-Charvet L, Wang N, Tall A. Role of HDL, ABCA1, and ABCG1
transporters in cholesterol efﬂux and immune responses. Arterioscler
Thromb Vasc Biol 2010;30:139–143
20. McNeish J, Aiello RJ, Guyot D, et al. High density lipoprotein deﬁciency
and foam cell accumulation in mice with targeted disruption of ATPbinding cassette transporter-1. Proc Natl Acad Sci USA 2000;97:4245–4250
21. Kruit JK, Wijesekara N, Fox JE, et al. Islet cholesterol accumulation due to
loss of ABCA1 leads to impaired exocytosis of insulin granules. Diabetes
2011;60:3186–3196
22. Ehses JA, Perren A, Eppler E, et al. Increased number of islet-associated
macrophages in type 2 diabetes. Diabetes 2007;56:2356–2370
23. Zhu X, Owen JS, Wilson MD, et al. Macrophage ABCA1 reduces MyD88dependent Toll-like receptor trafﬁcking to lipid rafts by reduction of lipid
raft cholesterol. J Lipid Res 2010;51:3196–3206
24. Oakley FD, Smith RL, Engelhardt JF. Lipid rafts and caveolin-1 coordinate
interleukin-1beta (IL-1beta)-dependent activation of NFkappaB by controlling endocytosis of Nox2 and IL-1beta receptor 1 from the plasma
membrane. J Biol Chem 2009;284:33255–33264
25. Duewell P, Kono H, Rayner KJ, et al. NLRP3 inﬂammasomes are required
for atherogenesis and activated by cholesterol crystals. Nature 2010;464:
1357–1361

diabetes.diabetesjournals.org

