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Apolipoprotein A-I improves pancreatic b-cell function
independent of the ATP-binding cassette transporters
ABCA1 and ABCG1
Liming Hou,* Shudi Tang,* Ben J. Wu,* Kwok-Leung Ong,* Marit Westerterp,† Philip J. Barter,*
Blake J. Cochran,* Fatiha Tabet,* and Kerry-Anne Rye*,1

*Lipid Research Group, School of Medical Sciences, Faculty of Medicine, University of New South Wales Sydney, Sydney, New South Wales,
Australia; and †Section Medical Genetics, Department of Pediatrics, University of Groningen–University Medical Center Groningen,
Groningen, The Netherlands

ABSTRACT: Apolipoprotein A-I (apoA-I), the main protein constituent of HDLs, increases insulin synthesis and
insulin secretion in pancreatic b cells. ApoA-I also accepts cholesterol that effluxes from cells expressing ATP-
binding cassette transporterA1 (ABCA1) andATP-binding cassette transporterG1 (ABCG1).Micewith conditional
deletion of ABCA1 and ABCG1 in b cells [b-double knockout (DKO) mice] have increased islet cholesterol levels
and reduced glucose-stimulated insulin secretion (GSIS). The project asks whether metabolic pathways are dys-
regulated inb-DKOmouse islets andwhether this can be corrected, andGSIS improved, by treatmentwith apoA-I.
b-DKOmice were treated with apoA-I or PBS, and islets were isolated for determination of GSIS. Total RNAwas
extracted from b-DKO and control mouse islets for microarray analysis. Metabolic pathways were interrogated by
functional enrichment analysis. ApoA-I treatment improved GSIS in b-DKO but not control mouse islets. Plasma
lipid and lipoprotein levels and islet cholesterol levels were also unaffected by treatment with apoA-I. Cholesterol
metabolism, glucosemetabolism, and inflammation pathwayswere dysregulated inb-DKOmouse islets. Thiswas
not correctedby treatmentwithapoA-I. In summary, apoA-I treatment improvesGSISbyacholesterol-independent
mechanism, but it does not correct metabolic dysregulation in b-DKO mouse islets.—Hou, L., Tang, S., Wu, B. J.,
Ong, K.-L., Westerterp,M., Barter, P. J., Cochran, B. J., Tabet, F., Rye, K.-A. Apolipoprotein A-I improves pancreatic
b-cell function independent of the ATP-binding cassette transporters ABCA1 and ABCG1. FASEB J.
33, 8479–8489 (2019). www.fasebj.org
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Diabetes andrelatedhealth issuesareamajorpublichealth
priority that is expected to exceed 15% of the total global
health expenditure by 2040. Type 1 diabetes (T1D), an

autoimmune disorder that selectively destroys insulin
producingb cells in thepancreas, accounts for 5–10%of all
diabetes (1–3). Type 2 diabetes (T2D), the most common
form of the disease, is characterized by hyperglycemia,
insulin resistance, and dyslipidemia (4). T2D initially
manifests as insulin resistance, but disease progression is
driven by the failure ofb cells to secrete insulin in amounts
sufficient to meet metabolic demands (5). The b-cell dys-
function in T1D and T2D is associated with impaired
mitochondrial function, oxidative stress, endoplasmic re-
ticulum stress, and glucolipotoxicity (6–9). High choles-
terol levels are an additional cause of b-cell dysfunction
(10). Preclinical and in vitro studies have established that
insulin secretion is impaired in b cells with elevated cho-
lesterol levels (11, 12).

Elevated plasma HDL cholesterol levels are associated
with a reduced risk of developing cardiovascular disease
(13). We and others have reported that HDLs and apolipo-
protein A-I (apoA-I), the main HDL apolipoprotein, also
haveantidiabeticproperties (14–16). Inadditionto increasing
insulin synthesis and improving insulin secretion in b cells,
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HDLs and apoA-I alleviate insulin resistance by increasing
glucose uptake into skeletal muscle (14, 16, 17). These find-
ings are consistentwith results froma clinical trial inwhich a
single infusion of reconstituted HDLs consisting of apoA-I
complexed with phospholipid improved glycemic control
and b-cell function in patients with T2D (18). Improved
glycemic control in people with T2D and a reduction in the
incidence of new onset diabetes have also been reported in
randomized clinical trials of cholesteryl ester transfer protein
inhibitors that increase HDL and apoA-I levels (19, 20).

TheATP-binding cassette transporter A1 (ABCA1) and
ATP-binding cassette transporter G1 (ABCG1) maintain
cellular cholesterol homeostasis by effluxing excess cho-
lesterol to apoA-I and HDLs. They are also essential for
maintaining normal b-cell function (21–24). Deletion of
either ABCA1 or ABCG1 in b cells increases intracellular
cholesterol levels and impairs insulin secretion (23, 24).We
recently reported that conditional deletion of ABCA1 as
well as ABCG1 in b cells in mice [b-double knockout
(DKO) mice] increases islet cholesterol levels, resulting in
glucose intolerance, impaired insulin secretion, and pref-
erential disposal of glucose into adipose tissue instead of
skeletal muscle (25).

Whether the b-cell dysfunction in b-DKO mice is re-
versible andwhether ABCA1 andABCG1 havemetabolic
effects that extend beyond decreasing insulin secretion in
b-DKO mouse islets is unknown. These issues are
addressed in the present study, which seeks to identify
metabolic pathways that are regulated by ABCA1 and
ABCG1 in b-DKO mouse islets and determine whether
treatment with apoA-I improves b-cell function in these
animals.

MATERIALS AND METHODS

Animals

b-DKO mice were generated by crossing hemizygous B6.Cg-Tg
(Ins-2-Cre)25Mgn/J (Cre) mice (The Jackson Laboratory, Bar
Harbor, ME, USA) with homozygous Abca1fl/flAbcg1fl/fl mice as
previously described (25). All experimentswere approved by the
University of New South Wales Animal Care and Ethics Com-
mittee (approval 13/135B) and conducted in accordance with
their guidelines. Animals were housed under 12-h light/dark
cycles and maintained on a standard laboratory chow diet.
Mouse genotypeswere confirmed by PCR amplification ofDNA
as previously described (25). Only male mice were used in this
study. Female mice were not used to ensure that the results
would not be confounded by hormonal cycles that may affect
body fat distribution and insulin sensitivity.

ApoA-I treatment

ApoA-Iwas isolated frompooled samples of human plasma and
provided to us by Commonwealth Serum Laboratories, Park-
ville, VIC, Australia. Prior to use, the apoA-I was chromato-
graphed on a Q-Sepharose Fast-Flow Column attached to an
AKTA fast protein liquid chromatography (FPLC) system (26).
The preparations appeared as a single band when electro-
phoresed on a 20% SDS-polyacrylamide PhastGel (GE Health-
care, Waukesha, WI, USA) and stained with Coomassie Blue.
Twelve-week-old mice were randomly allocated to be injected

intraperitoneally with either apoA-I (8 mg/kg) or an equivalent
volume of PBS twice weekly for 4 wk and euthanized 24 h after
the final injection. Islets were immediately isolated for assess-
ment of glucose-stimulated insulin secretion (GSIS) or quantifi-
cation of islet cholesterol levels or total RNA isolation. Plasma
levels of humanapoA-IweredeterminedbyELISAaspreviously
described (25).

Biochemical analyses

Blood was collected from the euthanized animals and immedi-
ately placed on ice. Plasma was isolated by centrifugation and
total cholesterol, unesterified cholesterol, and triglyceride con-
centrations were determined enzymatically using a Beckman
AU480 autoanalyzer (BeckmanCoulter, Brea, CA, USA). Plasma
HDL cholesterol levels were quantified after precipitating apoB-
containing lipoproteins with polyethylene glycol PEG-6000 (27).
Lipoprotein profiles were determined by loading plasma sam-
ples (200 ml) onto 2 Superdex 200 columns connected in series.
Lipoproteinswere resolved at a flow rate of 0.25ml/min (AKTA
FPLC system; GE Healthcare) and fractions were collected at
1-min intervals.

Islet isolation

Islets were isolated by cannulating the common bile duct and
clamping the duodenal endof the pancreas.Aperfusion solution
[2.5 ml of 0.25 mg/ml Liberase and 7.5 mg/ml Thermolysin
(Roche, Basel, Switzerland) in Krebs-Ringer bicarbonate buffer
(KRBB)] was injected into the common bile duct. The pancreas
was excised, cleared of fat and lymph nodes, and incubated at
37°C for 15 min. After addition of a quenching reagent [15 ml,
10% (v/v) new born calf serum in KRBB], undigested tissue was
removed by filtration through a nylon mesh (500 mm; Corning,
Corning, NY, USA). The digested tissue was washed with
quenching reagent and centrifuged (33 1 min, 235 g, 10°C). The
samples were then resuspended in Ficoll-Paque (30 ml; GE
Healthcare), overlayed with quenching reagent (10 ml), and
centrifuged (22 min, 1360 g, 10°C). Islets were collected, passed
through a 70-mm netwell filter, washed with KRBB, and hand-
pickedunder a low-magnification (3400)microscope (Olympus,
Shinjuku, Japan).

Determination of islet cholesterol levels

Isolated isletswere lysedwithwater (100ml) and homogenized by
passage through a 1-ml syringe connected to a 29-gauge needle.
Protein concentrations were determined using the bicinchoninic
acid assay. Samples (60 mg protein) were extracted with cold
methanol (2.5 ml) and hexane (10 ml), vortexed (30 s), then centri-
fuged (4 min, 675 g, 4°C). The hexane layer was collected, evapo-
rated (SpeedVac; Thermo Fisher Scientific, Waltham, MA, USA),
and redissolved in acetonitrile/isopropanol [130 ml, 30/70 (v/v)].
The samples (100 ml) were injected onto an Ascentis C18 HPLC
Column (MilliporeSigma, Burlington, MA, USA), eluted with
acetonitrile/isopropanol [30/70 (v/v)], and the absorbance at
204 nm was measured (28). The results were analyzed with
Chemstationsoftware(AgilentTechnologies,SantaClara,CA,USA).

Glucose tolerance test

Mice had food withheld for 5 h prior to administration of an
intraperitoneal injection of D-glucose (2 g/kg). Blood glucose
levels were monitored at 15, 30, 45, 60, 90, and 120 min using an
Accu-Chek blood glucose monitor (Roche).
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GSIS

Isolated islets were cultured overnight at 37°C in Roswell Park
Memorial Institute (RPMI) 1640 medium containing 10% (v/v)
fetal bovine serumand 1% (v/v)penicillin/streptomycin, placed
in 96-well plates (5 islets/well, 8 replicates/sample), and pre-
incubated (30 min, 37°C) with KRBB containing 2.8 mM glucose
and 0.25% (w/v) BSA. The islets were then incubated at 37°C for
1 h with KRBB containing either 2.8 or 25 mM glucose. The in-
sulin concentration in the culturemediumwasquantifiedusing a
Rat Insulin Radioimmunoassay Kit (MilliporeSigma) with 100%
cross-reactivity to mouse insulin. Insulin secreted into the cell
culturemediumwasexpressedas%islet total insulin content and
normalized to basal levels as previously described (22). For de-
terminationofGSIS in vivo,b-DKOmicewere treatedwith apoA-
I (8mg/kg)oranequivalentvolumeofPBS twiceweekly for 4wk
and had foodwithheld for 5 h before an intraperitoneal injection
of D-glucose (3 g/kg). Blood was sampled from the lateral tail
vein at 0, 5, 10, and 15 min. Plasma insulin concentrations were
determined by ELISA (MilliporeSigma).

Whole-genome microarrays and real-time PCR

Islet total RNA was isolated using Qiazol miRNeasy Kits (Qia-
gen, Valencia, CA, USA) and quantified by spectrophotometry
(NanoDrop; Thermo Fisher Scientific). Gene expression profiling
was determined using Affymetrix GeneChip microarrays accord-
ing to the manufacturer’s protocol (Thermo Fisher Scientific).
Total RNA (1 mg) was reverse transcribed (T-7 dT primers),
amplified, and biotinylated (Affymetrix IVT Labeling Kit;
Thermo Fisher Scientific). The samples were hybridized
to GeneChip Mouse Gene 2.0 ST whole-genome arrays
(35,240 genes) (Thermo Fisher Scientific), washed, stained
(Affymetrix Fluidics Station), and scanned (Affymetrix
GeneChip Scanner). The data were analyzed with Partek
Microarray Data Analysis (Partek, Singapore, Singapore) and
pathway analyses were performed using Ingenuity Pathway

Analysis software (Qiagen, Venlo, The Netherlands). Differ-
entially expressed mRNAs were identified using prespecified
threshold values of .1.2 or ,21.2-fold change and a false
discovery rate of P # 0.05. Differential expression of selected
geneswas validated by real-time PCRusing the iQ SYBRGreen
Supermix (Bio-Rad, Hercules, CA, USA) as previously described
(14).Relative quantitativevalues (RQVs) inmRNAexpressionwere
determined as 2[Ct(gene of interest) 2 Ct(GAPDH)]. Primer sequences are
shown in Table 1.
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Figure 1. GSIS is impaired in b-DKO mouse islets. Islets from
16-wk-old Abca1fl/flAbcg1fl/fl (black circles) and b-DKO mice
(open circles) were isolated and incubated for 1 h with 2.8 or
25 mM glucose. GSIS was quantified by radioimmunoassay.
Values are expressed as the percentage insulin secreted
relative to total islet insulin content and normalized to 1 for
mice maintained under basal glucose (2.8 mM) conditions.
Fold change in insulin secretion in response to 25 mM glucose
is shown; n = 6–7/group. Data were compared by 2-way
ANOVA with Bonferroni’s posttest. *P , 0.05.

TABLE 1. List of primers used for quantitative RT-PCR analysis

Gene

Primer sequence, 59–39

Forward Reverse

Abca1 GAACGGGTTACTATCTGACC GAGAAACACTGTCCTCCTTT
Abcg1 GGATGAATCAGCGAATGTTG CACACTTGGGTATTTTCTGC
Akt1 CCTGATGTTTTGTTTCTCGG GATAGTTTTCCTCCTGACCT
ApoB CCACACCTTCTTGATTCTGA CTTCCAGTTCCATCTTCCTC
Fasn GTCAGTGTGAAGAAGTGTCT ACCCATAAGTATCAGAGCCT
Foxa2 TAACTGTAACGGGGAGGG TGTTGCTCACGGAAGAGTA
GAPDH GTATGTCGTGGAGTCTACTG TTGCTGACAATCTTGAGTGA
Gbp11 CAGTGATTTCTTTGTGGACAG CAGTCTCTCATTTGCTCCTA
Glut1 TAGTCTTCACCTTGATTGGC TCGGTATTAGTGTGTCCTTG
Glut2 ATCATTGGCACATCCTACTT TTTGGTGACATCCTCAGTTC
Glut4 CCCCAGATACCTCTACATCA ACTTCCGTTTCTCATCCTTC
Hmgcr CGATAGAGATAGGAACCGTG ATCACAGTGCCACATACAAT
IL1b CACCTTTTGACAGTGATGAGA CACAGCCACAATGAGTGATA
Insig1 GTGTCACAGTGGGAAACATA GACCAGTGTCTCTACATCCT
Irs1 GATCAGGCTATCTTCCTTGG GTGTTGAAAAACTGGGTGAG
Ldlr AAACGAAGCCATTTTCAGTG TTGTCTCACACCAGTTCAC
Pik3r1 GCAGTAAAATCAGACGACAG GTCCTTCTCAGCAACTTGT
Ppargc1a CAGTTCACTCTCAGTAAGGG CAGCACACTCTATGTCACTC
Prkg1 TAAACTGTGGAATCGTCCTC TGTGGTCCTATCCTGAAAGA
Scap TCTTGGACAGGAGGATTGTA CAGATGAGGAAGGAGAACTG
Scarb1 CAGGTGTGCTCTTCTAAATG GGGAACTAAGGCTTTCAGAC
Sftpd CGTGGACTAAGTGGACCTC GCCTTTTGCCCCTGTAGAT
Srebf2 TGATTGTCTTGAGCGTCTTT GGATAAGCAGGTTTGTAGGT
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Statistical analysis

All statistical analyses were performed using Prism v.6 (Graph-
Pad Software, La Jolla, CA, USA). Nonlinear fit analysis was
performed on all time-course data. Comparisons were made by
2-way ANOVA with Bonferroni’s posttest or with a Mann-
Whitney test,whereappropriate.A2-tailedvalueofP, 0.05was
considered significant. All results are presented as means6 SEM

unless otherwise specified.

RESULTS

GSIS is impaired in b-DKO mouse islets

Insulin secretion was comparable when isolated islets
from Abca1fl/flAbcg1fl/fl mice (Fig. 1, closed symbols) and
b-DKO mice (Fig. 1, open circles) were incubated in the
presence of 2.8 mM glucose. When isolated islets from
Abca1fl/flAbcg1fl/fl micewere incubated under high glucose
(25 mM) conditions, insulin secretion increased by 3.6-
fold, from 1.0 6 0.2 to 4.5 6 0.6% of the total islet insulin
content (Fig. 1, black circles). Insulin secretion also

increased when islets from b-DKO mice were incubated
with 25 mM glucose (Fig. 1). However, insulin secretion
from the isolated b-DKO mouse islets (3.0 6 0.4% of the
total islet insulin content) was impaired relative to what
was observed for the isolated Abca1fl/flAbcg1fl/fl mouse is-
lets (4.56 0.6%of the total islet insulin content) (Fig. 1,P,
0.05). This is consistent with what has been previously
reported formicewith conditional deletion ofABCA1 inb
cells (24).

ApoA-I treatment improves glucose tolerance
in b-DKO mice

As apoA-I improves GSIS in Rat Insulinoma cell line-1E
(Ins-1E) andMouse Insulinoma 6 (MIN6) cells (14, 15), we
asked whether this is also the case in vivo. b-DKO mice
were treatedwith human apoA-I (8mg/kg, i.p.) or PBS as
described in Materials and Methods. The plasma concen-
tration of human apoA-Iwasmaximal at 4 h after injection
(21.7 6 2.8 mg/ml) and decreased to 9.4 6 1.4 mg/ml by
24 h (Fig. 2A). As the average plasma concentration of
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Figure 2. ApoA-I treatment improves glucose tolerance and GSIS in b-DKOmice. Twelve-week-old b-DKOmice and Abca1fl/flAbcg1fl/fl

mice were treated intraperitoneally with apoA-I (8 mg/kg, i.p.) or PBS twice weekly for 4 wk (n = 4–8/group). At 24 h after the final
injection, the mice had food withheld for 5 h and were then injected with glucose [2 g/kg, i.p., for glucose tolerance test (GTT),
3 g/kg, i.p., for GSIS]. A) Plasma levels of human apoA-I in b-DKO mouse plasma treated with apoA-I (closed symbols) or PBS
(open symbols) as a function of time. B) Blood glucose in levels b-DKO mice (squares) and Abca1fl/flAbcg1fl/fl mice (circles) treated
with apoA-I (black symbols) or PBS (open symbols) as a function of time. C ) Incremental AUC (means 6 SEM) for
b-DKO and Abca1fl/flAbcg1fl/fl mice treated with apoA-I or PBS. D) Plasma insulin levels at 5–15 min following a glucose
challenge in b-DKO mice treated with apoA-I (closed symbols) or PBS (open symbols). Data were compared by 2-way
ANOVA with Bonferroni’s posttest. *P , 0.05, ***P , 0.001 for b-DKO mice treated with apoA-I vs. PBS.
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endogenous apoA-I in wild-type mice is ;1.5 mg/dl, it
follows that human apoA-I constituted only a minor pro-
portionof the total circulatingapoA-I in theapoA-I-treated
b-DKOmice throughout the study.Nevertheless, the slow
rate atwhich the injected human apoA-Iwas cleared from
the circulation in b-DKO mice means that islets in these
animals were exposed to human apoA-I for most of the
treatment period.

Treatment with apoA-I improved glucose tolerance in
the b-DKOmice [Fig. 2B, C, black squares, area under the
curve (AUC) 2137 6 97] compared with PBS-treated
b-DKOmice (Fig. 2B, C, open squares, AUC 26496 94),
(P, 0.001).Glucose tolerance in theAbca1fl/flAbcg1fl/flmice
was comparable irrespective ofwhether the animalswere
treated with PBS (Fig. 2B, C, open circles) or apoA-I (Fig.
2B, C, black circles). There was a small, nonsignificant
increase in islet insulin levels in theapoA-I-treatedb-DKO
mice relative to apoA-I-treated Abca1fl/flAbcg1fl/fl mice
(18.6 6 3.3 vs. 14.2 6 3.0 ng/mg protein). Plasma in-
sulin levels in apoA-I-treated.b-DKOmice, by contrast,
increased rapidly during an intraperitoneal glucose toler-
ance test (Fig. 2D). At 5 min after glucose challenge, the
plasma insulin concentration was 1.14 6 0.62 vs. 0.56 6
0.24 ng/ml in the apoA-I-treated and controlb-DKOmice,
respectively (P, 0.05) (Fig. 2D). As we have reported that
insulin sensitivity is normal in b-DKOmice (25), it follows
that the enhanced glycemic control in these animals most
likely reflects an apoA-I-mediated improvement in b-cell
function.

This was addressed directly in b-DKO mice that were
treated twice weekly for 4 wk with apoA-I or PBS. Islets
were isolated immediately after the animals were eutha-
nized, and GSIS was assessed as described in Materials
and Methods. Insulin secretion in islets isolated from the
apoA-I-treated (Fig. 3, black symbols) and PBS-treated
b-DKO (Fig. 3, open symbols) was comparable under low
glucose (2.8mM) conditions. Under high glucose (25mM)
conditions, insulin secretion increased by 7.26 1.1-fold in
the islets isolated from apoA-I-treated b-DKO mice,
compared with 2.9 6 0.4-fold for the PBS-treated b-DKO
mice (Fig. 3, P, 0.001).

ApoA-I treatment does not affect plasma
lipid, plasma lipoprotein, or islet cholesterol
levels in b-DKO mice

As we have previously reported that total cholesterol
levels in b-DKO mouse islets are increased 2-fold rela-
tive to total cholesterol levels inAbca1fl/flAbcg1fl/flmouse
islets (25), we next asked whether the increased GSIS in
islets isolated from the apoA-I-treated b-DKO mice
could be explained in terms of excess cholesterol being
exported to apoA-I in an ABCA1/ABCG1-independent
manner. Islet cholesterol levels in the apoA-I- and PBS-
treated b-DKO mice were comparable (20.5 6 1.4 mg
cholesterol/mg protein for apoA-I-treated b-DKO mice
vs. 25.56 5.2 mg cholesterol/mg protein for PBS-treated
b-DKO mice). There were also no statistically signifi-
cant differences in plasma total cholesterol, unesterified
cholesterol, triglyceride, and HDL cholesterol levels

between the b-DKO mice and Abca1fl/flAbcg1fl/fl mice,
irrespective of whether they were treated with apoA-I
or PBS (Supplemental Table S1). The distribution of
cholesterol in plasma lipoproteinswas also comparable for
the b-DKO and Abca1fl/flAbcg1fl/fl mice (Supplemental Fig.
S1). Collectively, these results indicate that the mechanism
by which apoA-I improves GSIS in b-DKO mice is not
related to changes in islet cholesterol levels.

Differential gene expression in b-DKO and
Abca1fl/flAbcg1fl/fl mouse islets

To determine whether conditional deletion of ABCA1
andABCG1 in b cells affects keymetabolic pathways in
islets, isolated islets from b-DKO and Abca1fl/flAbcg1fl/fl

mice were subjected to microarray and principal com-
ponent analysis. Abca1fl/flAbcg1fl/fl (blue dots) and
b-DKO mouse islets (red dots) had distinct gene ex-
pression profiles as shown on the 3-dimensional princi-
pal component analysis plot (Supplemental Fig. S2A).
A total of 4216 genes (2617 down-regulated and 1599
up-regulated, fold change $1.2, P , 0.05) were differ-
entially expressed in b-DKO and Abca1fl/flAbcg1fl/fl

mouse islets (Supplemental Fig. 2B). Supplemental Ta-
bles S2 and S3 show selected up- and down-regulated
genes, respectively, with an absolute fold change $1.5
and P, 0.05.

Functional enrichment analysis of differentially
expressed genes in the b-DKO and Abca1fl/flAbcg1fl/fl

mouse islets indicated that the ABCA1 and ABCG1 in
b cells regulate pathways involved in cholesterol
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Figure 3. ApoA-I treatment improves GSIS in isolated b-DKO
mouse islets. Twelve-week-old b-DKO mice were treated with
PBS (black circles) or apoA-I (8 mg/kg, i.p., open symbols)
twice weekly for 4 wk and euthanized 24 h after the final
injection. Islets were isolated and incubated for 1 h with 2.8 or
25 mM glucose. GSIS was quantified by radioimmunoassay.
Insulin levels in the culture medium were normalized to total
islet insulin content (n = 6–8/group). Values are expressed as
the percentage insulin secreted relative to total islet insulin
content and normalized to 1 for mice maintained under basal
glucose (2.8 mM) conditions. Fold change in insulin secretion
in response to 25 mM glucose is shown. Data were compared
by 2-way ANOVA with Bonferroni’s posttest. ***P , 0.001.
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metabolism, with the 3-hydroxy-3-methyl-glutaryl-
coenzyme A reductase (Hmgcr), low-density lipopro-
tein receptor (Ldlr), insulin-induced gene 1 (Insig1), and
sterol regulatory element binding factor 2 (Srebf2)
genes all being significantly down-regulated (Table 2).
Genes involved in glucose metabolism, including
cGMP-dependent protein kinase type I (Prkg1); solute
carrier family 2, member 2 (Glut2); and insulin receptor
substrate 1 (Irs1), were also down-regulated, whereas
Glut1 was up-regulated (Table 2). Genes related to in-
flammation, including Il-1b, guanylate bindingprotein
11 (Gbp11), and surfactant-associated protein D (Sftpd),
were also up-regulated inb-DKOmouse islets relative to
islets from Abca1fl/flAbcg1fl/fl mice (Table 2). Differential
expression of these genes was validated by real-time
PCR (Figs. 4–6).

Abca1 andAbcg1mRNA levels were decreased by 456
4% (Fig. 4A) and 35 6 2.6% (Fig. 4B), respectively, in
b-DKO mouse islets relative to Abca1fl/flAbcg1fl/fl mouse
islets (P , 0.01 for both). The residual Abca1 and Abcg1
mRNA in b-DKOmouse islets likely reflects expression in
endocrine pancreas cells other than b cells. Validation of
differentially expressed cholesterol metabolism genes in
b-DKO and Abca1fl/flAbcg1fl/fl mouse islets revealed a
586 4.8% decrease inHmgcrmRNA levels (Fig. 4C, P,
0.01), a 526 4.5% decrease in LdlrmRNA levels (Fig. 4D,
P , 0.01), a 55 6 4.5% decrease in Insig1 mRNA levels
(Fig. 4E, P, 0.01), a 576 1.7% decrease in Srebf2mRNA

levels (Fig. 4F, P, 0.01), and a 356 8% decrease in fatty
acid synthase (Fasn) mRNA levels (Fig. 4G, P, 0.05).

Differentially expressed genes involved in glucose me-
tabolism were also validated in b-DKO and Abca1fl/fl

Abcg1fl/fl mouse islets. There was a 63 6 7.9% decrease in
Peroxisome proliferator-activated receptor gamma coac-
tivator 1-a (Ppargc1a) mRNA levels (Fig. 5A), a 616 3.9%
decrease in Prkg1 mRNA levels (Fig. 5B), a 45 6 7.9% de-
crease in Glut2 mRNA levels (Fig. 5C), and a 37 6 5.4%
decrease in phosphoinositide-3-kinase regulatory subunit
1 (Pik3r1) mRNA levels (Fig. 5D) (P , 0.01 for all). Thy-
moma viral proto-oncogene 1 (Akt1) mRNA levels in-
creased by 766 11% (Fig. 5E, P, 0.01), and there was an
88 6 23% increase in Glut1 mRNA levels (Fig. 5F, P ,
0.05). Therewas an apparent decrease in Irs1mRNA levels
(Fig. 5H) in the b-DKO mouse islets relative to the
Abca1fl/flAbcg1fl/flmouse islets, but thisdidnot reach statistical
significance. b-DKOmice and Abca1fl/flAbcg1fl/fl mouse islets
had comparable forkhead box A2 (Foxa2) (Fig. 5I) andGlut4
(Fig. 5G) mRNA levels. Glucagon and somatostatin mRNA
levels were also unchanged (data not shown).

The most highly up-regulated genes involved in in-
flammation,Sftpd andGbp11, and Il-bwere also validated.
Il1b mRNA levels in the b-DKO mouse islets were in-
creased by 136 6 17% compared with Abca1fl/flAbcg1fl/fl

mouse islets (Fig. 6A, P , 0.01). Sftpd mRNA levels
were increased by 10,000 6 27% in b-DKO mouse islets
compared with Abca1fl/flAbcg1fl/fl mouse islets (Fig. 6B,

TABLE 2. Differential expression of selected genes in islets from b-DKO and Abca1fl/flAbcg1fl/fl mice

Pathway Gene Fold change P Regulation Gene description

Cholesterol metabolism pathway Hmgcr 21.66 1.50E202 Down 3-hydroxy-3-methylglutaryl-Coenzyme
A reductase

Ldlr 21.53 1.87E202 Down LDL receptor
Abca1 21.48 8.49E203 Down ATP-binding cassette, subfamily A

(ABC1), member 1
Insig1 21.45 4.01E202 Down Insulin-induced gene 1
Srebf2 21.39 4.04E202 Down Sterol regulatory element binding

factor 2
Abcg1 21.34 2.27E202 Down ATP-binding cassette, subfamily G

(WHITE), member 1
Fasn 21.21 1.49E202 Down Fatty acid synthase

Glucose metabolism pathway Ppargc1a 21.86 1.54E203 Down Peroxisome proliferator activated
receptor g coactivator 1 a

Prkg1 21.77 6.37E203 Down Protein kinase, cGMP-dependent,
type I

Glut2 21.43 1.52E203 Down Solute carrier family 2 (facilitated
glucose transporter), member 2

Irs1 21.28 9.78E203 Down Insulin receptor substrate 1
Pik3r1 21.25 3.38E203 Down PI3K, regulatory subunit,

polypeptide 1
Foxa2 21.24 4.99E203 Down Forkhead box A2
Glut4 1.22 3.30E202 Up Solute carrier family 2 (facilitated

glucose transporter), member 4
Akt1 1.29 3.64E202 Up Thymoma viral proto-oncogene 1
Glut1 1.48 3.62E202 Up Solute carrier family 2 (facilitated

glucose transporter), member 1
Inflammation pathway Il1b 1.56 4.79E202 Up IL-1 b

Sftpd 6.79 1.98E202 Up Surfactant-associated protein D
Gbp11 10.56 2.18E202 Up Guanylate binding protein 11

Islets were collected from 16-wk-old b-DKO mice and Abca1fl/flAbcg1fl/fl mice (n = 5/group). Total RNA was extracted and subjected to
Affymetrix GeneChip Mouse Gene ST 2.0 analysis. Whole-genome microarray data are presented. Fold change $1.2-fold, P , 0.05.
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P , 0.01), whereas Gbp11 mRNA levels increased by
84,000 6 487% (Fig. 6C). The increased inflammation in
isolated islets from b-DKO mice is consistent with what
has been previously reported in ABCG1 knockout mice
with conditional deletion of ABCA1 in b cells (29).

Treatment of b-DKO mice with apoA-I did not signifi-
cantlychangeexpressionofanyof theup-ordown-regulated
genes involved in cholesterol metabolism (Supplemental
Table S4), glucose metabolism (Supplemental Table S5), or
inflammation (Supplemental Table S6) in isolated islets.

DISCUSSION

This study establishes apoA-I as a treatment that improves
glycemic control and b-cell function in b-DKO mice and
increases ex vivo GSIS in isolated islets. It also establishes
that expression of key genes involved in cholesterol me-
tabolism, glucose metabolism, and inflammation are

differentially regulated inb-DKOmice relative toAbca1fl/fl

Abcg1fl/fl control mice. The results further reveal that
treatment with apoA-I does not affect plasma lipid or li-
poprotein levels in b-DKO mice.

One of the most unexpected findings to emerge
from this study is that treatment of b-DKO mice for
4 wk with apoA-I markedly increases GSIS without
significantly altering islet cholesterol levels. Whether
this is also the case for b-DKO mice treated acutely
with a single injection of apoA-I remains to be de-
termined.However, because a single 14mg/kg apoA-I
injection has been reported to improve GSIS in normal
and high-fat fed C57BL6mice (16), it seems reasonable
to assume that apoA-I may have a similar effect in
b-DKO mice.

Cholesterol accumulation in mice with conditional de-
letion of ABCA1 in b cells is associated with impaired
exocytosis of insulin secretory granules (30). As ABCG1
maintains cholesterol homeostasis in insulin secretory
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granules, and granule cholesterol levels andmaturation are
decreased in its absence, granule exocytosis is likely to be
further impaired when ABCA1 and ABCG1 are both con-
ditionally deleted from b cells, as we have reported in
b-DKOmice (23). A potential explanation for the increased

GSIS in isolated islets from apoA-I-treated b-DKO mice is
that, as has been reported for endothelial cells (31), apoA-I
transcytosed across the b-cell membrane and acquired
cholesterol from intracellular organelles via aqueous diffu-
sion. Delivery of the newly acquired cholesterol from the
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transcytosed apoA-I to the granule membrane could over-
ride the loss ofABCG1by restoring cholesterol homeostasis
and correcting granule insulin secretory function.

We have previously reported that apoA-I increases
insulin secretion in the Ins-1E rat insulinoma cell line by
translocating FoxO1 out of the nucleus and derepress-
ing insulin gene transcription (15). However, cellular
cholesterol levels were not elevated in that study, and
the increase in insulin secretion was dependent on
ABCA1 expression. This suggests that the mechanism
by which apoA-I improves insulin secretion in the
current study is distinct from what we previously de-
scribed and warrants further investigation, as does the
possibility that other insulin secretagogues also medi-
ate this effect.

The present study establishes that conditional deletion
of ABCA1 and ABCG1 in b cells regulates expression of
genes in islets that are involved in cholesterolmetabolism,
glucose metabolism, and inflammation. Expression of the
cholesterol metabolism genes, Hmgcr, Ldlr, Insig-1, Fasn,
andSrebf2,was significantly decreased.AsHmgcr andLdlr
are key genes in the cholesterol biosynthesis pathway,
their down-regulation was expected in b-DKO mice with
elevated islet cholesterol levels. This is also in agreement
with what has been reported for mice with conditional
b-cell deletion of ABCA1 (24). Studies of transgenic and
knockoutmice have shown that sterol regulatory element-
binding transcription factor 2 (SREBP2) activation plays a
key role in regulation of cholesterol synthesis and metab-
olism (32) and increases cell cholesterol levels by up-
regulating transcription of target genes including Hmgcr,
Ldlr, Insig-1, Srebf2, and Fasn. However, high intracellular
cholesterol levels can lead to SREBP2 retention in the en-
doplasmic reticulum and inhibition of Srebf2 gene tran-
scription (33). This indicates that the reduced expressionof
SREBP2 and its target genes in the current studymay be a
direct consequence of the increased islet cholesterol con-
tent in b-DKO mice.

Deletion of ABCA1 and ABCG1 in b cells was also ac-
companied by reduced expression of the glucose metab-
olism genes, Ppargc1a, Prkg1, Glut2, and Pik3r1, in b-DKO
mouse islets.Ppargc1a encodes for peroxisomeproliferator
activated receptor g coactivator 1 a which regulates mi-
tochondrial genes that increase oxidativephosphorylation
and ATP production (34). Decreased peroxisome pro-
liferator activated receptor g coactivator 1 amRNA levels
have been reported in islets from patients with type 2 di-
abetes mellitus and in rats with impaired insulin secretion
(35).Prkg1encodes for thecGMP-dependentproteinkinase
type I, which is involved in the NO/cGMP-dependent
protein kinase type I signaling pathway and the patho-
genesis of T2D (36).

GLUT2mediates glucose uptake into pancreatic b cells
inmice (37).GLUT2knockoutmicehave impairedglucose
signaling and reduced insulin biosynthesis and secretion
(38). However, b cells in GLUT2 knockout mice have
normal glucokinase (Gck) expression, indicating that
GLUT2 is not essential for Gck function (38). This is con-
sistentwith the present results, inwhichGckmRNA levels
in b-DKO mouse islets were unaffected (data not shown)
despite a reduction in Glut2mRNA levels.

PIK3R1, the p85a regulatory subunit of PI3K, has been
implicated in the development of T2D (39). Reduced
Pik3r1 gene expression ameliorates insulin resistance and
macrophage accumulation in adipose tissue in obesemice
(40). Deletion of the Pik3r1 gene also improves insulin
signaling and activation of IRS1 in obese, insulin-resistant
mice (40). When taken together, these results suggest that
the decreased expression of Ppargc1a, Prkg1, Glut2, and
Pik3r1mayact to reduce glucose intolerance and impaired
insulin secretion in b-DKO mice. These results do not
provide insights into the relative contributions of these
genes to impaired glycemic control in b-DKO mice.
However, they do raise the possibility that at least some of
these genes, and their encoded proteins, may act syner-
gistically to regulate b-cell function.

The increased expression of the Il1b, Sftpd, and Gbp11
genes in b-DKO mouse islets is also of interest. IL-1b is a
proinflammatory cytokine that contributes to glucotoxity
in islets (41). Increased expression of this gene in b-DKO
mouse islets is consistent with what has been reported in
islets from ABCG1 knockout mice with conditional b-cell
deletion of ABCA1 (29). It also indicates that b-DKOmice
may have insulitis, as can occur in patients with T1D and
T2D. Sftpd and Gbp11 were the most highly differentially
expressed proinflammatory genes in b-DKOmouse islets.
Sftpd encodes for surfactantpulmonary-associatedprotein
D, which contributes to surfactant homeostasis and pul-
monary immunity (42). Gbp11 encodes for Gbp11, which
contributes to interferon responses in a variety of organ-
isms (43). As previous reports have not implicated ex-
pression of either of these genes in b-cell inflammation,
further examinationof this relationshipmayprovidenovel
insights into the origins andmechanistic basis of the b-cell
inflammation that has been reported in people with di-
abetes (1).

In summary, this study establishes for the first time that
conditional deletion of ABCA1 and ABCG1 in mouse
pancreatic b cells perturbs islet cholesterol metabolism
andglucosemetabolismand increases expression of genes
that cause inflammation. It also establishes that treatment
with apoA-I improves glucose tolerance in b-DKO mice
and increases GSIS in b-DKOmouse islets. Whether these
beneficial effects of apoA-I reflect the restoration of b-cell
cholesterol homeostasis in b-DKOmouse islets remains to
be determined.
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