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Abstract
Aims/hypothesis Islet amyloid, a pathological feature of type 2
diabetes, forms from the aggregation of islet amyloid polypep-
tide (IAPP), a beta cell peptide that is produced and co-secreted
with insulin. Cholesterol regulates amyloid-β processing,
deposition and clearance, promoting amyloidogenesis in the
brain. ATP-binding cassette transporter 1 (ABCA1) is a choles-
terol efflux transporter that when absent increases and when
overexpressed reduces brain amyloid-β deposition in mouse
models of Alzheimer’s disease. We examined whether alter-
ations in ABCA1 expression and islet cholesterol content could
also modulate islet amyloidogenesis.
Methods Thioflavin S staining for amyloid was performed in
islets isolated from mice with beta cell expression of human
IAPP (hIAPPTg/o) and cultured for 8 days following choles-
terol loading, microRNA-33 overexpression (to reduce
ABCA1 expression) or palmitate treatment in the presence
or absence of ABCA1 overexpression or mevastatin treatment
(to reduce cholesterol synthesis). hIAPPTg/o mice were

crossed with beta cell-specific Abca1-knockout mice
(hIAPPTg/oAbca1βKO) and glucose tolerance and amyloid
formation were assessed.
Results Cholesterol loading and microRNA-33-induced re-
duction in islet ABCA1 expression increased Thioflavin
S-positive amyloid in hIAPPTg/o islets. Palmitate treatment
also increased amyloid formation and this was reduced by
both ABCA1 overexpression and mevastatin treatment.
hIAPPTg/oAbca1βKO mice had increased islet cholesterol,
accompanied by fasting hyperglycaemia, glucose intolerance,
impaired in vivo insulin secretion and an increased islet
proinsulin:insulin ratio. Amyloid area was increased in
cultured hIAPPTg/oAbca1βKO islets compared with hIAPPTg/o

controls.
Conclusions/interpretation These data suggest that elevations
in islet cholesterol may lead to increases in IAPP aggregation
and islet amyloid formation, further worsening beta cell func-
tion and glucose homeostasis.
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Abbreviations
ABCA1 ATP-binding cassette transporter 1
AD Alzheimer’s disease
hIAPP Human IAPP
IAPP Islet amyloid polypeptide
miR-33 MicroRNA-33

Introduction

Glucolipotoxicity, endoplasmic reticulum stress, inflamma-
tion, accumulation of islet cholesterol and islet amyloid have
all been implicated in the islet dysfunction associated with
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type 2 diabetes [1]. Islet amyloid, a pathological feature of
some type 2 diabetes patients, forms from the aggregation of
islet amyloid polypeptide (IAPP), a 37-amino-acid beta cell
peptide that is produced and co-secreted with insulin.
Aggregated forms of human IAPP (hIAPP) induce beta cell
death and trigger islet inflammation [2]. Whereas hIAPP
spontaneously assembles into amyloid fibrils having primarily
a β-sheet conformation, three β-sheet-breaking proline resi-
dues prevent aggregation of the rodent peptide. Therefore,
several transgenic mouse models expressing hIAPP driven
by the rat insulin 2 promoter have been developed [3]. In these
models, islet amyloid associated with reduced beta cell mass
or function is observed, usually requiring some beta cell stress
such as high-fat diet.

Alzheimer’s disease (AD) is a neurodegenerative disorder
characterised by accumulation of amyloid plaques.
Accumulation of lipoprotein and cholesterol increases the risk
of AD and some cholesterol-lowering drugs reduce the risk of
dementia [4]. Cholesterol has been shown to regulate
amyloid-β processing, deposition and clearance and promote
amyloidogenesis in the brain. Studies suggest that genetic var-
iability of the cholesterol efflux transporter, ATP-binding
cassette transporter 1 (ABCA1), influences the development
and risk of AD [5]. Deletion of Abca1 has been shown to
increase, while overexpression of Abca1 reduces, amyloid-β
deposition in AD mouse brains.

We previously reported that deletion of beta cell Abca1
leads to islet cholesterol accumulation, beta cell dysfunction
and impaired glucose tolerance [6]. To determine whether beta
cell deletion of Abca1 and islet cholesterol accumulation
would enhance amyloid formation in the islet as it does in
the brain, we studied mice with beta cell expression of
hIAPP but lacking ABCA1.

Methods

MiceMice expressing hIAPP under the rat insulin 2 promoter
(hIAPPTg/o) [FVB/N-Tg(Ins2-IAPP)RHFSoel/J, The Jackson
Laboratory, Bar Harbor ME USA), RIP-CreTg/o [B6.Cg-
Tg(Ins2-cre)25Mgn/J, The Jackson Laboratory, Bar Harbor
ME USA], floxed Abca1 (Abca1loxp/loxp) mice and beta cell-
specific Abca1-knockout (Abca1βKO) mice have been previ-
ously described [6–8]. To generate mice with specific expres-
sion of beta cell hIAPP, but lacking beta cell ABCA1,
hIAPPTg/o mice were crossed with Abca1loxp/loxp mice to gen-
erate hIAPPTg/oAbca1loxp/− mice, which were then crossed
together to generate hIAPPTg/oAbca1loxp/loxp. These mice were
bred with RIP-CreTg/oAbca1loxp/loxp mice [6] to create
hIAPPTg/oAbca1βKOmice. Male mice at 4 months of age were
used for all studies. All animals had free access to standard
mouse chow and water, and were housed in a temperature-
controlled facility with a 12 h light/dark cycle. All

experiments were approved by the Animal Care Committee
at the University of British Columbia.

In vivo and islet studies Islets were isolated from 4-month
old male mice and were subjected to cholesterol loading,
microRNA-33a (miR-33a) overexpression and palmitate
treatment in 22 mmol/l glucose followed by Thioflavin S
staining as described in ESM Methods. Cultured (following
cholesterol loading and miR-33 and Abca1 overexpression)
and freshly isolated (hIAPPTg/oAbca1βKO) islets were subject-
ed to western blotting and cholesterol measurement (See ESM
Methods for more details). Glucose tolerance tests were car-
ried out in 4-month-old male mice and plasma insulin and
proinsulin were measured using ELISA kits from ALPCO
Diagnostics (Salem, NH USA) as described in ESM
Methods. Samples were not randomised and were not blind
to group assignment and outcome assessment.

Statistical analysis Data are expressed as mean ± SEM.
Significance was determined using Student’s t test or one- or
two-way analysis of variance. A p value<0.05 was consid-
ered statistically significant. No data, samples or animals were
excluded from reporting.

Results

To determine whether elevated islet cholesterol would
enhance islet amyloid formation, hIAPPTg/o islets were
cultured in cholesterol (2 mmol/l) or transduced with recom-
binant adenovirus expressingmiR-33a, a negative regulator of
ABCA1 expression that is known to increase islet cholesterol
in an ABCA1-dependent manner [9]. Addition of cholesterol
to the culture media led to significantly elevated total islet
cholesterol levels following 8 days’ culture (ESM Fig. 1a),
and this was associated with a twofold increase in amyloid
area as assessed by Thioflavin S staining (Fig. 1a). miR-33a
expression reduced islet ABCA1 expression (ESM Fig. 1b)
and increased amyloid formation by 1.67-fold (Fig. 1b) in
cultured hIAPPTg/o islets. As expected, cholesterol loading
had no effect on Thioflavin S-positive amyloid formation in
mice not expressing the amyloidogenic hIAPP transgene
(ESM Fig. 1e).

Palmitate treatment has been associated with elevated beta
cell cholesterol content and IAPP aggregation in vitro [10, 11].
In keeping with these reports, culture of hIAPPTg/o islets in the
presence of 0.1 mmol/l palmitate led to a 2.74-fold increase in
Thioflavin S-positive area (Fig. 1c). Adenoviral overexpres-
sion of Abca1 (ESM Fig. 1b) and treatment with mevastatin,
both of which lower islet cholesterol levels [9], led to marked
reduction in palmitate-induced amyloid formation (Fig. 1c).

To determine whether ABCA1 deficiency in vivo would
exacerbate amyloid formation, we generated hIAPPTg/o mice
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deficient in beta cell ABCA1 (hIAPPTg/oAbca1βKO). These
mice as expected had reduced islet ABCA1 expression
(ESM Fig. 1c) as well as increased islet cholesterol accumu-
lation (ESM Fig. 1d). Interestingly, at 4 months of age, male
hIAPPTg/oAbca1βKO mice had fasting hyperglycaemia,
whereas all three control groups, including hIAPPTg/o and
Abca1βKO remained normoglycaemic (Fig. 2a). As expected,
both Abca1βKO and hIAPPTg/o transgenic mice had mild
impairment in glucose tolerance compared with non-
transgenic controls, whereas the combination of beta cell
hIAPP expression and ABCA1 deficiency led to more marked
glucose intolerance (Fig. 2b). hIAPPTg/oAbca1βKO mice also
showed impaired in vivo glucose-stimulated insulin secretion
when compared with hIAPPTg/o mice (Fig. 2c). Moreover,

hIAPPTg/oAbca1βKO mice had significantly elevated circulat-
ing proinsulin:insulin ratios (Fig. 2d), further indicative of beta
cell dysfunction. These data suggest that expression of the
hIAPP transgene exacerbates the glucose intolerance and beta
cell dysfunction of beta cell ABCA1 deficiency alone. To de-
termine whether lack of ABCA1 in beta cells promotes amyloid
formation, we cultured islets isolated from hIAPPTg/oAbca1βKO

and hIAPPTg/o mice for 8 days. hIAPPTg/oAbca1βKO islets had
an amyloid area twofold greater than that of islets from
hIAPPTg/o mice, as determined by Thioflavin S staining
(Fig. 2e). However, islet amyloid could not be detected by
Thioflavin S staining in pancreatic sections from 4-month-old
mice, likely due to the limitations of Thioflavin S in detecting
smaller aggregates.
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Fig. 1 Intracellular cholesterol modulation affects amyloid accumulation
in hIAPPTg/o islets. (a) Amyloid area determined by Thioflavin S (ThioS)
staining in islets cultured in 22 mmol/l glucose with cholesterol loading.
hIAPPTg/o islets were cultured in the absence (CONT, white bar) or pres-
ence of 2 mmol/l cholesterol (CHOL, black bar) in culture media for
8 days. *p< 0.05 (paired Student’s t test); n= 3. (b) Amyloid area deter-
mined by ThioS staining in islets cultured in 22mmol/l glucose with miR-
33a overexpression. hIAPPTg/o islets were transduced with 100 multiplic-
ity of infection (MOI) empty vector control (Adv-CONT, white bar) or
miR-33a adenovirus (Adv-miR33, black bar) for 24 h and further cultured

for 7 days. *p < 0.05 (paired Student’s t test); n = 3. (c) Amyloid area
determined by ThioS staining in islets cultured in 22 mmol/l glucose with
0.1 mmol/l palmitate. hIAPPTg/o islets were treated with vehicle (CONT)
or 0.1 mmol/l palmitate (PAL) in 0.5% BSA. Following 48 h culture,
islets were either transduced with Abca1 adenovirus (100 MOI) for
24 h followed by a further 5 days’ culture in the presence of palmitate
(PAL+Abca1) or were treated with 10 μmol/l mevastatin added to the
culture media from day 3 to day 8 in the presence of palmitate (PAL+
Statin). **p < 0.01 (one-way ANOVAwith Tukey’s post hoc test); n= 3.
Scale bar, 20 μm
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Discussion

ABCA1 is a key molecule regulating cholesterol metabolism,
controlling the rate-limiting step in HDL biogenesis by
effluxing cellular cholesterol and phospholipids to apolipo-
protein acceptors [12]. In the absence of beta cell ABCA1,
cholesterol accumulates in islets, impairing beta cell function
[6]. Changes in cholesterol levels or regulators of cholesterol
homeostasis are associated with a number of amyloid diseases
[13]. Here we examined whether alterations in ABCA1 ex-
pression and islet cholesterol levels would affect IAPP
amyloidogenesis, beta cell function and glucose homeostasis.
We observed a striking effect of islet ABCA1 deficiency and
cholesterol levels on amyloid formation.

Both direct cholesterol loading and a reduction in ABCA1
expression was associated with increased islet cholesterol levels
leading to a significant increase in islet amyloid deposition.
Conversely, reduction in cholesterol synthesis via mevastatin
treatment or Abca1 overexpression significantly reduced

amyloid load. Therefore, as with other amyloidogenic proteins,
cholesterol appears to play a significant role in regulating IAPP
aggregation. In keeping with this idea, IAPP-derived amyloid
fibrils were reported to occur in cholesterol-rich plasma mem-
brane domains and depletion of plasma membrane cholesterol
reduced IAPP oligomer internalisation in human islet cells but
led to its extracellular accumulation as amyloid [14].

Glucose intolerance inmice expressing amyloidogenic hIAPP
and lacking beta cell ABCA1 (hIAPPTg/oAbca1βKO mice) was
more severe than in hIAPPTg/o or Abca1βKO mice, and islets
from hIAPPTg/oAbca1βKO mice had increased amyloid forma-
tion. These data raise the possibility that cholesterol accumula-
tion may exacerbate IAPP aggregation and subsequently beta
cell dysfunction. The mechanism by which ABCA1 deficiency
and increased cholesterol may affect IAPP aggregation remains
unknown but may be related to beta cell defects induced by
excess cholesterol, including an insulin granule exocytotic defect,
increased islet inflammation, disruption in membrane microdo-
main organisation and impaired prohormone processing [8, 15].
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Fig. 2 Beta cell ABCA1-
deficiency exacerbates glucose
intolerance in hIAPPTg/o mice. (a)
Fasting blood glucose and (b)
glucose tolerance test with inset
showing AUC (n= 6–8)
following 4 h fast in 4-month-old
male non-transgenic (white bars
and broken line), Abca1βKO (light
grey bars and line), hIAPPTg/o

(dark grey bars and line) and
hIAPPTg/oAbca1βKO (black bars
and line) mice (*p< 0.05,
**p< 0.01 and ***p < 0.001 vs
non-transgenic mice [one-way
ANOVAwith Tukey’s post hoc
test]). (c) Insulin secretion during
glucose tolerance test (n= 6)
(white bars, 0 min; black bars,
15 min) and (d) plasma
proinsulin:insulin ratio (n = 6)
(white bars, hIAPPTg/o; black
bars: hIAPPTg/oAbca1βKO) from
hIAPPTg/o and hIAPPTg/
oAbca1βKO mice. (e) Thioflavin S
(ThioS) staining in 8 day cultured
islets (n= 4) from hIAPPTg/o

(white bars) and
hIAPPTg/oAbca1βKO (black bars)
mice (*p< 0.05 and **p < 0.01,
unpaired Student’s t test). Scale
bar, 20 μm
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In summary, we show that modulation of cholesterol levels
lead to alterations in islet amyloidogenesis similar to other
amyloid diseases. Therapeutics targeting ABCA1 expression
or activity and cholesterol lowering may therefore have impli-
cations not only in type 2 diabetes but also in other amyloid
diseases.
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