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Glucose- and time-dependence of islet amyloid formation in vitro
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Abstract

Islet amyloid contributes to the loss of b-cell mass in type 2 diabetes. To examine the roles of glucose and time on amyloid formation,
we developed a rapid in vitro model using isolated islets from human islet amyloid polypeptide (hIAPP) transgenic mice. Islets from
hIAPP transgenic and non-transgenic mice were cultured for up to 7 days with either 5.5, 11.1, 16.7 or 33.3 mmol/l glucose. At various
time-points throughout the culture period, islets were harvested for determination of amyloid and b-cell areas, and for measures of cell
viability, insulin content, and secretion. Following culture of hIAPP transgenic islets in 16.7 or 33.3 mmol/l glucose, amyloid formation
was significantly increased compared to 5.5 or 11.1 mmol/l glucose culture. Amyloid was detected as early as day 2 and increased in a
time-dependent manner so that by day 7, a decrease in the proportion of b-cell area in hIAPP transgenic islets was evident. When
compared to non-transgenic islets after 7-day culture in 16.7 mmol/l glucose, hIAPP transgenic islets were 24% less viable, had decreased
b-cell area and insulin content, but displayed no change in insulin secretion. Thus, we have developed a rapid in vitro model of light
microscopy-visible islet amyloid formation that is both glucose- and time-dependent. Formation of amyloid in this model is associated
with reduced cell viability and b-cell loss but adequate functional adaptation. It thus enables studies investigating the mechanism(s)
underlying the amyloid-associated loss of b-cell mass in type 2 diabetes.
� 2007 Elsevier Inc. All rights reserved.
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Islet amyloid polypeptide (IAPP) is a normal product of
the pancreatic b-cell. Human, but not rodent, IAPP is
capable of forming amyloid deposits, which are associated
with loss of both b-cell mass and normal islet function [1,2].
Models have been developed to elucidate the underlying
mechanisms responsible for the deleterious effects of amy-
loidogenesis. Initially, these involved the extracellular
application of human IAPP (hIAPP) to immortalized cells
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[3], or the transfection of cells that lack the sophisticated
secretory machinery that is typical of the b-cell [4]. While
cell death and/or impaired insulin secretion were demon-
strated, these models do not depict what is occurring in
humans.

Advancement of transgene technology has enabled a
more informative approach to studying amyloidogenesis,
where hIAPP could be targeted to rodent b-cells and use
of various strategies could induce the deposition of islet
amyloid (reviewed in [5]). In our model, we have
observed that hIAPP transgenic mice develop light
microscopy-visible amyloid after 12–16 months on a 9%
fat diet [6]. This occurs predominantly in male mice, as
female mice are protected by ovarian products [7]. The
utility of our mouse model and others like it [8,9] has
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been somewhat limited since studies typically take a year
to perform and it is not possible to discern a direct role
of a given intervention on islet amyloid formation. Fur-
thermore, female mice are generally not useful for in vivo

studies due to the low incidence of amyloid deposition.
Of note, an improved system has been developed to
study islet amyloid using isolated islets but this relies
on labour-intensive electron microscopy to detect amy-
loid deposition [10–12]. For these reasons, we sought to
develop a rapid model of islet amyloid formation, where
amyloid can be easily visualized by light microscopy. In
the present study, we have utilized an in vitro approach,
namely culture of isolated islets from our male and
female hIAPP transgenic mice. Our findings provide
insight into the potential role of islet amyloid in the
progression of type 2 diabetes.
Materials and methods

Transgenic mice. Hemizygous transgenic mice expressing hIAPP in
their pancreatic b-cells were generated as previously described [6] by
breeding hIAPP transgenic C57BL/6 female mice with DBA/2J wild
type male mice. Mice were fed a diet containing 9% fat by weight
(Purina #5021). The study was approved by the Institutional Animal
Care and Use Committee at the Seattle VA Puget Sound Health Care
System.

Isolation of pancreatic islets. Islets were isolated from the pancreata of
10-week-old male and female mice as previously described [13]. After
overnight recovery, islets were transferred to culture media containing 5.5,
11.1, 16.7, or 33.3 mmol/l glucose (denoted day 1 throughout the manu-
script). Islets were subsequently cultured for up to 7 days, with the media
being replaced every 48 h.

Histological assessment of islet amyloid and b-cells. At various time
points throughout the culture period, 50 islets were removed from the
culture plates, fixed in 4% (w/v) phosphate-buffered paraformaldehyde
and embedded in paraffin. Five-micrometer sections were cut and
co-stained with thioflavin S to visualize amyloid deposits and with
anti-insulin antibody (1:2000; Sigma, St. Louis, Mo, USA) followed by
Cy3-conjugated anti-mouse immunoglobulins to visualize islet b-cells.
Histological assessments were made on an average of 27 islets per plate.
From these measures, islet amyloid prevalence (% of islets containing
amyloid), amyloid severity (% of islet area occupied by amyloid), b-cell
area and islet area were determined using a computer-based quantitative
method as reported previously [14]. Islet area was determined morpho-
metrically by manually outlining each islet when viewed under fluores-
cence at excitation 480 nm and emission 505 nm (channel used for
thioflavin S staining).

Cell viability assay. Islet cell viability after 7 days of 16.7 mmol/l glu-
cose culture was assessed using the Cell Proliferation Kit I according to
the manufacturer’s instructions (Roche, Indianapolis, IN, USA). This
assay is based on the ability of viable cells to reduce 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to insoluble coloured
formazan crystals. Briefly, islets were plated at 20/well (duplicates for each
condition) and 0.5% (w/v) MTT was added to 100 lL of culture medium
in each well. After 4 h at 37 �C, 100 lL solubilization solution was added.
After overnight incubation, solubilized formazan was quantified
spectrophotometrically.

Perifusion of islets for insulin secretion. After 7 days of 16.7 mmol/l
glucose culture, 100 islets were collected and loaded into a perifusion
chamber. Islets were first perifused with Krebs–Ringer bicarbonate buffer
(KRB; 98.5 mmol/l NaCl, 5.5 mmol/l NaHCO3, 4.9 mmol/l KCl,
1.2 mmol/l KH2PO4, 1.2 mmol/l MgSO4, 2.6 mmol/l CaCl2, 20 mmol/l
Hepes, and 0.1% BSA, pH 7.4) containing 1.67 mmol/l glucose for 1 h to
achieve basal insulin secretion. Effluent fractions were then collected at
2–5 min intervals during perifusion with 1.67 mmol/l glucose for 8 min,
then with 16.7 mmol/l glucose for 30 min, followed by 16.7 mmol/l glucose
with 10 mmol/l arginine and 0.01 mmol/l IBMX for 30 min. Finally, islets
were perifused with 1.67 mmol/l glucose for 20 min. Samples were stored
at �20 �C before determination of insulin by radioimmunoassay. Islet
insulin content was also measured after acid-ethanol extraction.

Statistical analyses. Data are means ± SEM for the number of exper-
iments indicated. Mean data for glucose dose–response studies and com-
parison of hIAPP transgenic vs non-transgenic islets were performed using
analysis of variance or t-tests, respectively, with non-parametric tests being
used where data were not normally distributed. For time course data, a
repeated measures analysis of variance was used. A p < 0.05 was consid-
ered statistically significant.

Results

Effect of gender on islet amyloid formation in vitro

To determine whether gender affects islet amyloid forma-
tion in vitro, islets from male and female hIAPP transgenic
mice were cultured for 7 days in 16.7 mmol/l glucose.
Following thioflavin S staining, amyloid prevalence (% of
islets containing amyloid) and severity (% of islet area occu-
pied by amyloid) were calculated. Neither amyloid preva-
lence (80 ± 11 vs 52 ± 15%; n = 4, p = 0.19) nor severity
(0.79 ± 0.34 vs 0.75 ± 0.49%; n = 4, p = 0.96) differed
between islets from male vs female mice. Therefore all sub-
sequent studies were performed using a mix of male and
female islets.

Effect of glucose concentration on islet amyloid formation

and b-cell area

Islets from hIAPP transgenic mice were isolated and cul-
tured for 7 days in 5.5, 11.1, 16.7 or 33.3 mmol/l glucose, at
which time amyloid prevalence and severity were deter-
mined. As shown in Fig. 1a, 36% and 57% of the islets cul-
tured in 16.7 and 33.3 mmol/l glucose, respectively,
contained light microscopy-visible amyloid, compared with
only 7% and 6% of the islets cultured in either 5.5 or
11.1 mmol/l glucose, respectively. Similarly, amyloid sever-
ity (Fig. 1b) was significantly increased after 7-day culture
in either 16.7 or 33.3 mmol/l glucose, compared with 5.5
and 11.1 mmol/l glucose. In addition, islets cultured in
33.3 mmol/l glucose exhibited significantly greater islet
amyloid prevalence and severity than islets cultured in
16.7 mmol/l glucose.

To determine whether the presence of amyloid impacted
b-cell area, islet sections were immunolabelled for insulin
after which insulin-positive area was quantified as a pro-
portion of islet area. There was no significant difference
in b-cell area between islets cultured for 7 days in 5.5 vs
11.1 mmol/l glucose (57.4 ± 3.8% vs 64.8 ± 2.3%; n = 6,
p = 0.09). However, after 7-day culture in 16.7 mmol/l glu-
cose, b-cell area was significantly decreased to 47.5 ± 1.9%
(n = 11; p < 0.01 vs 5.5 and 11.1 mmol/l glucose). Similar-
ly, 33.3 mmol/l glucose culture decreased b-cell area to
41.5 ± 2.8% (n = 8; p < 0.001 vs 5.5 and 11.1 mmol/l
glucose).



Fig. 1. Amyloid prevalence (% islets containing amyloid; a) and severity (% islet area occupied by amyloid; b) in hIAPP transgenic mouse islets cultured
for 7 days in 5.5 (open bars; n = 6), 11.1 (hatched bars; n = 6), 16.7 (black bars; n = 11) or 33.3 mmol/l glucose (grey bars; n = 8). Thioflavin S staining of
islets at day 7 revealed a glucose-dependent effect to increase both amyloid prevalence and severity. *p < 0.05 vs 5.5 mmol/l glucose; #p < 0.05 vs
11.1 mmol/l glucose; �p < 0.05 vs 16.7 mmol/l glucose.
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Effect of exposure time on islet amyloid formation

To determine whether amyloid formation and accumu-
lation is time-dependent, hIAPP transgenic islets were cul-
tured in 16.7 mmol/l glucose and then harvested at 24-h
intervals from the start of the culture period, for up to
144 h (day 7). Fig. 2a shows that the proportion of islets
containing amyloid did not differ over the 7 days. In con-
trast, amyloid severity (Fig. 2b) increased in a time-depen-
dent manner so that by day 7, amyloid severity was �5-fold
greater than at 24 h (day 2).
Effect of islet amyloid on insulin secretion and insulin content

To determine whether the presence of amyloid affects
b-cell function, insulin secretion was assessed by perifusing
hIAPP transgenic and non-transgenic islets after 7 days of
culture in 16.7 mmol/l glucose. The 16.7 mmol/l glucose
culture condition was chosen since this concentration is
Fig. 2. Time-dependent changes in amyloid prevalence (a; p = 0.003 vs day 1)
16.7 mmol/l glucose and harvested every 24 h, up to day 7. Each time point r
time-point revealed a time-dependent increase in amyloid severity, but not pre
not supraphysiological, particularly for an in vitro environ-
ment, and so the well-documented deleterious effects (other
than amyloid formation) that are commonly associated
with high glucose exposure could be largely avoided. Islets
were perifused with 1.67 mmol/l glucose, followed succes-
sively by 16.7 and 16.7 mmol/l glucose in the presence of
arginine and IBMX (to estimate maximal secretory capac-
ity). As shown in Fig. 3a, hIAPP transgenic islets secreted
similar amounts of insulin in response to 16.7 mmol/l glu-
cose both in the absence and presence of arginine and
IBMX compared to non-transgenic islets, despite having
significantly lower islet insulin content (Fig. 3b).
Effect of islet amyloid on b-cell area

To determine whether islet amyloid formation, rather
than culture in 16.7 mmol/l glucose per se was associated
with b-cell loss, we quantified b-cell area as a proportion
of islet area in hIAPP transgenic and non-transgenic islets
and severity (b; p = 0.005 vs day 1) in hIAPP transgenic islets cultured in
epresents five separate experiments. Thioflavin S staining of islets at each
valence.



Fig. 3. Effect of islet amyloid on insulin secretion (a; n = 4). After 7-day culture in 16.7 mmol/l glucose, insulin secretion in response to 1.67 mmol/l
glucose, 16.7 mmol/l glucose alone and in the presence of IBMX and arginine was not different between hIAPP transgenic (closed circles) and non-
transgenic mouse islets (open triangles; a). In contrast, hIAPP transgenic islets (closed bars) had significantly reduced insulin content (b; n = 4), b-cell area
(c; n = 8–9) and viability (d; n = 6), compared to non-transgenic islets (open bars). *p < 0.05 vs non-transgenic islets.
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following 7 days of culture in 16.7 mmol/l glucose. Again,
we chose this glucose condition to minimise any deleterious
effects of high glucose per se. Fig. 3c shows that b-cell area
was significantly reduced in hIAPP transgenic islets com-
pared to non-transgenic islets.

Effect of islet amyloid on cell viability

To determine whether the presence of amyloid affects
cell viability, the MTT assay was performed after hIAPP
transgenic and non-transgenic islets were cultured for 7
days in 16.7 mmol/l glucose. As shown in Fig. 3d, cell via-
bility was significantly decreased by 24% in hIAPP trans-
genic islets compared to non-transgenic islets.

Discussion

In this study, we describe the development of an in vitro

model of islet amyloid in which amyloid deposition occurs
rapidly and in which amyloid can easily be visualized by
thioflavin S staining and light microscopy. Glucose concen-
tration and time of exposure to elevated glucose were
found to be important determinants of the extent of amy-
loid deposition. However, in contrast to previous in vivo
studies using our hIAPP transgenic mouse model [7], we
observed that when cultured in vitro, islets from female
mice are no longer protected against amyloid deposition.
Islet amyloid deposition in this in vitro model is associated
with b-cell loss, decreased insulin content and decreased
islet cell viability. Paradoxically, there is also an adaptive
response to maintain insulin secretion after the induction
of amyloid.

Various models have been created to study mechanisms
for the loss of b-cell mass and function that is associated
with islet amyloidogenesis [5]. Of the in vivo models, many
do not develop islet amyloid unless the hIAPP gene dosage
is increased by breeding to homozygosity [15], or the hIA-
PP expression rate is accelerated by various strategies like
either cross-breeding onto an obese background [8,9] or
high fat feeding [16]. While advantageous due to the
whole-body approach, these models can be costly and
time-consuming, making an in vitro approach attractive.
Of the in vitro models that have been used to study amylo-
idogenesis, many do not represent what is occurring in
human disease. For instance, the treatment of islets or
b-cell lines with exogenous hIAPP [17,18] limits the under-
standing of how functional derangements within the cell
contribute to initiation of fibril formation. Others have
developed in vitro models of islet amyloid formation using
isolated islets from hIAPP transgenic mice [10–12,19,20].
However, these studies required labour-intensive electron
microscopy for quantification of amyloid deposition and
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cell damage, thus severely limiting the utility of these
models.

Our in vitro model is particularly relevant to islet amy-
loid formation in humans, since the amyloid deposits in
our mouse islets are histologically comparable to the clas-
sical light microscopy-visible deposits observed in human
type 2 diabetes [21], and the expression of hIAPP by itself
is not sufficient to induce amyloid formation. The fact that
hIAPP transgenic islets did not develop significant amounts
of amyloid when exposed to 5.5 or 11.1 mmol/l glucose
supports the notion that a permissive environment like
hyperglycemia that may be associated with b-cell dysfunc-
tion [11,12] may be necessary to promote amyloidogenesis.
We also observed a decrease in the proportion of b-cell
area to islet area with the deposition of amyloid, as well
as decreased cell viability and reduced insulin content,
again features in keeping with those observed in human
type 2 diabetes. Similar observations have been made in
another in vitro model [11] and in human autopsy studies
where decreased b-cell number was correlated with
increased islet amyloid load [1,22,23]. Further, it was found
that the degree of amyloid deposition was increased in indi-
viduals who required insulin treatment for their diabetes
[2], presumably because their b-cells were not producing
enough insulin. Despite these morphological abnormalities
and the reduction in the quantity of b-cells in our in vitro

model, insulin secretion was maintained in response to
both glucose and non-glucose secretagogues, suggesting
functional adaptation. This finding suggests that simple
b-cell mass reduction is insufficient to produce b-cell dys-
function or that a greater degree of mass reduction is nec-
essary. The ability of the reduced number of b-cells in this
in vitro model to adapt functionally is in keeping with
observations of b-cell functional adaptation to decreased
mass in rodents [24] and dogs [25].

Exposure of islets to elevated glucose concentrations has
been shown to cause a number of changes in the b-cell,
many of which become more severe with time. This is illus-
trated in the present study where islet amyloid severity
increased over 7 days of culture in 16.7 mmol/l glucose.
In addition, at day 7, b-cell area, cell viability, and insulin
content were reduced in hIAPP transgenic islets compared
to non-transgenic islets cultured under the same conditions,
implicating amyloid rather than the glucose concentration
per se as the cause. While amyloid-associated toxicity has
been demonstrated in various other islet amyloid models
[5,18,26], the time frame for these b-cell alterations differs
greatly in comparison to our rapid model where amyloid
can be seen as early as 24 h after the start of the culture
period. The glucose- and time-dependent increases in islet
amyloid formation in the present study again are relevant
to human type 2 diabetes. It is well recognized that type
2 diabetes is a progressive disorder and our findings suggest
that the continued presence of hyperglycemia and long-
standing disease duration in human diabetes could be per-
missive for continuous amyloid formation and thus may
contribute to the progressive b-cell failure that characteriz-
es the disease. Should this be the case, approaches to
treatment and prevention that are associated with reduced
amyloid deposition could preserve b-cell function
and delay the need for additional therapy. This potential
was highlighted in a recent study in which we demonstrated
that treatment of our hIAPP transgenic mice with
rosiglitazone or metformin for a year was associated with
reduced amyloid formation and a preservation of b-cell
function [27].

In summary, we have developed a novel in vitro model
of islet amyloid formation utilizing isolated islets from
hIAPP transgenic mice and believe it will be useful in gain-
ing a more complete understanding of the detrimental
effects associated with amyloidogenesis. Further, it should
be useful in the development of novel approaches to inhibit
islet amyloid deposition, a process that contributes to the
reduction in b-cells observed in humans with type 2
diabetes.
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