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Abstract

Aims/hypothesis Islet amyloid in type 2 diabetes contrib-
utes to loss of beta cell mass and function. Since islets are
susceptible to oxidative stress-induced toxicity, we sought
to determine whether islet amyloid formation is associated
with induction of oxidative stress.

Methods Human islet amyloid polypeptide transgenic and
non-transgenic mouse islets were cultured for 48 or 144 h
with or without the antioxidant N-acetyl-L-cysteine (NAC)
or the amyloid inhibitor Congo Red. Amyloid deposition,
reactive oxygen species (ROS) production, beta cell
apoptosis, and insulin secretion, content and mRNA were
measured.

Results After 48 h, amyloid deposition was associated with
increased ROS levels and increased beta cell apoptosis, but
no change in insulin secretion, content or mRNA levels.
Antioxidant treatment prevented the rise in ROS, but did
not prevent amyloid formation or beta cell apoptosis. In
contrast, inhibition of amyloid formation prevented the
induction of oxidative stress and beta cell apoptosis. After
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144 h, amyloid deposition was further increased and was
associated with increased ROS levels, increased beta cell
apoptosis and decreased insulin content. At this time-point,
antioxidant treatment and inhibition of amyloid formation
were effective in reducing ROS levels, amyloid formation
and beta cell apoptosis. Inhibition of amyloid formation also
increased insulin content.

Conclusions/interpretation Islet amyloid formation induces
oxidative stress, which in the short term does not mediate
beta cell apoptosis, but in the longer term may feed back to
further exacerbate amyloid formation and contribute to beta
cell apoptosis.

Keywords Beta cell apoptosis - IAPP- Insulin secretion -
Islet amyloid - Oxidative stress

Abbreviations

IAPP Islet amyloid polypeptide

NAC N-acetyl-L-cysteine

ROS Reactive oxygen species

WAS-406 2-Acetamido-1,3,6-tri-O-acetyl-2,4-dideoxy-
«-D-xylohexopyranose

Introduction

Islet amyloid deposits are a characteristic morphological
feature of the pancreas in type 2 diabetes, comprising fibrils
formed from islet amyloid polypeptide (IAPP) [1, 2].
Factors affecting the amyloidogenicity of IAPP include, in
addition to a permissive environment, species-specific
differences in the amino acid sequence. Specifically, human
but not rodent IAPP is capable of forming amyloid fibrils
[3-5]. Amyloid deposition from human IAPP has been
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shown to be more frequent in the typical type 2 diabetes
milieu of chronically elevated glucose and NEFAs [6—10].

Many studies have demonstrated that islet amyloid
formation is cytotoxic [11-14], with some evidence that
IAPP oligomers may be the toxic species [13, 15-18].
Examination of autopsy pancreas specimens from patients
with type 2 diabetes has suggested a positive relationship
between the amount of islet amyloid and beta cell loss [19—
21]. In addition, there is growing support for involvement
of oxidative stress in islet dysfunction and death. Typically,
the generation of damaging reactive oxygen species (ROS)
during oxidative stress has been strongly linked to defective
insulin gene expression, reduced insulin content and
impaired insulin secretion, as reviewed [22]. Further, in
autopsy tissue from Japanese patients with type 2 diabetes,
islets that contained amyloid also stained positive for
oxidative stress markers [23]. In other studies, treatment
of immortalised beta cells with exogenous human IAPP
resulted in intracellular ROS accumulation [24] and lipid
peroxidation [25]. Also, antioxidant treatment inhibited the
progression of human IAPP-induced apoptosis [24].

While the data linking human IAPP-induced toxicity to
oxidative stress are intriguing, all the work has been
performed using autopsy samples that enable only a
retrospective evaluation [23] or by applying exogenous
human IAPP to immortalised cells [24—26], which in some
studies [27, 28] were not pancreatic beta cells. These
approaches limit the ability to reach a definitive conclusion
about whether oxidative stress is a cause or effect of islet
amyloid formation, which in humans is derived from
endogenous [APP. Thus, in the present study, we employed
an in vitro model using isolated islets from our human
IAPP transgenic mice [10] to investigate the link between
islet amyloid formation and oxidative stress, and the
consequences for beta cell function and survival.

Methods

Transgenic mice Hemizygous transgenic mice with beta
cell production of human IAPP [29] on an F1 C57BL/6x
DBA/2J background were used in this study. Non-trans-
genic littermates were used as controls. Transgenic status
was determined by polymerase chain reaction, as previous-
ly described [30]. Mice were fed a diet containing 18%
energy from fat (9% fat by weight; Purina 5021; Purina,
Richmond, IN, USA) or 45% energy from fat (D12290;
Research Diets, New Brunswick, NJ, USA). The study was
approved by the Institutional Animal Care and Use
Committee at the VA Puget Sound Health Care System.

Immunohistochemistry for nitrotyrosine Paraffin pancreas
sections (5 um) were cut from three non-transgenic and

three human IAPP transgenic mice after 12 months of high-
fat (45%) feeding [9]. Sections were treated with 0.05%
(vol./vol.) trypsin for antigen retrieval and non-specific
immunoreactivity was blocked with 10% (vol./vol.) normal
goat serum. Sections were reacted overnight with mouse
monoclonal anti-nitrotyrosine antibody (1:100; Chemicon
International, Temecula, CA, USA), followed by goat anti-
mouse Cy3 (1:250) and thioflavin S staining to visualise
amyloid deposits. To visualise cell nuclei, sections were
counterstained with Hoechst 33258 (2 pg/ml). An average
of 18 islets per mouse were examined. For negative
controls, the primary antibody was omitted.

Isolation and culture of pancreatic islets Islets were
isolated from the pancreases of 10-week old female and
male mice by collagenase digestion using methods previ-
ously described [31]. Islets were cultured overnight in
RPMI-1640 medium (containing 11.1 mmol/l glucose), in a
37°C humidified atmosphere of 95% air:5% CO, to allow
them to recover from the isolation procedure. Islets were
then either collected for measurements described below or
transferred to media containing either 5.5 mmol/l or
16.7 mmol/l glucose and cultured for an additional 48 or
144 h in the absence or presence of the antioxidant N-
acetyl-l-cysteine (NAC) (5 mmol/l) or one of two amyloid
inhibitors: 2-acetamido-1,3,6-tri-O-acetyl-2,4-dideoxy-x-D-
xylohexopyranose (WAS-406; 100 pmol/l) or Congo Red
(200 pwmol/1). WAS-406 [32, 33] and Congo Red [34, 35]
have previously been shown to inhibit IAPP oligomer and/
or amyloid formation. The choice of dose for each amyloid
inhibitor was based on dose—response experiments that we
have performed in this model [32] (S. Zraika, unpublished
observations). The culture periods were based on our
previous studies demonstrating amyloid visible by light
microscopy at 48 h and enhanced levels after 144 h in
16.7 mmol/l glucose culture [10].

Measurement of ROS production ROS production was
measured in islets following overnight recovery or after
48 or 144 h culture as previously described [36] with minor
modifications. Briefly, 70 islets were dispersed by treatment
with 0.0075% (vol./vol.) trypsin and then cells were loaded
with 100 pmol/l oxidant-sensitive fluorescent carboxy-
H,DCFDA dye (Invitrogen, Carlsbad, CA, USA) for
30 min. After washing with phosphate-buffered saline, cells
were resuspended in islet culture medium without phenol
red, transferred to a 96-well plate and incubated at 37°C for
2 h. For a positive control, a parallel sample of dispersed
cells from 70 islets was treated with 100 pumol/l hydrogen
peroxide for 2 h. ROS levels were measured by quantifying
the fluorescence intensity in each well at an excitation
wavelength of 485 nm and an emission wavelength of
530 nm.
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Histological assessment of islet amyloid and beta cell
apoptosis Islets were fixed in 4% (wt/vol.) phosphate-
buffered paraformaldehyde and embedded in paraffin [10].
Sections (5 pm) were cut and stained with thioflavin S to
visualise amyloid deposits. For quantification of beta cell
apoptosis, sections were stained with propidium iodide and
anti-insulin antibody as previously described [37]. Histo-
logical assessments of amyloid and apoptosis were made in
a blinded manner on an average of 19 islets per culture
condition per experiment. Amyloid prevalence (% of islets
containing amyloid) and severity (% of islet area occupied
by amyloid) were determined using a computer-based
quantitative method as reported previously [38], with islet
area being determined morphometrically by manually out-
lining each islet when viewed under fluorescence at
excitation 480 nm and emission 505 nm (channel used for
thioflavin S staining). The proportion of apoptotic beta cells
was determined by manual counting of condensed and
fragmented nuclei in insulin-positive cells.

Assessment of °'Cr release Release of >'Cr was used to
assess cell viability after 48 h culture of islets in 5.5 or
16.7 mmol/l glucose [31]. This method is based on the
principle that over 48 h, viable cells retain preloaded *'Cr
intracellularly because cell membranes are intact. In contrast,
non-viable cells develop leaky membranes and thus release
preloaded >'Cr into the media. Data were expressed as
fractional >'Cr release in terms of total incorporation (cpm in
medium/[cpm in medium-+cpm in islets]x 100).

Evaluation of insulin secretion and content Following 48 h
culture, insulin secretion was measured by islet perifusion
as previously described [10]. Effluent fractions were
collected at 2 to 5 min intervals during perifusion with
1.67 mmol/l glucose for 8 min (basal), then with
16.7 mmol/l glucose for 30 min (glucose-stimulated).
Following 144 h culture, insulin secretion was measured
in static incubations as previously described [31]. Superna-
tant fractions were collected after 60 min incubation of
islets in either 2.8 mmol/l (basal) or 20 mmol/l (glucose-
stimulated) glucose. Samples were stored at —20°C before
determination of insulin by radioimmunoassay [30]. Islet
insulin content was measured after acid—ethanol extraction.

Real-time quantitative RT-PCR Gene expression of insulin
in isolated islets was determined with real-time quantitative
RT-PCR performed using the TagMan system (ABI Prism
7000; Applied Biosystems, Foster City, CA, USA) as
previously described [39]. TagMan Assays on Demand
insulin II gene expression mix was from Applied Bio-
systems (MmO00731595 gH). TagMan eukaryotic 18S
rRNA (Hs99999901 sl; Applied Biosystems) was used as
endogenous control. Each sample was run in triplicate.
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Statistical analyses Data are presented as mean+SEM for
the number of experiments indicated. Statistical signifi-
cance was determined using analysis of variance or
Mann—Whitney U tests where appropriate, with non-
parametric tests being used where data were not normally
distributed. A p value of <0.05 was considered statistically
significant.

Results

Detection of oxidative stress markers in vivo To determine
whether oxidative stress occurs in association with amyloid
formation in vivo, pancreas sections from year-old, high
fat-fed non-transgenic and human IAPP transgenic mice [9]
were stained for nitrotyrosine, a widely used marker of
oxidative stress [36, 40, 41]. Amyloid formation and
nitrotyrosine immunoreactivity were only observed in
human TAPP transgenic islets (Fig. 1a).

Analysis of islets after isolation, overnight recovery and
prior to treatment Once the presence of oxidative stress
markers in vivo had been demonstrated, an in vitro culture
model was then adopted to directly examine the relation-
ship between amyloid formation and oxidative stress. To
ensure human IAPP transgenic islets did not differ from
non-transgenic islets prior to culture, ROS levels, amyloid
deposition, beta cell apoptosis and insulin content were
determined following overnight recovery of isolated islets.
Human IAPP transgenic and non-transgenic islets had
comparable ROS levels, beta cell apoptosis rates and
insulin content. As expected, amyloid was not detected in
any of the non-transgenic or human IAPP transgenic islets
examined (Table 1).

Islet amyloid and ROS levels post 48 h culture in 5.5 and
16.7 mmol/l glucose Figure 1b,c shows representative
thioflavin S staining of islet amyloid in non-transgenic
and human IAPP transgenic islets cultured for 48 h in
5.5 mmol/l or 16.7 mmol/l glucose. Islet amyloid was
present only in human IAPP transgenic islets cultured in
16.7 mmol/l glucose (Fig. lc). After 48 h, ROS levels
were comparable in non-transgenic and human IAPP
transgenic islets cultured in 5.5 mmol/l glucose and in
non-transgenic islets cultured in 16.7 mmol/l glucose
(Fig. 1d). In contrast, human IAPP transgenic islets
cultured in 16.7 mmol/l glucose for 48 h had significantly
elevated ROS levels compared with those cultured in
5.5 mmol/l glucose and with non-transgenic islets cultured
at 16.7 mmol/l glucose.

Islet amyloid and ROS levels after 48 h antioxidant
treatment To investigate whether reducing ROS levels over
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Fig. 1 a Representative islets from pancreases of non-transgenic (NT)
and human IAPP transgenic (T) mice after 12 months on a high-fat diet.
Nitrotyrosine (red) and amyloid (green) staining is seen in human IAPP
transgenic islets only. Representative islets from non-transgenic and
human IAPP transgenic mice following 48 h culture in 5.5 mmol/l (b) or
16.7 mmol/l (¢) glucose. Only human IAPP transgenic islets cultured in
16.7 mmol/l glucose developed amyloid deposits (arrows). Red, insulin;
blue, nuclei; green, amyloid. d ROS levels in non-transgenic and human
IAPP transgenic islets following 48 h culture in 5.5 mmol/l or
16.7 mmol/l glucose. Data are expressed relative to the fluorescence
from 5.5 mmol/l glucose-cultured islets. Only human IAPP transgenic
islets cultured in 16.7 mmol/l glucose had significantly elevated ROS
levels. n=11; "p<0.0005 vs NT 16.7 mmol/l glucose

48 h could prevent islet amyloid formation, islets were co-
cultured with the antioxidant NAC. NAC significantly
decreased ROS levels in non-transgenic and human IAPP
transgenic islets cultured in 5.5 mmol/l or 16.7 mmol/l
glucose when compared with those cultured at either
glucose concentration alone (Fig. 2a).

Human IAPP transgenic islets cultured in 16.7 mmol/l
glucose developed islet amyloid with a prevalence of 52+4%
(Fig. 2b) and severity of 0.53+0.17% (Fig. 2c). Treatment
with NAC did not alter amyloid prevalence (Fig. 2b) or
severity (Fig. 2c), suggesting amyloid formation occurs
upstream or independently of increased ROS production. As
anticipated, islet amyloid was not present in non-transgenic
islets or in human IAPP transgenic islets cultured in
5.5 mmol/l glucose (data not shown).

Islet amyloid and ROS levels after 48 h treatment with
amyloid inhibitors To test the hypothesis that islet amyloid
formation results in increased ROS levels, we co-cultured
islets with one of two amyloid inhibitors (WAS-406 or
Congo Red), then measured ROS levels. WAS-406 treat-
ment of human IAPP transgenic islets cultured in
16.7 mmol/l glucose for 48 h significantly decreased
amyloid prevalence (Fig. 3a) from 43.9+4.8 to 27.2+
4.4% (p=0.015). Similarly, Congo Red treatment decreased
amyloid prevalence to 16.1+£3.9% (p=0.016). Amyloid
severity in human I[APP transgenic islets cultured in
16.7 mmol/l glucose for 48 h was decreased from 0.76+
0.13 to 0.13£0.03% (p=0.0004) and 0.024+0.01% (p=0.01)
following WAS-406 and Congo Red treatment, respectively
(Fig. 3b). Both WAS-406 and Congo Red prevented the
increase of ROS levels in human IAPP transgenic islets
cultured in 16.7 mmol/l glucose, while having no effect in
non-transgenic islets or human IAPP transgenic islets
cultured in 5.5 mmol/l glucose (Fig. 3c¢).

Release of °'Cr after 48 h treatment with Congo Red or
NAC We next investigated whether amyloid formation and
subsequent induction of oxidative stress is associated with
reduced cell viability in human IAPP transgenic islets.
Figure 4a,b demonstrates that >'Cr release did not differ
between non-transgenic and human IAPP transgenic islets
cultured in 5.5 mmol/l glucose for 48 h. When cultured in
16.7 mmol/l glucose, both islet groups released significant-
ly more °'Cr than at 5.5 mmol/l glucose, indicating a
decrease in cell viability. However, at the higher glucose
concentration, human IAPP transgenic islets released
significantly more >'Cr than non-transgenic islets, demon-
strating a further reduction in human IAPP transgenic islet
cell viability.

To inhibit amyloid formation in this series of experi-
ments, Congo Red was used. *'Cr release from human
IAPP transgenic islets cultured in 16.7 mmol/l glucose plus
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Table 1 ROS levels, beta cell apoptosis, insulin content and amyloid prevalence in islets following isolation and overnight recovery

Variable n

Non-transgenic Human IAPP transgenic

ROS levels (fold over non-transgenic)
Apoptotic beta cells (%)

Insulin content (nmol/100 islets)

Amyloid prevalence (% islets with amyloid)

wn W D W

1.00 1.01+0.01
0.13+0.01 0.10+0.05
1,171£165 1,347+266
0 0

Values are shown as mean+SEM

Congo Red decreased significantly compared with that from
human IAPP transgenic and non-transgenic islets in
16.7 mmol/I glucose. *'Cr release from non-transgenic islets
and islets cultured in 5.5 mmol/l glucose was unchanged in
the presence vs the absence of Congo Red (Fig. 4a).

To determine whether ROS could mediate the amyloid-
induced reduction in cell viability, islets were treated with
NAC. °'Cr release from both human IAPP transgenic and
non-transgenic islets cultured in 16.7 mmol/l glucose plus
NAC decreased significantly compared with that from islets
in 16.7 mmol/l glucose alone. NAC did not change >'Cr

release from islets cultured in 5.5 mmol/l glucose (Fig. 4b).

Beta cell apoptosis after 48 h treatment with Congo Red or
NAC To determine whether amyloid-containing islets dem-
onstrated increased beta cell apoptosis, we determined the
proportion of condensed or fragmented nuclei in insulin-
positive cells following 48 h culture. Beta cell apoptosis did
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Fig. 2 a ROS levels in non-transgenic (white bars) and human IAPP
transgenic (black bars) islets following 48 h culture in 5.5 or 16.7 mmol/l
glucose with or without the antioxidant, NAC (5 mmol/l). Data are
expressed relative to the fluorescence from 5.5 mmol/l glucose-cultured
islets. NAC significantly decreased ROS levels in all islets, regardless of
genotype or media glucose concentration. n=3; **p<0.01 vs non-
transgenic. Amyloid prevalence (b) and severity (¢) in human IAPP
transgenic islets following 48 h culture in 16.7 mmol/l glucose with or
without 5 mmol/l NAC. NAC treatment had no effect on amyloid
prevalence or severity. n=5
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not differ between non-transgenic and human IAPP
transgenic islets cultured in 5.5 mmol/l glucose (Fig. 5).
However, human IAPP transgenic islets cultured in
16.7 mmol/l glucose exhibited increased beta cell apoptosis
compared with non-transgenic islets and transgenic islets
cultured in 5.5 mmol/l glucose. When amyloid formation
was inhibited with Congo Red, beta cell apoptosis in
human TAPP transgenic islets decreased significantly
compared with that in human IAPP transgenic islets
cultured in 16.7 mmol/l glucose alone; it remained
unchanged in non-transgenic islets and islets cultured in
5.5 mmol/l glucose. Interestingly, when islets were treated
with the antioxidant NAC, beta cell apoptosis did not
change in human [IAPP transgenic islets.
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Fig. 3 Amyloid prevalence (a) and severity (b) in human IAPP
transgenic islets following 48 h culture in 16.7 mmol/l glucose with or
without the amyloid inhibitors, WAS-406 (100 pumol/l) or Congo Red
(200 pmol/l). Both inhibitors significantly decreased amyloid preva-
lence and severity, compared with culture in 16.7 mmol/l glucose alone.
n=4-5; *p<0.05 vs 16.7 mmol/l glucose. ¢ ROS levels in non-
transgenic (white bars) and human IAPP transgenic (black bars) islets
following 48 h culture in 5.5 mmol/l or 16.7 mmol/l glucose, with or
without WAS-406 or Congo Red. Data are expressed relative to the
fluorescence from 5.5 mmol/l glucose-cultured islets. Inhibition of
amyloid with WAS-406 and Congo Red significantly decreased ROS
levels in human IAPP transgenic islets cultured in 16.7 mmol/l glucose.
n=4; *p<0.05 vs transgenic 16.7 mmol/l; 7p<0.05 vs non-transgenic
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NAC. Human IAPP transgenic islets cultured in 16.7 mmol/l glucose
showed lowest viability, i.e. greatest °'Cr release. The amyloid inhibitor,
Congo Red, prevented this increased >'Cr release, while having no
effect on non-transgenic islets at either glucose concentration or on
human IAPP transgenic islets cultured in 5.5 mmol/l glucose. The
antioxidant, NAC, also reduced >'Cr release in non-transgenic and
human IAPP transgenic islets cultured in 16.7 mmol/l glucose, but had
no effect in 5.5 mmol/l glucose. n=4; *p<0.02 vs non-transgenic; 'p<
0.0005 vs transgenic 16.7 mmol/l
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Fig. 5 Beta cell apoptosis in non-transgenic (white bars) and human
IAPP transgenic (black bars) islets after 48 h culture in 5.5 or
16.7 mmol/l glucose, with or without 200 umol/l Congo Red or
5 mmol/l NAC. Only human IAPP transgenic islets cultured in
16.7 mmol/l glucose showed increased beta cell apoptosis that could
be reduced by co-culture with the amyloid inhibitor, Congo Red. The
antioxidant, NAC, failed to reduce beta cell apoptosis in human [APP
transgenic islets cultured in 16.7 mmol/l glucose. n=3-5; *p<0.05 vs
non-transgenic: **p<0.01 vs transgenic 16.7 mmol/l

Insulin secretion, content and mRNA expression after 48 h
culture To determine whether amyloid-induced oxidative
stress alters beta cell function, insulin secretion was
measured after 48 h culture in 5.5 or 16.7 mmol/l glucose.
Neither basal (response to 1.67 mmol/l glucose) nor
glucose-stimulated (response to 16.7 mmol/l glucose) insu-
lin secretion differed between genotypes (Fig. 6a). Islets
cultured in 16.7 mmol/l glucose exhibited an enhanced
insulin response to stimulatory glucose compared with
islets in 5.5 mmol/l glucose, regardless of genotype
(Fig. 6a). Total insulin content (Fig. 6b) and insulin mRNA
expression (Fig. 6¢) were not different amongst culture
conditions or between genotypes.

Effect of NAC or Congo Red treatment during prolonged
16.7 mmol/l glucose culture As culture of human [APP
transgenic islets in 16.7 mmol/l glucose results in a time-
dependent increase in amyloid deposition [10], we inves-
tigated the relationship between amyloid and oxidative
stress during prolonged culture. Islet amyloid and ROS
levels were determined in non-transgenic and human IAPP
transgenic islets cultured for 144 h in 16.7 mmol/l glucose
with or without NAC or Congo Red. Human IAPP
transgenic islets had a 1.9-fold increase in ROS levels
compared with non-transgenic islets (Fig. 7a), this increase
being associated with an amyloid prevalence of 52.7+9.2%
(Fig. 7b) and severity of 1.81+0.23% (Fig. 7¢). Non-
transgenic islets did not contain amyloid.
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Fig. 6 a Insulin secretion in response to 1.67 mmol/l and 16.7 mmol/l
glucose from non-transgenic (white symbols) and human IAPP
transgenic (black symbols) islets after 48 h culture in 5.5 mmol/l
(squares) or 16.7 mmol/l (triangles) glucose. b Islet insulin content and
(¢) insulin mRNA expression from islets as above. White bars, non-
transgenic islets; black bars, transgenic islets. There were no differences
in insulin secretion, content or mRNA expression between non-
transgenic and human IAPP transgenic islets after either 5.5 mmol/l or
16.7 mmol/l glucose culture. n=4-5. NT, non-transgenic
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In human TAPP transgenic islets, NAC significantly
decreased ROS levels (Fig. 7a) and interestingly also
prevented the increase of amyloid severity (Fig. 7c). As
anticipated, Congo Red treatment significantly decreased
amyloid prevalence (Fig. 7b) and severity (Fig. 7c), while
also preventing the increase of ROS levels, in human IAPP
transgenic islets; it had no effect in non-transgenic islets
(Fig. 7a).

Human IAPP transgenic islets cultured in 16.7 mmol/Il
glucose for 144 h had elevated rates of beta cell apoptosis
compared with non-transgenic islets (Fig. 7d). When co-
cultured with either NAC or Congo Red, beta cell apoptosis
was reduced by 56 and 83% respectively.

To investigate whether increased amyloid formation,
ROS levels and beta cell apoptosis were associated with
impaired beta cell function after 144 h of culture, insulin
secretion and content were measured. Neither basal (non-
transgenic 14.8+4.8 vs transgenic 11.7£2.3 pmol min '
[100 islets] ', p=0.58, n=4) nor glucose-stimulated insulin
secretion (non-transgenic 105.4+16.3 vs transgenic 107.2+
11.7 pmol min~" [100 islets]”', p=0.93, n=4) differed
between genotypes. Compared with that in non-transgenic
islets, total insulin content was significantly reduced in
human TAPP transgenic islets cultured in 16.7 mmol/l
glucose (Fig. 7e). Co-culture of human IAPP transgenic
islets with NAC tended to increase insulin content, whereas
Congo Red completely restored insulin content to levels
seen in non-transgenic islets (Fig. 7e).

Discussion

The current study provides evidence for a causative role of
amyloidogenesis in the induction of oxidative stress in
human TAPP transgenic mouse islets. It also demonstrates
that in the short term amyloid-induced beta cell apoptosis is
independent of oxidative stress, while in the long term,
oxidative stress may feed back to exacerbate amyloid
formation, thus contributing to beta cell apoptosis. In
addition, we have shown that oxidative stress, islet viability,
beta cell apoptosis and insulin content can be markedly
improved by inhibition of amyloid formation. While this is
not the first report to reveal a link between islet amyloid
formation and oxidative stress, it is the first to show
causality using a model that is particularly relevant to islet
amyloid formation in humans, in as far as the amyloid
deposits in this model form from endogenous human IAPP
and are histologically comparable to the classical light
microscopy-visible deposits observed in human type 2
diabetes [8].

The association between amyloid fibril formation and
oxidative stress has been extensively investigated in
Alzheimer’s disease [42], but has not been pursued with
the same intensity for islet amyloid. A limited number of
studies using immortalised beta cell lines have demonstrat-
ed an elevation of oxidative stress markers upon exogenous
application of human IAPP [24-26]. Further, examination
of amyloid-positive islets obtained at autopsy from Japa-
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Fig. 7 a ROS levels, b amyloid prevalence, ¢ amyloid severity, d beta
cell apoptosis and e insulin content in non-transgenic (white bars) and
human IAPP transgenic (black bars) islets following 144 h culture in
16.7 mmol/l glucose, with or without NAC or Congo Red. ROS data
are expressed relative to the fluorescence from 16.7 mmol/l glucose-
cultured non-transgenic islets. Human IAPP transgenic islets cultured
in 16.7 mmol/l glucose developed amyloid and when compared with
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non-transgenic islets, had significantly elevated ROS levels, accom-
panied by increased beta cell apoptosis and reduced insulin content.
NAC or Congo Red treatment of human IAPP transgenic islets
reduced ROS levels, amyloid deposition and beta cell apoptosis. In
addition, Congo Red significantly increased insulin content in human
IAPP transgenic islets compared with non-transgenic islets. n=4-5;
*p<0.05 vs transgenic 16.7 mmol/l. NT, non-transgenic
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nese patients with type 2 diabetes has also revealed
increased oxidative stress [23]. In our study, we demon-
strate increased markers of oxidative stress in the islets of
human IAPP transgenic mice, both in vivo after a year of
high-fat feeding and in vitro when islets from human [APP
transgenic mice are exposed to 16.7 mmol/l glucose. As
amyloid forms in vitro under conditions of elevated
glucose, i.e. 16.7 mmol/l, but not 5.5 mmol/l glucose
[10], the lack of elevated ROS levels in human IAPP
transgenic islets immediately following isolation and
recovery, or after culture in 5.5 mmol/l glucose, indicates
that production of amyloidogenic human IAPP as such is
not sufficient to induce oxidative stress. Additionally, non-
transgenic islets (incapable of forming amyloid) did not
exhibit elevated ROS levels when cultured in 16.7 mmol/l
glucose. Thus, together these observations suggest that
amyloid formation in islets induces oxidative stress inde-
pendently of any effects of elevated glucose.

To investigate this possibility, and in particular the
causality, we used the antioxidant NAC, which has been
shown to protect islets from oxidative stress in vitro and in
vivo [43—45]. While we did see a marked reduction of ROS
levels at 48 h of NAC treatment in all islets, regardless of
genotype or media glucose concentration, NAC did not
prevent or reduce the formation of amyloid in human IAPP
transgenic islets cultured in 16.7 mmol/l glucose. This is
consistent with a report on human [APP-treated RINmSF
cells [24] and strongly supports the notion that, in the short
term, amyloid formation occurs prior to the increase of
ROS levels. Further evidence for this hypothesis was
provided by measurement of ROS levels following inhibi-
tion of islet amyloid formation with the amyloid inhibitors
Congo Red and WAS-406. Both compounds markedly
inhibited islet amyloid formation, consistent with previous
reports [32—-34]. Interestingly, treatment of human IAPP
transgenic islets with either of the amyloid inhibitors also
abolished the increase in ROS levels, consistent with the
idea that amyloid deposition plays a causative role in
induction of oxidative stress.

While detrimental effects of elevated ROS levels on the
beta cell are well documented [22], involvement of
oxidative stress in the toxicity of islet amyloid remains
controversial. In a cell line derived from rat brain tumours,
exogenous human IAPP treatment resulted in increased
hydrogen peroxide levels and decreased cell viability that
could be prevented with the antioxidant vitamin E [27]. In a
similar study using primary rat islets, human IAPP-induced
toxicity could not be prevented with vitamin E [I1];
however ROS levels were not measured and so it is unclear
whether the experimental conditions were associated with
oxidative stress. In our study, human IAPP transgenic islets
that developed amyloid and elevated ROS levels after
culture in 16.7 mmol/l glucose had decreased cell viability

and increased beta cell apoptosis. Inhibition of amyloid
formation with Congo Red, improved cell viability and
reduced beta cell apoptosis. However, 48 h of NAC
treatment did not reduce beta cell apoptosis. This implies
that, initially, amyloid-induced beta cell apoptosis occurs
independently of oxidative stress. In contrast, 144 h of NAC
treatment resulted in reductions in both amyloid severity and
beta cell apoptosis. Thus it appears that over time, amyloid-
induced oxidative stress potentiates further amyloid forma-
tion and thereby contributes to beta cell apoptosis. A model
describing this time-dependent paradigm is shown in Fig. 8.

Non-transgenic islets cultured in 16.7 mmol/l glucose
were less viable (measured as increased *'Cr release) than
islets cultured in 5.5 mmol/l glucose. This observation was
probably due to a glucotoxic effect mediated by 48 h
exposure to 16.7 mmol/l glucose and not ascribable to
oxidative stress since non-transgenic islets cultured in
16.7 mmol/l glucose did not exhibit the same elevation in
ROS levels as the human IAPP transgenic islets. This non-
amyloid-related glucotoxicity was also seen in human IAPP
transgenic islets cultured in 16.7 mmol/l glucose, as even
when the amyloid-associated increase in ROS levels was
inhibited, the islets were still significantly less viable than
transgenic or non-transgenic islets cultured at 5.5 mmol/l
glucose. These findings indicate additive cytotoxic effects
of amyloid formation and glucose.

While oxidative stress due to amyloid formation was
seen in human IAPP transgenic islets after 48 h culture, no
changes in insulin secretion, content or mRNA levels were
observed. This is somewhat surprising given the extensive
literature describing decreased insulin secretion and sup-
pressed insulin mRNA levels following prolonged eleva-

a 48 h glucose

Oxidative stress

b 144 h glucose

V

Islet amyloid

// Beta cell apoptosis and

Oxidative stress| reduced insulin content

[Beta cell apoptosis|

Fig. 8 a Short- and (b) long-term consequences of islet amyloid
formation. Culture of human IAPP transgenic islets in 16.7 mmol/l
glucose induced amyloid formation. In the short term (48 h) (a),
amyloid formation induced oxidative stress and beta cell apoptosis via
independent mechanisms. In the long term (144 h) (b), amyloid-
induced oxidative stress fed back to potentiate amyloid formation,
thereby mediating amyloid-induced beta cell apoptosis
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tions of ROS. The reason for the discrepancy between our
data and other published data is unclear. However, the most
likely explanation is the relatively short period of high
glucose exposure. Consistent with this idea, the longer
144 h culture of human IAPP transgenic islets in
16.7 mmol/l glucose did result in reduced insulin content
compared with non-transgenic islets, both in the present
and in our previous study [10]. However, insulin secretion
in response to stimulatory glucose was not decreased after
either culture period. Thus, the 48 h and perhaps even the
144 h period used in the current study may be insufficient
to produce measurable beta cell dysfunction, even though
ROS levels and beta cell apoptosis are elevated. Another
possible explanation for the difference between our data
and other published data is the genetic background of the
mice in our study, i.e. C57BL/6xDBA/2J F1. The DBA/2
strain is genetically susceptible to high glucose-induced
oxidative stress and impaired insulin secretion, whereas the
C57BL/6 strain is resistant [45, 46]. Therefore, some
genetic component(s) from the C57BL/6 parental strain
may have protected the F1 human IAPP transgenic islets
from impaired insulin secretion despite amyloid-induced
ROS production. The fact that non-transgenic islets cultured
in 16.7 mmol/l glucose did not exhibit elevated ROS levels
is consistent with the concept of protective mechanisms
against glucose-induced elevations in ROS levels. Moreover,
this lack of a ROS response to 16.7 mmol/l glucose culture is
an advantage of our in vitro model, as it enables the clear
separation of amyloid-induced vs glucose-induced effects.
In summary, we have shown that amyloid formation
induces oxidative stress in human IAPP transgenic islets, as
well as decreased cell viability, increased beta cell apoptosis
and reduced insulin content, but no change in insulin
secretory function. In addition, prolonged oxidative stress
may potentiate islet amyloid formation and its toxic effects.
Given that type 2 diabetes is a progressive disorder,
continuous amyloid formation and prolonged amyloid-
associated oxidative stress would present a detrimental
state for the beta cell. Interventions aimed at reducing and/
or preventing the formation of amyloid could prove
valuable for beta cell preservation in type 2 diabetes.
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