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Abstract

Aims/hypothesis—The S20G human islet amyloid polypeptide (hlAPP) substitution is
associated with an earlier onset of type 2 diabetes in humans. Studies of synthetic S20G hIAPP in
cell-free systems and immortalised beta cells have suggested that this may be due to increased
hIAPP amyloidogenicity and cytotoxicity. Thus, using primary islets from mice with endogenous
S20G hIAPP expression, we sought to determine whether the S20G gene mutation leads to
increased amyloid-induced toxicity, beta cell loss and reduced beta cell function.

Methods—Islets from mice in which mouse /app was replaced with human wild-type or S20G
h/APPwere isolated and cultured in vitro under amyloid-forming conditions. Levels of insulin and
hIAPP mRNA and protein, amyloid deposition and beta cell apoptosis and area, as well as
glucose-stimulated insulin and hIAPP secretion, were quantified.

Results—Islets expressing S20G A#/APP cultured in 16.7 mmol/l glucose demonstrated increased
amyloid deposition and beta cell apoptosis, reduced beta cell area, decreased insulin content and
diminished glucose-stimulated insulin secretion, compared with islets expressing wild-type
hIAPP. Amyloid deposition and beta cell apoptosis were also increased when S20G islets were
cultured in 11.1 mmol/l glucose (the concentration that is thought to be physiological for mouse
islets).

Conclusions/interpretation—S20G A/APPreduces beta cell number and function, thereby
possibly explaining the earlier onset of type 2 diabetes in individuals carrying this gene mutation.
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Introduction

Methods

Human islet amyloid polypeptide (hIAPP; amylin) is a 37-amino-acid peptide that is co-
secreted with insulin by the pancreatic beta cell. In type 2 diabetes, aggregation of hIAPP
and its deposition as amyloid in the islet is associated with beta cell apoptosis [1].

Various modifications in the amino acid sequence of hlAPP have been shown to alter its
aggregation properties. However, to date only one hlAPP polymorphism has been identified
in humans. This serine-to-glycine substitution at position 20 (S20G) described in Asian
populations is associated with an earlier onset of type 2 diabetes when comparing
individuals with and without this substitution [2, 3]. Findings with cell lines using either
synthetic hlAPP peptides applied exogenously or plasmid transfection approaches generally
suggest that the S20G substitution renders hIAPP more toxic [4-6]. Based on observations
in cell-free systems, it has also been proposed that S20G hlAPP aggregates faster than wild-
type hIAPP [4-6]. This has been confirmed by structural studies reporting that S20G hlAPP
fibril formation is enhanced due either to increased local flexibility or to conformational pre-
organisation in the monomer prior to self-assembly [7].

Given these findings we sought to determine whether endogenous hIAPP bearing the S20G
substitution exhibits increased amyloidogenicity and cytotoxicity. For this purpose, we used
transgenic islets from mice in which wild-type h/APP or S20G h/APP had been knocked
into the endogenous mouse /app locus [8]. Here, we report our findings that islets bearing
the S20G gene mutation exhibit increased amyloid-induced beta cell apoptosis, decreased
beta cell area and impaired insulin release.

Islet experiments

C57BL/6NHsd mice (Harlan, Indianapolis, IN, USA) with wild-type h/APP or S20G h/APP
knocked into the endogenous mouse /app locus [8] were bred and maintained at the VA
Puget Sound Health Care System (VAPSHCS). Islets from 10-week-old male or female mice
were isolated by collagenase digestion, recovered overnight in RPMI 1640 medium and
subsequently cultured in media containing either 11.1 or 16.7 mmol/l glucose for 144 h, with
media being renewed every 48 h. The VAPSHCS Institutional Animal Care and Use
Committee approved the studies.

Assessment of islet morphology

Islets were fixed in formalin, embedded in paraffin, sectioned and labelled with thioflavin S
(0.5% wiv; Sigma-Aldrich, St Louis, MO, USA) to visualise amyloid deposits, insulin
antibody (1:2000; clone K36AC10; Sigma-Aldrich) to visualise beta cells and Hoechst
33258 (2 pg/ml; Sigma-Aldrich) to visualise nuclei. Amyloid prevalence (no. of amyloid-
positive islets / no. of total islets x 100) and amyloid severity (amyloid area / islet area x
100) were quantified on 14-35 islets (average 26) per sample using a computer-based
quantitative method. Beta cell apoptosis was determined by staining with propidium iodide
(9 pg/ml; Invitrogen, Grand Island, NY, USA) and counterstaining with an insulin antibody
as above on 18-42 (average 28) islets per sample [9, 10]. The observer was blinded to the
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genotype and culture condition of the islets. A detailed description of these processes has
been published [11].

Beta cell secretory function

After 144 h culture in either 11.1 or 16.7 mmol/l glucose, islets were incubated in 2.8
mmol/l Krebs buffer for 1.5 h, followed by incubation of triplicate samples of five islets each
in either 2.8 or 20 mmol/I glucose for 1 h. Thereafter, supernatant fractions were collected
and islet content extracted with acid—ethanol from islets exposed to 2.8 mmol/l glucose.
Insulin (ALPCO, Salem, NH, USA) and hlAPP (EZHA-52K; Millipore, St. Charles, MO,
USA) concentrations were measured using ELISAs. The IAPP ELISA employs a
monoclonal capture antibody (F002; binds all molecular forms of (pro)IAPP), and a
monoclonal detection antibody (F025; binds amidated IAPP at its C terminus) [12]. hIAPP
release at basal (2.8 mmol/l) glucose was below the detection limit of the assay under all
conditions.

RNA quantification

RNA was isolated, reverse transcribed and gene expression determined by Tagman real-time
quantitative PCR using 18S as housekeeping gene (Applied Biosystems, Foster City, CA,
USA).

Statistical analysis

Data are presented as mean + SEM. Statistical significance was determined using Student's ¢
test or Mann—Whitney U'test for non-parametric data. p < 0.05 was considered statistically
significant.

Results

Amyloid deposition is greater in S20G islets

In vitro culture for 144 h in 11.1 or 16.7 mmol/l glucose induced amyloid deposition in both
S20G and wild-type h/APPislets (Fig. 1 a—d). Following 144 h of culture in 11.1 mmol/I
glucose, amyloid prevalence was greater in S20G islets than in wild-type h/APPislets (39.8
+4.1% vs 14.5 £ 2.9%; Fig. 2a). Similarly, amyloid severity was greater in S20G islets than
in wild-type h/APPislets (0.9 £ 0.3 vs 0.1 £ 0.0%; Fig. 2b). Culture in 16.7 mmol/l glucose
resulted in increased amyloid deposition in both genotypes. In high glucose, 92% of the
S20G islets contained amyloid deposits (Fig. 2a), with the degree of amyloid deposition
being greater than that observed in wild-type h/APPislets (15.1 + 1.3% vs 11.5 + 1.3%; Fig.
2b).

Beta cell apoptosis is increased and beta cell area decreased in S20G islets

Increased amyloid deposition was associated with increased beta cell apoptosis (Figs 1e and
2¢) and decreased beta cell area (Fig. 2d) in both wild-type and S20G h/APPislets cultured
in 16.7 vs 11.1 mmol/l glucose. Compared with wild-type h/APPislets, S20G islets

exhibited increased rates of beta cell apoptosis when cultured in 11.1 mmol/I (0.01 + 0.01%
vs 0.00 £ 0.00%; Fig. 2¢) as well as in 16.7 mmol/l glucose (0.61 = 0.07% vs 0.35 + 0.07%;
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Fig. 2c). Compared with islets cultured in 11.1 mmol/I glucose, beta cell area was decreased
in 16.7 mmol/l glucose in both genotypes and beta cell area was decreased in S20G islets
compared with wild-type h/APPislets cultured in 16.7 mmol/l glucose (42.3 + 1.6 vs 46.9
+ 2.4%); Fig. 2d).

Glucose-stimulated insulin secretion is reduced in S20G islets cultured in high glucose

Islets were cultured in 11.1 mmol/I glucose or 16.7 mmol/l glucose for 144 h, after which
insulin and h/APP mRNA, glucose-stimulated insulin (GSIS) and hlAPP secretion, as well
as insulin and hIAPP content, were measured (Figs 3 and 4).

Ins2 mRNA levels were higher in S20G islets than in wild-type h/APPislets in both glucose
concentrations (Fig. 3a). h/APP mRNA levels did not differ between genotypes, but were
increased in islets cultured in 16.7 mmol/l compared with 11.1 mmol/l glucose (Fig. 4a). For
both genotypes, insulin and hIAPP content was reduced in islets cultured in 16.7 mmol/I
glucose compared with 11.1 mmol/l glucose (Figs 3b and 4b). In 16.7 mmol/l glucose,
insulin content was lower in S20G than wild-type h/APPislets (22.4 + 2.1 vs 37.4 + 4.4
nmol 171 [5 islets]~1), while hIAPP content did not differ between genotypes (1.22 + 0.07 vs
1.33+0.11 nmol 171 [5 islets] ™).

In islets pre-cultured in 11.1 mmol/l glucose, basal insulin secretion and GSIS were similar
between genotypes (Fig. 3c). In contrast, in islets pre-cultured in 16.7 mmol/l glucose, basal
insulin secretion was similar between genotypes (51.8 + 12.0 vs 67.5 + 10.2 pmol I"1 [5
islets] ™1 h™1), but GSIS was decreased by 35% in S20G islets compared with wild-type
h/APPislets (1895 + 208 vs 2905 + 244 pmol 171 [5 islets] 1 h~1) (Fig. 3d). Glucose-
stimulated hlAPP secretion was greater in wild-type h/APPislets pre-cultured in 16.7
mmol/l compared with 11.1 mmol/I glucose (25.2 + 1.5 vs 5.1 + 0.4 pmol 171 [5 islets] ™1
h=1) (Fig. 4c). This increase was also observed in S20G islets (27.2 + 4.0 vs 6.7 + 0.6 pmol
I71 [5 islets]™2 h71). In contrast to GSIS, hIAPP release did not differ between genotypes
following pre-culture in either glucose concentration (Fig. 4c).

When insulin release was normalised to content, fractional insulin release was greater in
islets cultured for 144 h in 16.7 mmol/l glucose, but did not differ between genotypes (Fig.
3e). Similarly, fractional release of hIAPP was also greater following culture in 16.7 mmol/I
glucose in both genotypes, and also did not differ between genotypes (Fig. 4d).

The ratio of glucose-stimulated hIAPP:insulin secretion was similar in both h/APP
genotypes pre-cultured in low glucose (1.53 £ 0.22 vs 1.36 + 0.26%) and S20G h/APP pre-
cultured in high glucose (1.43 £ 0.15%) (Fig. 4e). When islets were pre-cultured in high
glucose, the hIAPP:insulin ratio was lower in wild-type h/APP islets than in S20G islets
(0.89 + 0.07%) and tended to be lower than for wild-type h/APPislets pre-cultured in low
glucose (p=0.1).

Discussion

We have demonstrated for the first time in primary islets with endogenous expression of the
S20G gene mutation of h/APPthat this substitution results in greater amounts of islet
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amyloid deposition than wild-type h/APP. Further, under the amyloid-promoting condition

of 16.7 mmol/l glucose, this increase in amyloid deposition is associated with an increase in
beta cell apoptosis, a decrease in beta cell area and reduced GSIS, suggesting that the S20G
substitution augments amyloid-induced islet damage.

Species differences exist in the IAPP amino acid sequence and with that the aggregation
potential of the peptide. Early studies that compared the IAPP sequence of aggregation-
prone and non-amyloidogenic IAPP concluded that amino acids 20-29 are critical for hIAPP
aggregation and that substitutions within this sequence are responsible for the lack of
aggregation in certain species [13]. The S20G substitution is located within this critical
segment and a recent study explored the sensitivity of hlAPP aggregation to alterations at
residue 20 in detail [4]. Consistent with earlier reports [5, 6], it found that the S20G
substitution accelerated amyloid formation in a cell-free system using synthetic peptides. In
addition, substitution of residue 20 to the bigger and positively charged amino acid lysine
greatly slowed amyloid formation, further identifying residue 20 as a key determinant of
aggregation behaviour [4]. The fibrillar structure of aggregated synthetic S20G hl1APP
appears to be similar to that of wild-type hIAPP fibrils, with both variants being rich in beta
sheet structures [4]. This suggests that islets expressing S20G or wild-type h/APP should
both form amyloid deposits. Indeed, we found that endogenous S20G hl1APP aggregates to
form thioflavin S-detectable amyloid deposits in isolated islets. Further, these deposits were
morphologically indistinguishable from those formed in islets expressing wild-type h/APP.

The greater amounts of islet amyloid we observed in S20G islets could be explained by
either the S20G substitution rendering hlAPP more amyloidogenic [4-6] or an increase in
hIAPP production and release. However, hIAPP production does not appear to be increased
in S20G islets as the level of h/APPmRNA did not differ between genotypes. Further,
hIAPP content and secretion were also similar in the two genotypes. Thus, we favour the
explanation that the increase in amyloid formation results from S20G being more
amyloidogenic.

The observed increased rate of beta cell apoptosis in S20G islets was associated with a
reduction in beta cell area and reduced insulin content. These changes could be expected to
affect islet function. Indeed, GSIS was diminished, confirming that S20G islets exposed to a
hyperglycaemic milieu are functionally impaired. Normalising the GSIS to insulin content
showed that the amount of insulin released was proportional to islet insulin content in both
genotypes. This observation suggests that the surviving beta cells in S20G islets cultured in
16.7 mmol/l glucose do release insulin, but do not appear to compensate for the reduced
insulin secretion occurring as a result of greater beta cell loss by releasing an increased
fraction of their content.

We also found that greater amounts of amyloid were formed in S20G islets when cultured in
11.1 mmol/l glucose, despite hIAPP release by S20G islets being similar to that seen in
wild-type islets. As we have found that amyloid formation is dependent on hIAPP secretion
[14] and that this is the physiological glucose concentration for mouse islets, this
observation again suggests that the threshold for amyloid formation may be lower in S20G
islets than wild-type hIAPP islets. This increase in amyloid deposition in S20G islets was
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also associated with a marginal albeit significantly increased rate of beta cell apoptosis.
However, this low rate of apoptosis did not lead to a detectable difference in beta cell area.
These observations support the concept that individuals who are at high risk of developing
type 2 diabetes and also carry the S20G gene mutation may be predisposed to develop islet
amyloidosis at much lower glucose concentrations. Should this be the case, one could
hypothesise that individuals with impaired glucose tolerance may be losing beta cells by this
process, which ultimately results in greater beta cell loss and an earlier onset of diabetes
than seen with wild-type hIAPP.

We used islets from mice in which the mouse /app gene was replaced with wild-type or
S20G h/APP. 1t has previously been reported that these mice do not develop thioflavin S-
detectable amyloid deposits following 18 months of high-fat diet feeding [8], an observation
that differs from what we documented with mice in which h/APPwas transgenically
expressed under the control of the rat insulin promoter [15]. We believe this difference in in
vivo amyloid deposition is most likely due to strain differences (C57BL/6 vs F1 C57BL/6 x
DBA/2), as we have previously shown that the DBA/2 background is a critical determinant
of amyloid formation in vivo [16]. Other factors could possibly have contributed: (1)
differences in the endogenous mouse /app and transgenic rat insulin promoters that drive
h/APP expression; (2) the stimulus in vitro was glucose while in vivo it was high fat and (3)
the in vitro model used isolated islets that are by definition not in situ within the pancreas
and thus lack innervation and vascular flow.

It is of interest that we observed differences in insulin and h/APP mRNA expression in
response to increased glucose, with h/APP expression increasing and insulin mMRNA
expression remaining unchanged. This observation is consistent with findings made using
human islets [17].

Furthermore, in response to pre-culture in high glucose, in wild-type h/APPislets we
noticed a decrease in the ratio of hIAPP:insulin released. This was not the case for S20G
islets. These observations suggest that there may be some differential regulation of the
production of these two beta cell secretory products in response to glucose.

In conclusion, we found that S20G islets are more prone to develop amyloid deposits, which
in turn leads to loss of beta cells and decreased GSIS. These observations provide a potential
explanation to why individuals carrying this gene mutation have an earlier onset of type 2
diabetes.
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Fig. 1.
Histological analysis of wild-type and S20G h/APPislets after in vitro culture for 144 h. (a—

d) Representative images of single islets stained for insulin (red), amyloid (green) and nuclei
(blue) of wild-type h/APPislets cultured in 11.1 mmol/l glucose with amyloid severity 0.1%
and insulin area/islet area 63.8% (a), wild-type h/APPislets cultured in 16.7 mmol/l glucose
with amyloid severity 8.5% and insulin area/islet area 52.8% (b), S20G h/APPislets
cultured in 11.1 mmol/l glucose with amyloid severity 1.0% and insulin area/islet area
60.3% (c) and S20G h/APPislets cultured in 16.7 mmol/l glucose with amyloid severity
14.9% and insulin area/islet area 48.5% (d). (e) Islets were also stained with propidium
iodide (red) and for insulin (green) and a representative image of a S20G islet cultured in
16.7 mmol/l glucose for 144 h indicating an apoptotic nucleus (arrow head) is shown. Scale
bars, 50 um. Magnification x20, except for (e), where magnification is x40
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Fig. 2.

Morphological assessment of isolated wild-type and S20G h/APPislets. Islets were cultured
for 144 h in media containing either 11.1 mmol/l (7=10-12) or 16.7 mmol/l (77=10-16)
glucose. (a) Amyloid prevalence (proportion of islets with amyloid). (b) Amyloid severity
(proportion of islet area occupied by amyloid). (c) Rate of beta cell apoptosis. (d) Fractional
islet beta cell area. Black bars, 11.1 mmol/l glucose; white bars, 16.7 mmol/I glucose.
*p<0.05 vs wild-type islets cultured in 11.1 mmol/l glucose; Tp<0.05 vs S20G islets cultured
in 11.1 mmol/l glucose; *p<0.05 vs wild-type islets cultured in 16.7 mmol/I glucose; ND,
not detected
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Fig. 3.

Ingulin assessments of isolated wild-type and S20G h/APPislets. (a, b) Insulin mMRNA (a)
and insulin content (b) of islets measured after 144 h culture in media containing either 11.1
or 16.7 mmol/l glucose followed by 2.5 h in 2.8 mmol/l glucose. Black bars, 11.1 mmol/l
glucose; white bars, 16.7 mmol/l glucose. (c, d) GSIS in response to 1 h of 2.8 or 20.0
mmol/l glucose following 144 h culture in media containing either 11.1 mmol/l glucose (c)
or 16.7 mmol/l glucose (d). Light grey bars, 2.8 mmol/l glucose; dark grey bars, 20.0 mmol/I
glucose. (e) GSIS normalised to insulin content. Black bars, 11.1 mmol/l; white bars, 16.7
mmol/l. 7=5 experiments, except mMRNA 7=7. *p<0.05 vs wild-type islets cultured in 11.1
mmol/l glucose; Tp<0.05 vs S20G islets cultured in 11.1 mmol/l glucose; ¥p<0.05 vs wild-
type islets cultured in 16.7 mmol/l glucose. Secretion experiments: *p<0.05 vs wild-type
islets exposed to 2.8 mmol/l glucose; Tp<0.05 vs S20G islets exposed to 2.8 mmol/l
glucose; ¥p<0.05 vs wild-type islets exposed to 20.0 mmol/l glucose
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Fig. 4.
hIAPP assessments of isolated wild-type and S20G h/APPislets. (a, b) h/APPMRNA (a)

and hl1APP content (b) after 144 h culture in media containing either 11.1 or 16.7 mmol/Il
glucose. (c) Glucose-stimulated hIAPP secretion in response to 1 h of 20 mmol/l glucose
following 144 h culture in media containing either 11.1 or 16.7 mmol/I glucose. (d)
Glucose-stimulated hlAPP secretion normalised to hIAPP content. (e) Ratio of hIAPP
insulin released in response to 1 h of 20 mmol/l glucose following 144 h culture in media
containing either 11.1 or 16.7 mmol/l glucose. Black bars, 11.1 mmol/l glucose; white bars,
16.7 mmol/l glucose. =5 experiments, except MRNA 7=7. *p<0.05 vs wild-type cultured in
11.1 mmol/I glucose; Tp<0.05 vs S20G islets cultured in 11.1 mmol/l glucose; *p<0.05 vs
wild-type islets cultured in 16.7 mmol/l glucose
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