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Abstract

In type 2 diabetes (T2D), the most significant pathological change in pancreatic islets is amyloid deposits, of which a
major component is islet amyloid polypeptide (IAPP), also called amylin. IAPP is expressed in p-cells and co-secreted
with insulin. Together with the inhibitory effects of synthetic human IAPP (hIAPP) on insulin secretion, our studies, using
hIAPP transgenic mice, in which glucose-stimulated insulin secretion was moderately reduced without amyloid deposit,
and hIAPP gene-transfected p-cell lines, in which insulin secretion was markedly impaired without amyloid, predicted that
soluble hIAPP-related molecules would exert cytotoxicity on f-cells. Human IAPP is one of the most aggregation-prone
peptides that interact with cell membranes. While it is widely reported that soluble hIAPP oligomers promote cytotoxicity,
this is still a hypothesis since the mechanisms are not yet fully defined. Several hIAPP transgenic mouse models did not
develop diabetes; however, in models with backgrounds characterized for diabetic phenotypes, p-cell function and glucose
tolerance did worsen, compared to those in non-transgenic models with similar backgrounds. Together with these findings,
many studies on metabolic and molecular disorders induced by risk factors of T2D suggest that in T2D subjects, toxic [APP
oligomers accumulate in p-cells, impair their function, and reduce mass through disruption of cell membranes, resulting in
p-cell failure. IAPP might be central to p-cell failure in T2D. Anti-amyloid aggregation therapeutics will be developed to
create treatments with more durable and beneficial effects on f-cell function.
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Introduction In October 2013, the Global Partnership to Accelerate

Diabetes Research, cosponsored by the Endocrine Society

Type 2 diabetes mellitus (T2D) is a progressive disease in
which poor glycemic control is exacerbated over time and
pancreatic f-cell function declines [1, 2]. Most patients
require oral antidiabetic drugs in addition to lifestyle inter-
vention, although it remains difficult for them to achieve
normoglycemic levels. The majority of patients eventually
need the insulin therapy despite treatment by multiple oral
antidiabetic drugs [3, 4].
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and the American Diabetes Association, assembled inter-
national experts to examine the foundation of p-cell fail-
ure in T2D and to suggest areas for future research on the
underlying mechanisms that may lead to improved preven-
tion and treatment [5]. B-Cell failure is a multifactorial pro-
cess involving many impairments. It remains unclear which
pathway is the major process inducing failure. A single
molecule, including islet amyloid polypeptide (IAPP), also
called amylin, could have risk effects inducing a multifac-
torial process via a feed-forward loop. In this review, we
will discuss the possibility of IAPP, related intermediates,
or islet amyloid to induce B-cell failure through a multifacto-
rial process in subjects with risk factors for T2D, presenting
the recent research progress made.
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Islet amyloid and the human IAPP gene
and molecule

In T2D, the most significant pathological change in pan-
creatic islets is amyloid deposits [6]. Islet amyloid depos-
its are observed in 70-90% of T2D patients over 40 years
of age [7]. A major component of islet amyloids is IAPP,
a 37-amino acid peptide [8, 9]. We reported that IAPP-
derived amyloid deposits were found in 76% of Japanese
T2D patients and increased with the duration of the dis-
ease by immune-histochemical techniques using two spe-
cific antibodies to hIAPP [10], while a report showed that
islet amyloid identified by Congo-red staining was positive
in 32 cases (27.1%) in 118 Japanese diabetic patients [11].
The different prevalence of amyloid deposits may be due
to the sampling of patients or the method used for survey
of the presence of islet amyloids. Amyloid fibrils typically
are 5-15 nm in width, are unbranched, are straight over dis-
tances approaching 1 micron, and are often many microns
long [10, 12]. They contain “cross-p” structures, which are
ribbon-like P sheets in which p strand segments run approxi-
mately perpendicular to the fibril growth direction. Although
these ideas have been studied extensively for amyloid beta
(AP) and a-synuclein, similar ideas apply to all most proteins
whose aggregation is associated with degenerative diseases,
including TAPP. Amyloid fibrils are generally polymorphic
at the molecular level, with a given peptide or protein being
capable of forming a variety of distinct, self-propagating
fibril structures [12].

The single gene encoding IAPP in humans is located on
the short arm of chromosome 12, and human IAPP (hIAPP)
precursors are 89 amino acids in length, and human prepro-
IAPP has a typical signal peptide of 22 amino acids fol-
lowed by a propeptide containing the mature IAPP [13-15].
In humans, cats, and non-human primates, islet amyloid
deposits develop in connection with diabetes, whereas no
such deposits form in rodents [15]. The amino acid sequence
of the central part of IAPP, residues 20-29, varies among
species and, therefore, amyloid deposition is considered to
be related to this region of the molecule [16, 17] (Fig. 1).
The human IAPP molecule itself is responsible for aggrega-
tion to amyloid fibrils.

N-Terminal
Signal Peptide

IAPP synthesis and the secretory pathway

IAPP is expressed in pancreatic f-cells and is co-secreted
with insulin in response to glucose [18, 19]. Prepro-IAPP
assembled in the endoplasmic reticulum is processed to its
mature 37-amino acid from within the secretory pathway
[20]. IAPP is found in the halo region of mature secretory
granules, whereas hexameric insulin, together with zinc,
constitutes the core of the granules [21]. We also observed
the production and secretion of IAPP in p-cell line, MING,
which expresses the glucose transporter isoform, GLUT2,
and retains glucose-inducible insulin secretion [22, 23].
The cells secrete IAPP and insulin in response to rising
glucose concentrations but fail, however, to induce incre-
ments in TAPP and insulin I mRNA, suggesting that glu-
cose regulates prolAPP synthesis by translational control
as well as proinsulin synthesis [23, 24]. Alternatively, the
low glucose concentration may maximally stimulate tran-
scription of the IAPP gene, as reported by some studies
that glucose has a stimulatory effect on transcription of
the insulin gene in insulin-producing cell lines [25, 26].

Increase of IAPP synthesis along with aging
and under obese and diabetic conditions

IAPP content and secretion in the pancreatic islet cells
increase in addition to insulin in obese and diabetic rodent
models, including ventromedial hypothalamic-lesioned
obese rats, genetically obese Zucker rats [27], and geneti-
cally obese and diabetic mice, both 0b/ob and db/db mice
[28]. Also, IAPP contents change with increasing age in
genetically obese and diabetic mice [29]. Thus, the aber-
rant biosynthesis and secretion of IAPP may be related
to obese and diabetic conditions and change the course
of obesity and diabetes. In the case of humans, because
of amyloidogenicity, aberrant biosynthesis and secretion
may contribute, in part, to the formation of islet amyloid
deposits and to the impairment of p-cell function in sub-
jects with T2D.

Human HGILKDQVPLIVLSVALNHLKA TPIES:
Cat =-CL---P-V----L. ————

Rat HRC-SR-PAV-LI-—-—-G--R- --VG-GTNP--D--
Mouse M-C-: S--PAV—LI-—-—S-——R- ==VR-GSNP-MD-~

Guinea Pig ~-CL-R-P-T-L--C: E:

Propeptide Islet Amyloid Polypeptide C-Terminal Propeptide
HQVEKR KCMATCATQRLANPLVHSSNNFGAILSSTWGSN’!‘Y GKRNAVEVLKREPLN‘ILPL (89)
IR---~L P -==ST-DI-N. (89)
R L-PV-PP: =~===VA-DPN--S-DF-L~- (93)
L=PV=PP-======= | ====- AGDPN--S-DF-KV (93)
S-A-DTGH-=G-~ T----R-—H-L--A-LP-D=--=-= | ~=—--PQISD--LCH---= (92)

Fig.1 Comparison of predicted amino acid sequences for human,
cat, rat, mouse, and guinea pig IAPP precursors. The IAPP moiety is
boxed. The length of each precursor (number of amino acids) is given
in parentheses. The predicted boundaries of the signal peptide and N
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and C-terminal propeptides are indicated. Dashes indicate amino acid
residues that are identical to the human sequence. Colons indicate
gaps that were inserted to generate this alignment. Cited from Nish
etal. [16]
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Inhibitory effect of synthetic hIAPP
on insulin secretion

Studies on the effect of hIAPP on insulin secretion have
been performed, yielding interesting, however, contradic-
tory results [30]. In 1989, we reported that high doses
of synthetic hIAPP (10 pM) inhibited glucose-stimulated
insulin secretion from isolated rat pancreatic islets, pro-
posing that the abnormal secretion and deposition of IAPP
may be involved in impaired insulin secretion in T2D [31]
(Fig. 2a). In the 1990s, several investigators reported inhi-
bition of insulin secretion [32, 33], while others reported
no inhibitory effect of IAPP on insulin release [34, 35].
A study showed that at very high plasma concentrations,
IAPP affected the insulin response to glucose load in
humans, suggesting that IAPP appears unlikely to be a
circulating hormone influencing carbohydrate metabolism
[36]. At that time, there was no definitive explanation for
these varying results and it was later speculated that, at
those early dates, the strong tendency for hIAPP to aggre-
gate into amyloid-like fibrils had not been taken into con-
sideration [30]. Thus, the reported effects of early IAPP
preparations may be questioned [30]. Alternatively, p-cell
dysfunction might be induced by high local concentrations
of hIAPP that can be attained near the plasma membrane
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Fig.2 Aberrant human IAPP (hIAPP) impairs insulin secretion. a
Inhibitory effect of synthetic hIAPP on insulin secretion. Islets iso-
lated from rats were incubated with glucose, and 16.7 mM glucose-
induced insulin secretion was inhibited by 10 pM synthetic hIAPP
[31]. b Impaired insulin secretion in hIAPP transgenic lean mice.
Islets isolated from the transgenic mice were incubated with glu-
cose, and 16.7 mM glucose-induced insulin secretion was moderately
reduced [41, 42]. Glucose tolerance of intraperitoneal glucose toler-
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of B-cells via its co-secretion with insulin, implying that
high concentrations of hTAPP might be necessary to induce
B-cell toxicity. A recent study showed that the addition of
hIAPP oligomers (100 nM-10 pM), concentrations which
reflect the local concentration of hIAPP secreted from the
granules, decreased in a dose-dependent manner pancre-
atic RIM-m cell viability and induced apoptosis [37].

Studies on the diabetogenic role of hIAPP
using transgenic hIAPP mouse models
and hlAPP gene-transfected -cell lines

To investigate the diabetogenic role of hIAPP, several trans-
genic mouse models for hIAPP had been developed [38] but
the models did not develop diabetes. Also, insulin concentra-
tions in the peripheral blood did not differ from those in con-
trol mice [39-41]. However, we observed a moderate reduction
of glucose-stimulated insulin secretion in islets isolated from
the transgenic mice, which developed fibril-like materials in
secretory granules but did not develop amyloid deposits and
diabetes [41, 42] (Fig. 2b). To confirm the impairment of insu-
lin secretion via aberrant expression of hIAPP in pancreatic
p-cells, we tried to make an hIAPP-gene-transfected p-cell line
which expresses the glucose transporter isoform, GLUT2, and
retains glucose-inducible insulin and IAPP secretion [22, 23].
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ance test (ipGTT) was normal (see Fig. 3b), and islet amyloid deposit
was absent in the transgenic mice (see Fig. 3c). ¢ Impaired insulin
secretion in P-cell line aberrantly expressing hIAPP. Human IAPP is
aberrantly expressed without amyloid fibrils and amyloid deposits in
transformed mouse fB-cell (MIN6) transfected with hIJAPP cDNA, and
16.7 mM glucose-induced insulin secretion was markedly reduced in
the clones transfected with hIAPP cDNA [42]
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In the B-cell line model, glucose-stimulated insulin secretion
was markedly impaired without amyloid deposits, concluding
that aberrant expression of hIAPP induced the impairment of
insulin secretion without depositing amyloid [42] (Fig. 2c¢).
Our studies using hIAPP transgenic mice and an hIAPP-trans-
fected f-cell line strongly predicted that soluble hIAPP-related
molecules aberrantly produced in B-cells had cytotoxic effects
on the cell [41, 42]. These reported mouse models express-
ing hIAPP were heterozygous transgenic mice [39-42]. To
demonstrate the effect of an increased burden of hIAPP,
homozygous transgenic mice with high rates of expression of
hIAPP were developed and the transgenic mice spontaneously
developed diabetes, associated with impaired insulin secre-
tion and amorphous IAPP aggregates [43]. Together with the
inhibitory effects of high doses of hIAPP on insulin secretion
[31-33, 37], these studies suggest that aberrantly expressed
hIAPP induces the impairment of insulin secretion, possibly
via the cytotoxic effects of hIAPP or the soluble IAPP-related
molecules in B-cells.

Cytotoxicity and soluble hlAPP oligomers

It has been suggested that insoluble amyloid deposits serve
as major pathological agents in degenerative disorders,
including Alzheimer’s disease (AD), Parkinson’s disease,
and T2D. However, recent studies have demonstrated that
the number of amyloid deposits does not parallel disease
severity and that associated peptide AP oligomers are, in
fact, more toxic than the mature amyloid fibrils in AD, sug-
gesting that aberrant aggregation of protein into insoluble
amyloid fibrils is implicated in these diseases [44—46]. All
the soluble oligomers, including AP oligomers and hIAPP
oligomers, display a common conformation-dependent
structure and the in vitro toxicity of soluble oligomers is
inhibited by oligomer-specific antibodies, suggesting that
the different types of soluble amyloid oligomers have a
common structure and they share a common mechanism
of cytotoxicity [47]. The corresponding amyloid aggre-
gates display common features, such as the characteristic
cross-P structure of the fibrils and cytotoxicity caused by
either fibrils or intermediate oligomers, suggesting common
amyloid mechanisms [48]. Human IAPP, one of the most
aggregation-prone peptides, spontaneously forms amyloid
aggregates in vitro within hours at pM concentrations [49].

Toxic hIAPP oligomers and disruption of cell
membranes

Human IAPP interacts with negatively charged membranes
and this interaction can drastically accelerate misfolding,
which is a prerequisite for hIAPP toxicity [50]. The mem-
brane interface of hIAPP has been shown to be mediated by

@ Springer

an a-helical structure in the first 20 residues of this peptide
[51]. The a-helical structure has important implications for
anchoring hIAPP to membranes [52]. The a-helical segment
of hIAPP, residues 517, is positioned within the hydropho-
bic lipid environment, whereas the amyloidogenic segment,
residue 20-29, is at the interface between the lipid and sol-
vent. Coupling between the two segments might mediate the
transition to a toxic structure [53]. The a-helical structure
drives the early stages of self-assembly for amyloidogenic
hIAPP aggregate formation in membranes [54]. A recent
study showed that a-helical hIAPP oligomers induced per-
meable pores in lipid membranes [55]. It has been speculated
that the a-helical structure might be important for hJAPP
membrane interactions, leading to high local concentrations
and, in turn, promoting intermolecular -sheet formation
and IAPP oligomers, in which toxic oligomers disrupt cell
membranes in -cells. However, there has been consider-
able debate in the literature as to the primary hIAPP confor-
mation that induces B-cell toxicity [56]. Despite extensive
in vitro studies, the process of hIJAPP aggregation in vivo is
poorly understood, though it is widely reported to promote
cytotoxicity. Evidence both for and against toxic hIAPP
oligomer hypothesis has been presented; it is apparent that
what exactly causes p-cell failure when hIAPP aggregates
are still under debate [12, 56-59]. It has been reported that
the relationship between IAPP aggregation and toxicity
is not simple as both the fresh hJAPP molecules and fully
formed fibers showed minimal toxicity [60, 61], and islet
amyloid was more common with severe p-cell loss, associ-
ated with macrophage infiltration [11].

Human IAPP species and mechanisms
of cytotoxicity

A recent review article described that the mechanisms of
cytotoxicity are not fully defined and multiple mechanisms
for hIAPP induction of B-cell toxicity have been proposed
[57], including the ability to perturb membranes, to induce
ER stress, to cause defects in autophagy, and to induce
inflammatory responses. A recent study showed that fresh
and oligomeric hIAPP, as well as mature amyloid, enhanced
membrane fluidity and caused losses in cell viability [60].
A study showed that whereas the in-register § strands were
perpendicular to the fibril axis, out-of-register p-strands
were at an angle of ~ 50° from the perpendicular and that
out-of-register amyloid p-sheets and their related cylindrins
were part of a toxic amyloid pathway [62]. ER stress has
been proposed to be an important contributor to hIAPP-
induced f-cell death and exogenously added hIAPP has
been reported to induce ER stress [63, 64]. A study showed
the protective potential of autophagy for hIAPP-mediated
cellular dysfunction, suggesting the involvement of IAPP in
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autophagy-lysosomal degradation [65]. Human IAPP was
reported to activate the NLRP3 inflammasome, inducing a
mechanism for enhanced IL-1p in T2D [66]. The mecha-
nism of IAPP oligomerization and amyloid formation is not
fully understood due to limitations in the current method-
ology to characterize hIAPP species and also the mecha-
nisms of cytotoxicity are not fully defined despite extensive
investigations.

Studies using hlAPP transgenic rodent
models with backgrounds characterized
for diabetic phenotypes

Interestingly, hIAPP transgenic mice did not develop dia-
betes [39-41], while glucose-stimulated insulin secretion
was moderately reduced [41, 42], suggesting that aberrantly
expressed hJAPP may moderately impair p-cell function but
does not induce B-cell failure and, consequently, does not
induce diabetes. However, transgenic mice developed diabe-
tes after treatment with diabetogenic drugs associated with
impaired insulin secretion and amorphous IAPP aggregates
[67]. We produced hIAPP transgenic ob/ob mice by mating

C Lean mouse

ob/ob mouse

Human IAPP Insulin

Human IAPP Insulin

Transgenic
mouse

Non-transgenic %

mouse

Fig.3 Worse glucose tolerance in human IAPP (hIAPP) transgenic
ob/ob mice. a We produced hIAPP transgenic ob/ob mice by mating
a female C57BL/6J mouse transplanted with an ovary of a C57BL/6J
ob/ob mouse and a male hIAPP transgenic mouse in which glucose-
stimulated insulin secretion was moderately reduced but glucose tol-
erance was normal [41, 42]. b Glucose tolerance of intraperitoneal
glucose tolerance test (ipGTT) worsened in hIAPP transgenic ob/ob
mice more so than that in non-transgenic ob/ob mice (plasma glucose

a female C57BL/6J mouse transplanted with an ovary of a
C57BL/6J ob/ob mouse and a male hIAPP transgenic mouse
in which glucose-stimulated insulin secretion was moder-
ately reduced but glucose tolerance was normal [41, 42]
(Fig. 3a). We observed that glucose tolerance was worse in
hIAPP transgenic ob/ob mice than that in non-transgenic ob/
ob mice, while glucose tolerance was normal in both hIAPP
transgenic and non-transgenic lean mice (Fig. 3b). Amy-
loid deposits were absent in the pancreatic islets of both
transgenic ob/ob and lean mice (Fig. 3c), again suggesting
that soluble hIAPP-related molecules aberrantly produced in
fB-cells had cytotoxic effects on the cell. The 0b/ob mice were
grossly overweight and had hyperglycemia, hyperlipidemia,
insulin resistance, large islets containing mostly f-cells,
marked mitotic figures, and fat accumulation [68]. These
phenotypes could enhance the potential of hIAPP cyto-
toxicity in P-cells. It was also reported that extensive islet
amyloid formation, insulin insufficiency, and hyperglycemia
were observed in hIAPP transgenic 0ob/ob mice [69]. A study
showed that hIAPP-expressing A"/, (agouti variable yellow)
male mice progressed to severe hyperglycemia relative to
their non-transgenic counterparts and induced p-cell apopto-
sis, suggesting that insulin resistance can induce overt, slow
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at 0 and 30 min after the load was higher in hIAPP transgenic ob/ob
mice than that in non-transgenic ob/ob mice. *P < 0.01; Student’s ¢
test), while glucose tolerance was normal in both hIAPP transgenic
and non-transgenic lean mice. ¢ Immuno-histochemical study using
anti-hIAPP antibody showed that hIAPP was expressed in the pan-
creatic f-cells of both transgenic ob/ob and lean mice, and amyloid
deposits were absent in the pancreatic islets of both transgenic mice
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onset diabetes associated with islet amyloid and increased
B-cell apoptosis [70, 71]. Human IAPP-knock-in mice with
a p-cell-specific autophagy defect had substantial deteriora-
tion of glucose tolerance, indicating that reduced autophagy
may enhance the toxic potential of hIAPP and enhance f-cell
dysfunction and progression of T2D [72]. Mice express-
ing B-cell hIAPP and lacking p-cell ABCA1, hIAPPT#®
AbcalP®Omice, had increased islet cholesterol, accompa-
nied by fasting hyperglycemia, glucose intolerance, impaired
insulin secretion, and increased amyloid area, suggesting
that elevations in islet cholesterol may lead to an increase
in IAPP aggregation and islet amyloid formation, further
worsening B-cell function and glucose homeostasis [73].
Interestingly, in these transgenic mice with backgrounds
characterized for diabetic phenotypes, including obesity,
hyperglycemia, hyperlipidemia, insulin resistance, islet fat
accumulation and defects in unfolded protein removal, glu-
cose tolerance, and p-cell function worsen possibly because
of the enhanced potential for hIAPP cytotoxicity in p-cells.

B-Cell
in Non Diabetic Subjects

Risk Factors of T2D

Human IAPP processing within the secretory
pathway of normal B-cells (Fig. 4)

In non-diabetic subjects, Prepro-IAPP is first inserted into
the endoplasmic reticulum (ER). Within the ER, secre-
tory proteins are properly folded, modified, and assembled
into multiprotein complexes in the ER before they traffic
further downstream in the secretory pathway [74]. Not-
withstanding the effort of the protein-folding machinery,
a substantial fraction of the protein fails to fold properly in
the ER. Incompletely folded forms are disposed of through
discriminating quality-control systems. Unfolded proteins
are removed to the cytosol by subsequent ubiquitination
and degradation by the 26S proteasome and also disposed
through autophagy [74-76]. Prepro-IAPP molecules are
assembled and incompletely folded forms are disposed of
through these systems. Then, prepro-IAPP is processed
to its mature 37-amino acid form within the secretory

B-Cell
in Diabetic Subjects
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Fig.4 Possible mechanisms for the increase of toxic IAPP oligom-
ers in P-cells in diabetic subjects. In B-cells of non-diabetic subjects
with less common genetic variants and clinical risk factors of T2D,
production of IAPP molecules and oligomers, including toxic IAPP
oligomers, might be low. In p-cells of diabetic subjects with more
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common genetic variants and clinical risk factors of T2D, production
of IAPP molecules and oligomers, including toxic IAPP oligomers, is
largely influenced by the risk factors of T2D, including T2D suscep-
tibility genes, aging, obesity, insulin resistance, hyperglycemia, and
dyslipidemia. See Table 1
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pathway [20]; IAPP is found in the halo region of the
mature secretory granules [21]. In vitro studies revealed
that hIAPP aggregates readily at pM concentrations [77].
However, the peptide is stored in B-cell granules at mM
concentrations without apparent formation of amyloid
aggregations in healthy individuals [78]. Environmental
conditions in B-cell granules, e.g., low pH, high concentra-
tions of zinc ions, and insulin molecules, inhibit the for-
mation of IAPP aggregates [79, 80]. IAPP is co-secreted
with insulin in response to glucose and exerts physiologi-
cal roles as a satiation hormone in the control of food
intake and energy expenditure [18, 19, 81].

Risk factors of T2D and B-cell dysfunction
(Table 1)

T2D is a metabolic and molecular disorder resulting from
common genetic variants and clinical risk factors of dia-
betes. Genome-wide association studies (GWAS) have dis-
covered more than seventy entirely new T2D loci, clearly
suggesting that association is not limited to a few candidate
genes but many genes are involved in disease pathogenesis
[82, 83]. Aging is characterized by a progressive loss of
physiological integrity, which is the primary risk factor for
major human pathologies, including diabetes and neurode-
generative diseases [84]. Insulin resistance is associated with
a cluster of co-morbidities, including obesity, dyslipidemia,
and hypertension [85]. Also, p-cells are adversely influenced
by dyslipidemia [86]. Chronic exposure to hyperglycemia

can lead to p-cell dysfunction that may become irreversible
over time, a process that is termed glucotoxicity [87].

Aberrant biosynthesis of hlAPP in subjects
with obesity, insulin resistance,
and hyperglycemia

As shown in Fig. 4 and Table 1, in subjects with risk factors
of T2D, including obesity, insulin resistance, and hypergly-
cemia, IAPP synthesis might be increased in the early phase
of the disease. Increased secretion of IAPP was observed in
individuals with obesity or pre-diabetic insulin resistance
[88, 89], and islet amyloid volume was correlated with BMI
[11]. These findings, together with increased IAPP content
in the pancreatic islet cells of obese and diabetic rodent mod-
els [27, 28] and glucose-regulated prolAPP and proinsulin
synthesis regulated by translational control [23, 24], suggest
that aberrant biosynthesis and secretion of IAPP might be
related to obese and diabetic conditions. It seems likely that
IAPP molecules are largely produced by obesity and insulin
resistance as a consequence of both an unhealthy lifestyle
and gene susceptibility, for example FTO, and hyperglyce-
mia. Association of FTO with T2D was first discovered by
a GWAS for obesity [82] and was later confirmed in repli-
cation studies [90, 91]. A common variant of FTO may be
related to aberrant biosynthesis and secretion of IAPP with
insulin. Human IAPP aberrantly biosynthesized is inserted
into the ER and then processed within the secretory pathway.
However, excess, misfolded hIAPP progressively aggregates,

Table 1 Common genetic variants and clinical risk factors of T2D increase toxic IAPP oligomers in f-cells

Risk factors Site Disorders References
T2D susceptibility genes
FTO N Incerased insulin and IAPP biosynthesis [90, 91]
ER Increased ER stress and impaired UPR [49, 50, 74, 102]
WFS1 ER Impaired UPR [82, 83, 93-98]
SG Altered acidification [79, 80, 82, 83, 96-98, 104-106]
SLC30A8 SG Altered Zn concentration [41, 42, 63, 80, 105, 107-110]
Aging

Disrupted protein homeostasis ER

Ubiquitin—proteasome and
autophagy-lysosomal
system

Obesity and insulin resistance N

ER
Metabolic disorders
Hyperglycemia N
ER
Hyperlipidemia ER

Impaired UPR
Impaired misfolded-IAPP degradation

Increased insulin and IAPP biosynthesis

Increased ER stress and impaired UPR

Increased insulin and IAPP biosynthesis
Increased ER stress and impaired UPR
Impaired UPR

[84, 99-101]
[84, 99-101]

[11,27-29, 88, 89]
[49, 50, 63, 74, 102]

[23, 24, 27-29, 88, 89]
[49, 50, 74]
[102, 103]

12D type 2 diabetes, JAPP islet amyloid polypeptide, N nucleus, ER endoplasmic reticulum, SG secretory granules, UPR unfolded protein

response
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forming toxic IAPP oligomers. A study using an oligomer
immunostaining method showed that toxic IAPP oligomers
were present in human f-cells in T2D and, more frequently,
with increasing obesity [63].

Accumulation of toxic IAPP oligomers

in the ER due to ER stress and insufficient
unfolded protein response (UPR) caused
by common variants in WFS1

When protein-folding demand in the ER exceeds capacity,
aberrantly synthesized hIAPP molecules start to accumulate
as incompletely modified and unfolded forms within the ER
[74]. Human IAPP is one of the most aggregation-prone
peptides and interacts with negatively charged membranes.
This interaction can drastically accelerate misfolding [49,
50]. When the UPR in the ER and autophagy are impaired,
the accumulation of hIAPP aggregates progresses even fur-
ther. Wolfram syndrome is an autosomal recessive neurode-
generative disorder associated with juvenile-onset diabetes
mellitus, progressive optic atrophy, sensorineural deafness,
and diabetes insipidus [92]. WFS1 protein localizes primar-
ily in the ER and is ubiquitously expressed at the highest
levels in brain, pancreas, heart, and insulinoma f-cell lines
[93, 94]. WFS1 is a component of the UPR and maintains
homeostasis of the ER in pancreatic p-cells [95]. WFSI was
included in a list of candidate genes evaluated for associa-
tion with T2D [82, 83, 96]. A study presented evidence that
supported the role of common variants of WFSI as mod-
est contributors to diabetes risk and these variants act on
pancreatic p-cells [97]. The Data from an Epidemiological
Study on the Insulin Resistance Syndrome (DESIR) pro-
spective study showed that allelic variations in the WFSI
gene reduced insulin secretion and the most frequent haplo-
type in the haplotype block containing the WFSI gene was
associated with an increased risk of diabetes [98]. Although
the mechanism for the impairment of insulin secretion has
not been elucidated, there is a possibility that IAPP aggre-
gation is enhanced through ER stress due to an insufficient
UPR caused by common variants of WFS/, increasing IAPP
oligomers and, consequently, toxic IAPP oligomers in the
ER (Fig. 4 and Table 1).

Disrupted protein homeostasis
along with aging and the accumulation
of IAPP oligomers

Aging and some aging-related diseases are linked to
impaired protein homeostasis or proteostasis [99]. Proteosta-
sis involves mechanisms for stabilization of correctly folded
proteins and mechanisms for the degradation of proteins by
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the proteasome or the lysosome. There are regulators of age-
related proteotoxicity [84] and these systems function in a
coordinated fashion to restore the structure of misfolded
polypeptides or to remove and degrade them, thus prevent-
ing the accumulation of damaged components and assuring
the continuous renewal of intracellular proteins. Proteostasis
is altered with aging and chronic expression of unfolded,
misfolded, or aggregated proteins contributes to the devel-
opment of some age-related pathologies, such as AD and
Parkinson’s disease [99, 100]. It seems likely that along
with the mechanisms for these neurodegenerative diseases,
chronic expression of aggregated hIAPP contributes to the
development of T2D under conditions of impaired proteo-
stasis during aging (Figs. 4, 5 and Table 1). The activities of
the autophagy—lysosomal system and the ubiquitin—protea-
some system, the two principal proteolytic systems impli-
cated in protein quality control, decline with aging [84, 101].
Decreased activities for stabilizing correctly folded proteins
and degrading proteins by the proteasome or the lysosome,
along with aging, might promote impaired protein homeosta-
sis or proteostasis. Disrupted protein homeostasis or proteo-
stasis might cause the accumulation of IAPP oligomers and
consequently increase toxic IAPP oligomers, enhancing the
toxic potential to the cell membranes of p-cells, as shown in
Figs. 4, 5 and Table 1.

Disruption of ER homeostasis
by hyperglycemia and hyperlipidemia,
and accumulation of IAPP oligomers

Physiological fluctuations in the protein-folding load of the
ER are a unique translational response of p-cells to vari-
ations in blood glucose and blood glucose level changes,
leading to a maximum 25-fold increase in proinsulin synthe-
sis. Thus, proinsulin synthesis imposes a heavy biosynthetic
burden upon the ER [102]. There are three transmembrane
ER-proximal sensors of unfolded proteins that initiate UPR
signaling: inositol-requiring protein 1 (IRE1), activating
transcription factor 6 (ATF6), and PKP-like ER kinase
(PERK). In B-cells, the extracellular glucose level modulates
the activity of the UPR sensors; chronically high-glucose
concentrations stimulate proinsulin production, leading to
the consequence that proinsulin synthesis overcomes the ER
folding machinery. There remains some controversy whether
chronically high-glucose exposure itself actually causes
severe ER stress [103]. Saturated long-chain free fatty acids
(FFAs) induce ER stress and thereby cause p-cell failure and
cell death, whereas unsaturated long-chain FFAs induce this
to a lesser extent [102]. Chronic hyperglycemia and hyper-
lipidemia, known as important causative factors of T2D, dis-
rupt ER homeostasis to induce unresolvable UPR activation
in the ER [103]. This condition enhances the probability of
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a

Risk Factors of T2D

Increase of
toxic IAPP oligomers in B-cells
and islet amyloids

Disruption of cell membrane

CNS
B-cell dysfunction and mass reduction

Alzheimer’s disease
B-cell failure

Type 2 diabetes

Fig.5 Increased toxic IAPP oligomers induce the disruption of cell
membranes, resulting in f-cell failure. a Increased toxic IAPP oli-
gomers induce the disruption of cell membranes, leading to p-cell
dysfunction and mass reduction and eventually f-cell failure. IAPP
molecules reach CNS, possibly influencing the exacerbation of Alz-

protein misfolding. High glucose and saturated FFAs inter-
fere with ER function, which subsequently disrupts pro-
insulin synthesis, folding, and processing in the secretory
pathway. Thus, it seems likely that during hyperglycemia
and hyperlipidemia, misfolded IAPP and IAPP oligomers
increasingly accumulate in the ER lumen in f-cells, resulting
in an increase of toxic IAPP oligomers and enhancement of
the toxic potential of hIAPP in the ER (Fig. 4 and Table 1).
The hypothesis that risk factors for T2D, including the com-
mon variants of genes associated with T2D, obesity, insulin
resistance, hyperglycemia, and hyperlipidemia, promote
toxic IAPP oligomer formation in the ER is supported by
histological evidence for immunoreactivity to toxic oligom-
ers present in ER membranes in the perinuclear region and
in the peripheral ER cisternae of hIAPP transgenic mice and
human T2D f-cells [63].

Production of toxic IAPP oligomers
in impaired secretory granules

Environmental conditions in fB-cell granules, e.g., low pH,
high concentrations of zinc ions, and insulin molecules,
inhibit the formation of IAPP aggregates [79, 80]. p-Cell
secretory granules are acidified through a proton gradient
and are established and maintained by coordinated action
between the H-pumping vacuolar-type ATPase and CIC-
3, a chloride ion channel [104, 105]. Also, WFS1 localizes
not only to the ER but also to dense-core secretory granules

b

Risk factors

: IAPP oligomers and amyloids

Dysfunction

Mass reduction
p-Cell

Time

Common variants of genes associated with T2D

Aging D

Obesity and insulin resistance

Metabolic disorders -

of T2D

heimer’s disease. b Toxic IAPP oligomers in f-cells and islet amy-
loids progressively increase during aging under the influences of risk
factors of T2D, inducing p-cell dysfunction and mass reduction, and
result in B-cell failure

in B-cells [106]. Intra-granular acidification is reduced in
WEFSI-deficient p-cells, indicating that WFS/ has the role
of acidifying the secretory granules. WFSI was included in
a list of candidate genes evaluated for association with T2D
[82, 83, 96]. It has been reported that allelic variations of
the WFS1 gene act on pancreatic -cells and reduce insu-
lin secretion [97, 98]. Thus, there is a possibility that IAPP
aggregation is enhanced due to insufficient acidification in
the secretory granules, resulting in an increase of IAPP oli-
gomers and toxic potentiation of hIAPP (Fig. 4 and Table 1).
An earlier GWAS identified the SLC30A8 associated with
increased T2D risks [107]. The gene encodes the zinc trans-
porter, ZnTS8, specific to B-cells [108] and a study using male
ZnT8~'~ mice showed that the transporter was required for
the normal accumulation of zinc by p-cell granules, for nor-
mal insulin crystallization and insulin release, suggesting
that the defects in carriers of Trp325Arg mutation of ZnT8
may increase T2D risks [109]. Interestingly, a recent GWAS
reported that a loss-of-function mutation of SLC30AS8 pro-
tected against diabetes [110]. Loss-of-function of ZnT8
and subsequent Zn”* deficiency in p-cell granules shift the
insulin-oligomer equilibrium toward insulin monomers and
dimers, which bind IAPP monomers efficiently and prevent
IAPP from self-association and aggregation, thus reducing
T2D risk [80]. Because the function of ZnT8 and the con-
centration of Zn** depends on the variant of the SLC30A8
gene, the ITAPP aggregation state could be influenced by the
granule function in T2D subjects with the variant SLC30A8
gene (Fig. 4 and Table 1). We observed fibril-like materials
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in the secretory granules of hIAPP transgenic mice, in which
glucose-stimulated insulin secretion from isolated islets was
moderately reduced, but they did not develop amyloid depos-
its and diabetes [41, 42]. It was recently reported that toxic
IAPP oligomers were present in secretory granules of hIAPP
transgenic mice and human p-cells [63]. These findings sug-
gest that production of toxic IAPP oligomers in the secretory
granules is, in part, via altered granule function caused by
allelic variations in the WFSI gene and the SLC30AS8 gene.

In subjects with risk factors for T2D,
accumulation of toxic IAPP oligomers
and disruption of cell membranes
during aging

Again, the mechanism of IAPP oligomerization and amy-
loid formation is not fully understood due to limitations in
the current methodology to characterize hIAPP species and
also the mechanisms of cytotoxicity are not fully defined,
despite extensive investigations. However, findings in studies
using hIAPP transgenic rodents with backgrounds character-
ized for T2D phenotypes and studies on the metabolic and
molecular disorders that are induced by common genetic
variants and clinical risk factors for T2D suggest that, in sub-
jects with risk factors of T2D, IAPP oligomers, toxic IAPP
oligomers, and/or IAPP-derived islet amyloids progressively
accumulate intracellularly in p-cells during aging and within
islets, they impair p-cell function and reduce p-cell mass
though multifactorial processes, possibly disrupting cell
membranes and consequently altering the function of orga-
nelles, resulting in B-cell failure, as shown in Fig. 5a, b. It
seems likely that IAPP is one of the peptides central to f-cell
failure in T2D.

Studies on anti-amyloid aggregation
therapeutics

Reducing IAPP molecule-related intermediates and the
islet amyloid burden to improve f-cell survival has been the
focus of a number of studies using different approaches. One
approach is to discover natural products and small molecule
inhibitors. Inhibition of IAPP aggregation was caused by
the stabilization of small molecular weight IAPP oligom-
ers by the polyphenols, curcumin and resveratrol, offering
a general anti-aggregation mechanism for polyphenols and
providing a computational framework for the future design
of anti-amyloid aggregation therapeutics [111]. Epigallocat-
echin gallate (EGCG), a green tea extract, inhibits hIAPP
aggregation by binding to hIAPP dimers, strongly blocking
both the inter-peptide hydrophobic and aromatic-stacking
interactions responsible for inter-peptide p-sheet formation
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and intra-peptide interactions crucial for f-hairpin, an amy-
loidogenic precursor, formation [112]. A water-miscible
tetraphenylethene, BSPOTPE, was able to inhibit hIAPP-
induced membrane damage by binding directly to the heli-
cal regions of hIAPP and forming oligomers with separated
hydrophobic cores and hydrophilic shells, preventing mem-
brane poration [55]. A novel tetraquinolin amide foldamer,
ADM-166, has been developed to counter conformational
transitions in IJAPP [113]. ADM-166 is capable to cross the
plasma membrane without assistance from cellular processes
and antagonize toxicity long after uptake of IAPP, resulting
in specific docking with intracellular IAPP, rescuing p-cells.
The IAPP inhibitory peptide, D-ANFLVH, was shown to
prevent islet amyloid accumulation in cultured human islets
and this peptide, when administered by intraperitoneal
injection into hIAPP transgenic mice, was a potent inhibi-
tor of islet amyloid deposition, resulting in reduced islet
apoptosis and preservation of p-cells, leading to improved
glucose tolerance [114, 115]. A second approach is to
exploit enzymes that are capable of degrading hIAPP. Up-
regulation of neprilysin in hIAPP transgenic mouse islets
reduced amyloid deposition and B-cell apoptosis [116].
Inhibition of insulin-degrading enzyme (IDE) resulted in
increased amyloidogenesis in p-cell lines and reduced cell
viability when cells were incubated with synthetic hIAPP,
suggesting a role for IDE in IAPP clearance and the preven-
tion of IAPP aggregation [117]. Matrix metalloproteinases
(MMPs) are proteolytic enzymes and MMP-9 is active in
islets and cleaves hIAPP [118]. Adenoviral overexpression
of MMP-9 in amyloid-prone islets reduced amyloid deposi-
tion and fB-cell apoptosis, suggesting that increasing islet
MMP-9 activity might be a strategy to limit B-cell loss in
T2D [119]. In a third approach, antibodies hold significant
potential for inhibiting toxic protein aggregation associated
with conformational disorders, such as AD and Huntington’s
diseases [120, 121]. Grafting small amyloidogenic peptides
into the complementarity-determining regions of a single-
domain antibody yields potent domain antibody inhibitors
of amyloid formation, and the antibody inhibitors presenting
hydrophobic peptides of hIAPP inhibit fibril assembly of
the peptide at low sub-stoichiometric concentrations [122].
Antibodies which specifically recognized hIAPP assemblies,
but not monomers or amyloid fibrils, were exclusively iden-
tified in diabetic patients and were shown to neutralize the
apoptotic effect induced by these oligomers, suggesting
that hTAPP peptides can form highly toxic oligomers [37].
The newly identified structural epitopes may also provide
new mechanistic insights and a molecular target for future
therapy [37]. These antibody design approaches also can be
extended to generate potent aggregation inhibitors of amy-
loidogenic polypeptides linked to human disease. These
interesting studies provide a framework for the future design
of anti-amyloid aggregation therapeutics and hold promise
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that drugs that protect islets from toxic IAPP oligomers and
amyloids will be developed in the near future.

IAPP in neurodegenerative disorders

The most common form of aging-associated dementia is
late-onset AD, a neurodegenerative disorder affecting multi-
ple cognitive and behavioral functions [123]. Epidemiologi-
cal studies have shown that patients with T2D are two to five
times more likely to develop AD compared to non-diabetic
individuals [124, 125]. A recent cohort study suggests that
diabetes is a significant risk factor for all causes of dementia,
AD, and probably vascular dementia. Two-hour plasma glu-
cose (PG) levels, but not fasting PG levels, are closely asso-
ciated with increased risk of all causes of dementia [126]. A
review article describes that ITAPP may constitute a “second
amyloid” in neurodegenerative disorders, such as AD, and
that hyperamylinemic conditions may be more relevant for
the early processes of amyloid formation in the central nerv-
ous system (CNS), whereas hypoamylinemic conditions may
be more strongly associated with late stages of central amy-
loid pathologies [127]. Hypersecretion of IAPP is observed
in obese and diabetic rodent models and individuals with
obesity and pre-diabetic insulin resistance [27-29, 88, 89].
Peripherally produced IAPP readily crosses the blood—brain
barrier [128]. Increased peripheral secretion and central
uptake of IAPP may facilitate IAPP oligomerization and
eventually amyloid formation in the brain, disrupting the
integrity of CNS structures and functions. The IAPP recep-
tor is widely distributed within the CNS and IAPP and AP
directly activate this G-protein-coupled receptor and trigger
multiple common intracellular signal transduction pathways,
inducing apoptotic cell death [129]. Hypoamylinemic con-
ditions at late stages of central amyloid pathologies may
increase direct activation of A on this G-protein-coupled
receptor. A recent study reported a genetic variant within
the JAPP/SLCO1A2 genes that modified the effect of corti-
cal AP deposition on AD-related cognitive impairment and
temporal lobe atrophy, supporting the growing literature on
the role of IAPP in AD pathophysiology [130]. Epidemio-
logical studies have established a clear association between
T2D and AD. Thus, IAPP might be an important player at
the interface between T2D and AD (Fig. 5a).

Conclusions

Progressive loss of -cell function is central to the develop-
ment and progression of T2D. The common genetic vari-
ants, suggested by GWAS as associated with T2D and the
clinical risk factors of diabetes, including aging, obesity,
insulin resistance, and metabolic disorders, are associated

with reduced p-cell function and mass and implicated in
progression to p-cell failure. A single molecule, including
an IAPP molecule, could have risk effects inducing multi-
factorial processes via a feed-forward loop [5]. The meta-
bolic and molecular disorders which are induced by risk
factors of T2D might promote the accumulation of soluble
IAPP-related molecules and toxic IAPP oligomers in f-cells,
impairing function and reducing the mass though disruption
of cell membranes, consequently resulting in -cell failure.
IAPP might be one of the peptides central to p-cell failure
in T2D. Despite considerable progress, there are inconclu-
sive matters, including 1) the actual mechanism of hIAPP
toxicity to B-cells, especially the nature of the toxic species
and the initiation site(s) of f-cell toxicity, 2) a substantiated
mechanism for the increase of toxic IAPP species in T2D
individuals, and 3) the development of effective clinically
relevant inhibitors.

A variety of interventions, including weight loss, some
oral hypoglycemic drugs, insulin preparations, and GLP-1
receptor agonists, can improve p-cell function temporarily
with improved glucose control. However, existing therapy
does not arrest progression of p-cell dysfunction in T2D
[5]. Anti-IAPP aggregation therapeutics, which protect islets
from toxic IAPP oligomers and islet amyloids, will be devel-
oped as treatments with more durable beneficial effects on
B-cell function.
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