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Abbreviations
AFM Atomic force microscopy
hIAPP Human islet amyloid polypeptide

Degeneration of pancreatic islet beta cells is increasingly
ranked as a key disease mechanism in type 2 diabetes [1,
2], but it is not entirely clear what the underlying molecular
processes might be and how they attack insulin production,
ultimately causing type 2 diabetes [3, 4].

However, recent studies based on quantitative measure-
ments in post mortem pancreatic tissue from humans with
type 2 diabetes have reinforced earlier observations
concerning the probable role of lowered beta cell numbers
[5, 6] and pointed to a linkage between beta cell
disappearance and beta cell apoptosis [7, 8].

‘Glucotoxicity’ and ‘lipotoxicity’ are widely discussed
possible causes of beta cell failure, but both are thought to
exert their effects only after significant metabolic deterio-

ration and functional islet impairment are already well
underway [9] and so cannot be the prime movers.

So what might the initiating insults be? Recent data from
genome-wide association studies have highlighted the
impact of particular alleles of certain susceptibility genes,
giving further support to the idea that beta cell abnormal-
ities are fundamental in the pathogenesis of this disease [4].
Some of these alleles encode variants of certain beta cell
proteins linked to insulin production and/or secretion, and
can hasten the development of functional islet deterioration
and diabetes onset in carriers [1, 2]. However, currently
identified alleles do not provide an explanation for most
cases of ‘common or garden’ type 2 diabetes [10].

Against this background, Zraika et al. in this issue of
Diabetologia have reviewed aspects of another, under-
appreciated phenomenon, which could well initiate beta cell
degeneration in type 2 diabetes [11]. As they point out, it
has long been known that many [8, 12–14] or perhaps most
[15, 16] type 2 diabetic patients are found to have islet
amyloid deposits adjacent to their beta cells [17] when post
mortem pancreatic tissue is examined histologically. Al-
though islet amyloid has also been reported to occur in
numbers of humans not known to have diabetes, the author
of a major study cautioned that ‘nondiabetic persons with
hyaline islets may represent individuals with undiagnosed
or potential diabetes’ [18]. Varying sensitivities of different
histological methods may also have contributed to between-
study differences in prevalence estimates [11].

Islet amyloid, or hyaline as it was once known [12], has
the beta cell hormone human amylin or human islet
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amyloid polypeptide (hIAPP) [17, 19, 20] as its monomer
and arguably prompted the finding that first pin-pointed the
islets as the likely location of diabetes causation [12].
Paradoxically, in marked contrast with amyloid-associated
neurodegenerative diseases in neuropathology, this obser-
vation has so far received little recognition in the wider
diabetes research field.

The presence of islet amyloid in most patients supports
the classification of type 2 diabetes as an amyloidosis,
alongside prominent neurodegenerative disorders including
Alzheimer’s [21], Parkinson’s [22] and Huntington’s dis-
eases [23], and prion-mediated conditions like Creutzfeldt–
Jakob disease and bovine spongiform encephalopathy [24,
25].

Misfolding of syndrome-specific proteins, termed
‘monomers’, leading to the formation of tissue-resident
aggregates, or amyloid, formed mainly from polymorphic
assemblies of these monomers [26], is clearly implicated
in the pathogenesis of the neurodegenerative diseases
mentioned above. There is also a group of genetically
transmitted forms of amyloidosis, in which coding
mutations in specific monomers cause pathogenic gains-
of-function (amyloid formation and toxicity) [27–30]. For
each of these diseases, many lines of evidence now link
processes associated with misfolding of the disease-
specific monomers to the co-localised tissue damage that
causes each syndrome.

So can type 2 diabetes, where amyloid formation clearly
occurs in close proximity to the neuron-like [31] beta cells,
really be a standout exception from all other forms of
amyloidosis? We think not. Furthermore, human amylin
kills neuronal cells in culture through an apoptotic process
similar to that by which it kills beta cells, pointing to
significant linkages between its effects in these two lineages
[32].

Although supported by some, the notion that type 2
diabetes is indeed a form of amyloidosis is not widely
agreed upon by specialist diabetes researchers. Several
questions need to be comprehensively answered before the
notion is accepted. For example, is islet amyloid ‘chicken’
or ‘egg’ in islet degeneration, i.e. could the amyloid be
secondary to the diabetic state, rather than causative? Why,
if amyloidosis causes beta cell degeneration, is there not a
closer physical association between amyloid deposits and
areas of beta cell deficit? What exactly is meant by the term
‘amyloid’ in the diabetes context? How might islet
amyloidosis cause diabetes? And finally, why would this
information be of any use, if the amyloid-associated
processes cannot be targeted to generate new and improved
glucose-lowering therapies?

It is towards the answers to these and related questions
that the main thrust of Zraika et al.’s review is addressed. In
recent years, as the authors point out, two main hypotheses

have emerged that provide a possible framework in which
to address such questions. Both, in fact, stem from the same
underlying idea, which is that something produced by the
aggregation of monomers kills beta cells. Similar phenom-
ena probably occur in all amyloid syndromes.

So what could that something be? This is the focus of
the fundamental question addressed by Zraika et al. All
amyloid monomers undergo aggregation in vitro and,
perhaps more informatively, form amyloids in vivo. There
are many examples where acquisition of the propensity to
aggregate, through a change in amino acid sequence,
confers cytotoxic and amyloidogenic properties upon a
previously non-amyloidogenic protein: this can happen
through spontaneous genetic mutation [28–30] or via
evolutionary processes, the latter being the case for human
amylin [19, 33, 34]. In vitro structure–activity relationships
show that monomers contain an amyloidogenic sequence
[33, 34], in which amyloid formation and cytoxicity are
apparently driven by a relatively circumscribed number of
amino acid residues.

These matters are all generally agreed and not particu-
larly controversial, but hereabouts many uncertainties begin
to emerge, as highlighted in the review. Human amylin’s
physiological conformation is one of random coil, but it
undergoes rapid conformational change into β-conformers
when placed in physiological solutions [35]. Based on the
available evidence, many workers have concluded that
small oligomers formed by aggregated human amylin [36,
37] are probably the species that could ultimately cause
diabetes [38, 39]. Others, among them Zraika and
colleagues, believe that the cytotoxicity of larger amyloid
fibrils must be considered [11, 15], as indeed it must. One
pertinent question that then arises is whether this difference
really matters. We shall return to this point below.

In type 2 diabetes, there is in vitro evidence that
intermediates formed during the aggregation process itself
may actually initiate cell death via apoptosis [40–42].
Oligomers are now known to form spontaneously in human
amylin solutions, among and often concomitantly with the
larger, precipitable fibrillar structures that have typically
been visualised by electron microscopy [26]. Amylin
oligomers, which are usually at least two orders of
magnitude smaller than fibrils, are initially a few nm in
diameter [37]. Application of real-time atomic force
microscopy (AFM) has enabled measurement of their
dimensions, mass and time-dependent growth [36, 37].
When amylin monomers first become visible in the AFM,
they comprise structured assemblies of some 16 monomers,
which grow over minutes by rapid bidirectional elongation
through the addition of further monomers at a roughly
constant rate [37]. Time-dependent growth is an intrinsic
property of oligomers that might be related to their toxicity
[40] and may well provide an explanation for the differing
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estimates of oligomer mass highlighted by Zraika et al. In
reality, AFM data indicate that there is no single oligomer,
but rather a rapidly shifting population of related oligomeric
nanoparticles, which shift seamlessly between each other
over time. This is the reality that now needs to be
confronted by the research field.

As Zraika et al. point out, to date all direct observations
concerning oligomers have been made in vitro, with no
direct in vivo evidence for formation of cytotoxic oligomers
in the islets or their contribution to cytotoxicity. Thus, to
glean further information on the putative role(s) of
oligomers in cytotoxicity and islet degeneration, investi-
gators have to rely on a balance of the available indirect
evidence. It is equally important, however, to remember
that absence of evidence is not evidence of absence, i.e. just
because the fibrils are more easily visualised by existing
histological methods does not prove that cytotoxic
oligomers are any less likely to be present in tissues.

Another question asked by Zraika et al. is to what degree
oligomers, as opposed to larger fibrils, might contribute to
cytotoxicity and the development of diabetes [43]. Many in
vitro experiments have employed conditions where fibrils
and oligomers form together, and so cannot be used to
differentiate between these two possibilities. Some studies,
particularly those of Konarkowska et al. [40], have
compared the cytotoxicity of preparations in which human
amylin was present as pre-formed fibrils (high β-sheet
content invariant over time as determined by circular
dichroism spectroscopy) with those in which it was initially
present mainly in random coiled structures and underwent
time-dependent β-sheet formation. Only the latter prepara-
tions were cytotoxic, pointing to intermediates in the
aggregation pathway as potential triggers of cytotoxicity,
at least in vitro. Furthermore, experiments with truncated
human amylin homologues established that the cytotoxic
signal was transmitted via receptors that were not typical
systemic amylin receptors [40]. Such experiments do not,
however, differentiate between the two hypotheses of
Zraika et al., since both species are present simultaneously.
Notably, however, Lin et al. have provided indirect
evidence of the occurrence of oligomers in islet tissue and
linked them to cytotoxicity through their application of
conformation-dependent anti-oligomer-specific antibodies
[44]. Caution is nevertheless still warranted in the interpre-
tation of exactly what those studies tell us [11].

Zraika et al. have argued that mature amyloid fibrils,
rather than small, soluble cytotoxic oligomers [37–39, 43],
could play the main role in beta cell degeneration and
diabetes causation. As noted, they have pointed to the
numerous weaknesses and shortcomings of the currently
available evidence, and in so doing have indicated further
lines of investigation that might improve our understanding.
However, the question remains of whether the evidence

supporting the converse idea, namely that mature fibrils are
cytotoxic, really stacks up? The authors concede that, just
as for oligomers, this evidence is mainly indirect and
therefore subject to the same caveats as those applying to
oligomers.

What do we know of the molecular processes that might
link amylin misfolding to diabetes, and can they be
beneficially targeted to suppress diabetes? There is emerg-
ing evidence, discussed below, that targeting amylin
misfolding to suppress diabetes might well be an attainable
goal in the not-too-distant future [39].

For the past two decades, information concerning
amylin misfolding has been derived mainly from in vitro
studies of amylin solutions and in vivo observations in
patient-derived tissues or lines of human amylin/hIAPP
transgenic mice. Many sophisticated, specialised physical
methods have been applied to analyse the solution and
solid-state behaviours of various amylin homologues; and
with the exception of two studies, which measured sys-
temic responses to ex vivo isolates of human pancreatic
amylin [45, 46], these studies have all used synthetic
preparations (see review by Cooper [47]). In our experi-
ence, the methods that measure the properties of individual
aggregates, rather than of bulk assemblages have generally
been more informative. For example, scanning-transmission
electron microscopy has enabled detection and measure-
ment of the amylin protofibril, the probable base-
component of the higher order structures in amyloid
deposits [26], and AFM has charted the dimensions and
kinetics of amylin oligomer formation [37]. Zraika et al.
point out that many of the biophysical methods that have
been informative for evaluating the properties of amyloido-
genic monomers such as Aβ (the monomer of Alzheimer’s
disease) have proven much less effective where human
amylin is concerned, probably because of its high propen-
sity to aggregate more rapidly in aqueous solutions. Thus,
classical techniques such as light scattering and analytical
ultracentrifugation have been relatively uninformative when
applied to human amylin. These limitations may have
contributed to the slower uptake of amylin-related mecha-
nisms into mainstream diabetes research.

Many open questions remain concerning the molecular
and cellular linkages between amylin aggregation and
diabetes. Islet amyloid tends to occur mainly in the
extracellular space and amylin is a physiological compo-
nent of the insulin granule that is secreted on to the cell
surface, so it is logical to investigate how extracellular
amylin might cause cell death [48]. In brief, there is much
evidence that aggregating amylin evokes cytotoxicity
through an apoptotic mechanism [48] mediated via a
pathway comprising initial activation of a cell membrane-
bound Fas/Fas ligand/Fas-associated death domain-
containing protein/caspase-8 complex [41, 42, 49], followed
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by a three-pronged downstream cascade comprising cJun
amino-terminal kinase 1/cJun [41], activating transcription
factor 2/p38 mitogen-activated protein kinase [50] and p53/
p21 wild-type p53-activated fragment 1/p21 cyclin-
dependent kinase-interacting protein 1 pathways [48],
which results ultimately in activation of caspase-3 [41]
and cell death. Haataja et al., in a review [38], have reported
on their parallel studies of an amylin-mediated pathway,
whereby activation of a mechanism related to endoplasmic
reticulum stress might also contribute to islet beta cell
degeneration.

So does the central question that Zraika et al. have set
out to address really matter? We think it does.

The pathobiology of human amylin and its links to
diabetes have been investigated in numerous lines of human
amylin transgenic mice. Many such lines, for example those
in which the transgene was inserted into a C57BL
background, do not develop spontaneous diabetes [51–
53]. However, other lines, whose genetic background is
FVB/N, develop spontaneous diabetes and islet amyloid
[39, 54, 55], presenting an opportunity to probe the
relationship between these two phenomena and to measure
the impact of experimental therapies on both.

We have now developed lines of human amylin
transgenic mice in which hemizygous animals develop
spontaneous diabetes with high penetrance (∼95%) [39].
Diabetes in these mice is caused by initial islet beta cell
dysfunction followed later by progressive beta cell loss and
progressively worsening hyperglycaemia. Islet amyloid is
absent from all homozygous transgenic animals, which
express a severe diabetes phenotype, and also from
hemizygous animals with early-onset diabetes. In animals
with islet amyloid, amyloid area correlates positively, not
negatively, with longevity. Some long-lived non-diabetic
hemizygous animals also have large islet amyloid areas,
showing that amyloid itself is not intrinsically cytotoxic.
Oral tetracycline, a modifier of human amylin misfolding
[56], dose-dependently ameliorates hyperglycaemia and
polydipsia, delays rates of diabetes initiation and progres-
sion, and markedly increases longevity compared with
water-treated controls. Thus, treatment with tetracycline
ameliorates diabetes in these animals.

We find these data difficult to reconcile with the notion
that cytotoxicity of fibrillar islet amyloid contributes
significantly to pathogenesis of diabetes. Rather, we
interpret them to indicate that microscopically evident
fibrillar amyloid is neither necessary nor sufficient to cause
diabetes, but rather that it is positively correlated with
longevity; in short, that it is protective. These findings are
consistent with results from related fields, where research-
ers have shown that other amyloids are also likely to have a
protective function [57]. Interventions with compounds
such as tetracycline that inhibit misfolding [56] and are

capable of suppressing diabetes, but which leave (protec-
tive) islet amyloid formation intact, may have potential for
treating or preventing type 2 diabetes, although further
discussion will be required before trials of such agents can
be initiated.

In summary, irrespective of the relative pathogenetic
roles of amylin oligomers or mature fibrils, these data,
taken together, provide a compelling argument that type 2
diabetes should indeed be classified as a form of amyloid-
osis; and yes, it really does matter!

Duality of interest The authors declare that there is no duality of
interest associated with this manuscript.
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