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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disorder that affects millions worldwide.
Due to population ageing, the incidence of AD is increasing. AD patients develop cognitive
decline and dementia, features for which is known, requiring permanent care. This poses
a major socio-economic burden on healthcare systems as AD patients’ relatives and
healthcare workers are forced to cope with rising numbers of affected people. Despite
recent advances, AD pathological mechanisms are not fully understood. Nevertheless, it

is clear that the amyloid beta (AB) peptide, which forms amyloid plaques in AD patients’
brains, plays a key role. Type 2 diabetes, the most common form of diabetes, affects
hundreds of million people globally. Islet amyloid polypeptide (IAPP) is a hormone co-
produced and secreted with insulin in pancreatic B-cells, with a key role in diabetes, as it
helps regulate glucose levels and control adiposity and satiation. Similarly to AB, IAPP is
very amyloidogenic, generating intracellular amyloid deposits that cause B-cell dysfunction
and death. It is now clear that IAPP can also have a pathological role in AD, decreasing
cognitive function. IAPP harms the blood-brain barrier, directly interacts and co-deposits
with AB, promoting diabetes-associated dementia. IAPP can cause a metabolic dysfunction

in the brain, leading to other diabetes-related forms of AD. Thus, here we discuss IAPP
association with diabetes, AR and dementia, in the context of what we designate a
“diabetes brain phenotype” AD hypothesis. Such approach helps to set a conceptual
framework for future IAPP-based drugs against AD.
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Dementia and Amyloid Beta Peptide

Dementia affects around 50 million people worldwide, being
a social and economic burden for the patients, their families
and health systems around the world. AD, a very common
form of dementia, is behind the increased demand for
research on this key topic. It is linked to amyloid beta peptide
(AB) amyloidogenesis and/or aggregation. AB is predominantly
found as AB,, or AB,,, with either 40 or 42 amino acids,
respectively. Increases of total AR and/or of the AB,,/AB.,
ratio correlate significantly with AD and cognitive decline
(Martins et al., 2008; Kuperstein et al., 2010). Importantly,
extracellular AB,, amyloid plaques and intracellular Tau

deposits are tell-tale signs of AD, being explored as diagnostic
tools, alongside other changes in the brain, with neuronal
loss being invariably seen and related with cognitive decline
(Martins et al., 2008; Kuperstein et al., 2010).

Diabetes and Islet Amyloid Polypeptide

Diabetes, particularly type 2, is characterized by insulin
resistance or insufficient insulin production, leading to
hyperglycaemia, and aggregation and deposition of islet
amyloid polypeptide (IAPP), or amylin. This neuroendocrine
hormone is produced and secreted in concert with insulin,
inhibiting both insulin and glucagon secretion, and controlling
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adiposity and satiation. IAPP is highly amyloidogenic, leading
to intracellular aggregates and, ultimately, to extracellular
amyloid structures which cause B-cell death and are present
in about 90% of diabetic patients, being thus a key disease
marker (Westermark et al., 2011).

Key Role of Islet Amyloid Polypeptide, also

Known as Amylin

This hormone is first synthesized as 89 residue, preprolAPP,
afterwards losing its signal peptide in the endoplasmic
reticulum, forming prolAPP, which matures in the late Golgi
complex into IAPP. IAPP is then stored alongside insulin in
secretory vesicles to be released in response to glucose
stimulus (Westermark et al., 2011). When demand for insulin
rises, IAPP synthesis also increases, overloading the B-cell
processing machinery and leading to the accumulation of
unprocessed IAPP forms. These intermediates are considered
highly amyloidogenic, promoting IAPP oligomerization and
amyloid deposition (Raimundo et al., 2020).

Islet Amyloid Polypeptide & Alzheimer’s Disease
It is current consensus that this “diabetes-associated peptide”
can contribute to AD. The indubitable relevance of aggregated
AB-42 and phosphorylated Tau on AD pathophysiology led
AD research to be very focused on these proteins and in
their aggregation, making other contributing factors for AD
development to be somewhat disregarded (Tiwari et al., 2019;
Raimundo et al., 2020). One such relevant factor, partially
overlooked before, is the contribution of diabetes and IAPP
towards developing AD. There is evidence that besides the
known effect in the pancreas, IAPP has a significant impact
at the cognitive level that are relevant for AD, via several
mechanisms (Figure 1).

It was shown that circulating oligomerized IAPP is found
in AD patients’ plasma and may accumulate in extra-
pancreatic tissues, such as the brain (Schultz et al., 2019).
IAPP aggregation is linked with hyperamylinemia, as increased
IAPP production leads to the appearance of misfolded
and aggregated species, by a seeding-nucleation model
(Mukherjee et al., 2017), which then originate deleterious
effects on the brain and peripheral organs. IAPP is able to
affect brain functions independently of AB,, (Srodulski et al.,
2014). IAPP deposits are found in AD patients’ brains (Jackson
et al., 2013), that are not necessarily co-localized with AB,,
and even if there is no clear sign of diabetes (Lutz & Meyer,
2015). Moreover, elevated levels of IAPP can directly cause
brain microvascular injuries (Ly et al., 2017). IAPP and AB,, can
also interact, with IAPP acting as a seed for AB,, deposition,
originating cross-seeded oligomers (Oskarsson et al., 2015).
This is corroborated by the fact that AB,, self-assembly can be
prevented by an aggregation blocker based on IAPP (Yan et al.,
2007) and that pramlintide, an IAPP analogue, protects against
AD related neurodegeneration and dementia in general
(Patrick et al., 2019). Thus, the regions responsible for AB,,-
IAPP cross interaction are probably high-affinity binding sites
involved in self-aggregation. Pramlintide, as an IAPP analogue,
likely prevents the cross interactions, or promotes off-
pathways, not conducive to fibril formation (Raimundo et al.,
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2020). IAPP may also aggravate AB,, effects via ROS generation
and the failure of insulin-degrading enzyme to degrade insulin,
IAPP and AB,, (Lim et al., 2010). AB,, the major component
of AD cerebrovascular plaques, also interacts and cross-seeds
with IAPP (Kandimalla et al., 2017; Raimundo et al., 2020). All
mechanisms, both AB-dependent and-independent, aid onset
and progression of AD.

Alzheimer’s Disease & Diabetes

AD is also related with insulin resistance, as glucose levels in
the brain are unbalanced, giving rise to the terminology type
3 diabetes, as a form of AD (Kandimalla et al., 2017). Although
this creates a novel perspective of AD, as a metabolic disease,
it is somewhat misleading and limitative. AD is above all a
brain disease and it can certainly be triggered solely by Ap
related pathways, independently of any role of diabetes and/
or IAPP. Still, some forms of AD, under the general brain
disease umbrella, correspond to a “diabetes brain phenotype”
(Raimundo et al., 2020). This is a larger concept than type
3 diabetes, as it includes all forms of AD where IAPP and
related players interfere, including in the absence of typical
diabetes but where the brain is affected. For instance, a
brain that lost the ability to respond to glucose, insulin and/
or insulin-like growth factor (IGF), can easily suffer neuronal
loss (Rivera et al., 2005). In addition, decreasing the activity
of insulin/IGF signalling cascades appears to prevent AD-
like neurodegeneration in other organisms, probably by
favouring more compact amyloid fibrils that are less bioactive
and more innocuous (EI-Ami et al., 2014). Although insulin
metabolism clearly has a role on at least some form(s) of AD,
the mechanisms behind it are not well understood. Insulin
resistance leads to higher activation of kinases, leading to Tau
phosphorylation and, later, cell death (Arnold et al., 2018).
Insulin resistance directly increases AB,, and its precursor
protein levels, thus contributing to AD via AB-related
mechanisms (Kandimalla et al., 2017; Raimundo et al., 2020).
In sum, alterations in insulin/IGF metabolism and signalling
increase AD biomarkers and deprive the brain of physiological
actions, such as neuronal growth, synapses formation/
differentiation, and the overall synaptic plasticity, required for
the cognitive function and lacking in dementia (Kandimalla et
al., 2017).

Diabetes Brain Phenotype Hypothesis

Given the molecular evidence, one cannot ignore the link
between diabetes and AD. At the epidemiologic level, it is also
clear that diabetic patients have higher incidence of dementia
and AD (Ott et al., 1999). There are two possible explanations:
on one hand, IAPP may damage the brain, whether by self-
assembly or in concomitant action with AB-42 (it is even
possible to consider it the second amyloid in AD); on the
other hand, IAPP dyshomeostasis affects the whole body,
including the brain, promoting AD as a result (Ott et al., 1999;
Kandimalla et al., 2017; Srodulski et al., 2014; Mukherjee et
al., 2017; Raimundo et al., 2020). More research is needed
to clarify the extent of these deleterious effects. We propose
the concept of a “brain diabetes phenotype” as a working
hypothesis, in which AD may be caused by a dysregulation of
glucose metabolism in the brain, a lack of function of insulin
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Figure 1 | Diabetes-induced molecular, cellular and structural alterations in the AD brain.

(A) IAPP oligomers are mostly formed within secretory vesicles of pancreatic B-cells, being then co-released with insulin into the blood stream in response to
specific stimuli. IAPP oligomers are membrane-permeable and may compromise the BBB and diffuse into brain parenchyma. In brain microvascular pericytes of
AD patients with T2D, IAPP forms intracellular toxic inclusions leading to nuclei fragmentation, autophagy impairment and loss of cell viability and function. IAPP
oligomers may also engage receptor for advanced glycation end products, promoting inflammation and exacerbating cerebrovascular damage, namely to the
BBB. It also facilitates toxic accumulation of IAPP in the brain, where IAPP can directly interact with neurons as well as microglia and astrocytes, activating them
and contributing to AD pathology development. At high concentrations, IAPP can act upon neuronal receptors (e.g., AMY3) to modulate signaling cascades that
are associated with long-term potentiation (LTP) disruption and, consequently, synaptic failure. (B) Despite IAPP being able to affect brain functions aside from
AB,, pathology, IAPP and AB,, are clearly able to interact with each other, with IAPP accelerating AB,, aggregation and deposition. In fact, diabetic AD patients
have cross-seeded fibrils and oligomers accumulated in the brain and constituted by these two peptides. Both individual and co-aggregates of IAPP and AB,, are
prone to activate glial cells which, in response, produce and release inflammatory mediators (e.g., cytokines), creating a pathological environment detrimental
for neurons. Direct activation of AMY3 neuronal receptors via IAPP and AB,, leads to increased cytosolic cAMP levels and downstream activation of molecular
pathways (e.g., PKA, MAPK, AKT and cFos) involved in neuroinflammation, AB pathology and cell death. As a result, a Ca”* perturbed influx may occur and
disturb the ER homeostasis, contributing to neuronal apoptosis. (C) AD is also a metabolic disease in some instances. IDE degrades not only excess insulin in the
brain but also other substrates, such as AB. If IDE is occupied with insulin, it is no longer free to degrade AB. This impairs AB clearance, causing senile plaques to
be formed. When the brain loses capacity to deal with glucose, insulin and IGF, classical AD molecular biomarkers (AP aggregates) appear and negatively impact
crucial neuronal functions. These events progressively impair brain homeostasis and promote massive neurodegeneration, leading to AD and dementia. AD:
Alzheimer’s disease; AMY3: amylin-3 receptors; AB: amyloid beta peptide; BBB: blood-brain barrier; ER: endoplasmic reticulum; IAPP: islet amyloid polypeptide;
IDE: insulin-degrading enzyme; IGF: insulin-like growth factor; RAGE: receptor for advanced glycation end products; T2D: type 2 diabetes.

and IGF signalling, as well as by IAPP directly, with or without AB) must also be thoroughly researched, under that working
AB-mediated mechanisms. AD is above all a brain disease, hypothesis.

and of course there are diabetes independent mechanisms

that certainly occur. However, the contribution of diabetes Overall, this review aims at sparking the interest of
related mechanisms and of IAPP directly (with and without investigators and highlighting the importance of glucose
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metabolism, insulin/IGF resistance and IAPP in AD. As AD is a
multi-factorial disease, such perspective shift may pave the
way for much-needed effective therapies for AD patients.
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