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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disease for which we currently lack effective 

treatments or a cure. The pancreatic peptide hormone amylin has recently garnered interest as a 

potential pharmacological target for the treatment of AD. A number of studies have demonstrated 

that amylin and amylin analogs like the FDA-approved diabetes drug pramlintide can reduce 

amyloid burden in the brain and improve cognitive symptoms of AD. However, other data suggest 

that amylin may have pathological effects in AD due to its propensity to misfold and aggregate 

under certain conditions. Here, the literature supporting a beneficial versus harmful role of amylin 

in AD is reviewed. Additionally, several critical gaps in the literature are discussed, such as our 

limited understanding of the amylin system during aging and in disease states, as well as 

complexities of amylin receptor signaling and of changing pathophysiology during AD 

progression that might underlie the seemingly conflicting or contradictory results in the amylin / 

AD literature.
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1. Introduction

Alzheimer’s disease (AD) is a devastating neurodegenerative disease that directly affects 

over 5 million patients in the United States and is associated with billions of dollars in care 

costs (Alzheimer's, 2016). Symptoms and signs of AD include memory loss, cognitive 

decline, neuroinflammation, and perhaps most strikingly, the presence of amyloid plaques 

and neurofibrillary tangles in the central nervous system (CNS) (Alzheimer's, 2016; Bature 

et al., 2017; Heneka et al., 2015). Despite numerous efforts to combat the development of 
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AD and to treat its symptoms, we still lack effective strategies to mitigate or cure AD 

(Cummings et al., 2016; Cummings et al., 2014), and researchers continue to seek new 

pharmacotherapeutic targets that may generate novel treatments for this disease.

Most recent efforts to identify and develop new AD pharmacotherapies have focused on 

reduction of CNS amyloid deposition (Cummings et al., 2016). Amyloid plaques in the brain 

of patients with AD are deposits of misfolded, aggregated proteins that consist largely of 

amyloid beta (Aβ), a protein formed from cleavage of amyloid precursor protein (APP) 

(Muresan and Ladescu Muresan, 2015; Roher et al., 2017; Zhang and Song, 2013). A 

number of other amyloidogenic diseases also involve aggregation of proteins in similar 

conformation to the Aβ amyloid plaques in AD (Eisenberg and Jucker, 2012; Koo et al., 

1999). This has generated interest in identifying common links between AD and other 

amyloidogenic diseases (Guerrero-Munoz et al., 2014) which may help to identify new 

potential treatments for AD (Davies and Koppel, 2009).

Type 2 diabetes mellitus (T2DM) is a major risk factor for the development of AD (Qiu and 

Folstein, 2006; Zhang et al., 2017a) suggesting that there may be common mechanisms 

underlying the two diseases (Baram et al., 2016; Gotz et al., 2013; Wijesekara et al., 2017). 

Indeed, similar to the misfolding and aggregation of Aβ in plaques in the brain during AD, 

the presence of amyloid deposits in the pancreas is a hallmark of T2DM (Westermark, 

1977). In contrast to Aβ-based amyloid in AD, pancreatic amyloid in T2DM consists largely 

of a pancreatic peptide hormone called amylin that has become a rapidly growing focus of 

AD research in recent years [see for review (Despa and Decarli, 2013; Lutz and Meyer, 

2015; Mietlicki-Baase, 2016; Zhang and Song, 2017)]. Numerous lines of evidence support 

the notion that the amylin system plays a role in AD, but its effects remain unclear. In vitro 
studies show that amylin can potentiate neurotoxicity (Jhamandas et al., 2011; Jhamandas 

and Mactavish, 2012), and that the detrimental effects of Aβ are mediated through activation 

of amylin receptors (Fu et al., 2012; Jhamandas et al., 2011). Furthermore, aggregated 

amylin is found in the brains of patients with AD (Jackson et al., 2013). However, the 

literature is mixed, as other data suggest that amylin is actually beneficial in alleviating 

symptoms of AD, reducing amyloid burden in the brain and improving cognition (Adler et 

al., 2014; Wang et al., 2017; Zhu et al., 2015). These newer findings support the potential 

clinical relevance for amylin-based pharmacotherapy in the treatment of AD, but resolving 

these data with the literature describing harmful effects of amylin in AD has been 

challenging, in part due to gaps in the scientific literature on the physiology of the amylin 

system and its interactions with Aβ.

This review will first describe a few of the physiological roles of amylin, as well as how the 

misfolding of amylin can contribute to diseases like T2DM and AD. Next, the available 

evidence supporting a beneficial or harmful role of amylin in AD will be reviewed. Finally, 

some open areas of research that could greatly clarify our understanding of amylin’s role in 

AD will be discussed.
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2. Amylin – physiology and pathophysiology

2.1 Physiological roles of amylin in glycemic control and energy balance

Amylin, also known as islet amyloid polypeptide (IAPP), is a 37-amino acid peptide that is 

produced primarily in the pancreas (Ogawa et al., 1990) but also within the brain (Li et al., 

2015). Pancreatic amylin is co-secreted with insulin in response to the ingestion of food 

(Lutz, 2010a) and, under normal post-prandial physiological conditions, amylin is present in 

the plasma in the picomolar range (Bronsky and Prusa, 2004). As would be expected given 

its association with insulin signaling, amylin has been widely studied for its role in glycemic 

control [see for review (Hay et al., 2015; Mietlicki-Baase, 2016)]. Under normal 

physiological conditions, amylin has a number of key functions relevant to glycemia. For 

example, amylin improves postprandial glycemic control by slowing gastric emptying 

(Clementi et al., 1996) and reducing glucagon release (Fehmann et al., 1990). These 

beneficial glycemic effects have led to the development of an amylin analog, pramlintide, 

that is FDA-approved for the treatment of diabetes (Chawla and Kochar, 2006; Tran et al., 

2015; Younk et al., 2011).

Amylin also has potent effects on energy balance control. Amylin release in response to 

nutrient ingestion suppresses food intake by acting within the brain to promote satiation 

(Lutz, 2010b; Lutz et al., 1995a; Lutz et al., 1995b; Mietlicki-Baase et al., 2013). Amylin 

can penetrate the blood-brain barrier (Banks and Kastin, 1998; Banks et al., 1995) and binds 

throughout the CNS (Beaumont et al., 1993; Hilton et al., 1995; Paxinos et al., 2004), 

suggesting that the intake-suppressive effects of amylin may be mediated by distributed 

nuclei in the brain (Baisley and Baldo, 2014; Dunn-Meynell et al., 2016; Lutz et al., 2001; 

Mietlicki-Baase et al., 2013; Mollet et al., 2004). Importantly, amylin and amylin analogs 

such as pramlintide reduce food intake as well as body weight gain in humans as well as 

non-human animal models (Adler et al., 2014; Mack et al., 2007; Mack et al., 2010; 

Ravussin et al., 2009; Roth et al., 2008). These body weight-suppressive effects have led to 

the consideration of the amylin system as a leading candidate for the development of new 

treatments for obesity (Hay et al., 2015; Jorsal et al., 2016; Mietlicki-Baase and Hayes, 

2014; Sadry and Drucker, 2013; Valsamakis et al., 2017).

Amylin binds to and activates its receptor, a complex consisting of a calcitonin receptor 

(CTR) heterodimerized with a receptor activity modifying protein (RAMP) [see for review 

(Bower and Hay, 2016; Mietlicki-Baase and Hayes, 2014; Poyner et al., 2002)]. The CTR 

serves as the G-protein-coupled signaling component of the complex, with the RAMP 

increasing binding specificity for amylin (Bailey et al., 2012; Morfis et al., 2008; Tilakaratne 

et al., 2000). There are several subtypes of RAMP (RAMP1–3) and two variants of CTR 

(CTR-A and CTR-B). Evaluation of the expression of amylin receptor complex components 

within the CNS suggests higher expression of CTR-A compared to CTR-B (Barth et al., 

2004; Mietlicki-Baase et al., 2013; Reiner et al., 2017), and expression of all three RAMPs 

(Liberini et al., 2016; Mietlicki-Baase et al., 2013; Oliver et al., 2001; Reiner et al., 2017) 

although expression of RAMP1 and RAMP3 tends to be higher than that of RAMP2 (Ueda 

et al., 2001). Any combination of a CTR and a RAMP can associate to form a functional 
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amylin receptor, but the AMY1A (CTR-A / RAMP1) and AMY3A (CTR-A / RAMP3) are 

most well characterized (Bailey et al., 2012; Bower and Hay, 2016).

It should be noted that the physiological roles of amylin are not limited to glycemia and 

energy balance, although these are arguably its most well-studied functions. Amylin also has 

effects on a number of other peripheral tissues, including bone, kidney, and the 

cardiovascular system. These will not be discussed here, but the reader is directed to several 

excellent reviews on these topics (Hay et al., 2015; Naot and Cornish, 2014; Wookey and 

Cooper, 1998; Wookey et al., 2006; Young, 2005a, b, c).

2.2 Amylin misfolding and aggregation

Under normal physiological conditions, pancreatic amylin is prevented from misfolding. 

This is due in part to stabilization of the peptide conformation by association with insulin 

(Cui et al., 2009; Westermark et al., 1996) and is also influenced by other factors such as 

absolute levels of amylin (Jordan et al., 1990). However, as mentioned briefly in the 

introduction, amylin has come to the attention of AD researchers due to its propensity to 

misfold and aggregate. The amino acid sequence of amylin in several species, including 

humans and cats, contains amyloidogenic “hot spots” (Andreetto et al., 2010; Pillay and 

Govender, 2013). Several studies suggest that an amyloidogenic sequence toward the C-

terminus of the peptide is prone to fold into beta-pleated sheets (Andreetto et al., 2010; 

Goldsbury et al., 2000; Pillay and Govender, 2013; Westermark et al., 1990). When levels of 

amylin are abnormally elevated, such as in a disease state like the early stages of T2DM 

(Johnson et al., 1989), amylin is more likely to misfold and form oligomers and fibrils 

(Jordan et al., 1990). These protein aggregates can induce cellular toxicity and apoptosis 

(Jhamandas and Mactavish, 2012; Konarkowska et al., 2006; Lorenzo et al., 1994; Tucker et 

al., 1998).

The amino acid sequence of amylin is highly conserved, but not completely identical among 

different species (Betsholtz et al., 1989; Nishi et al., 1992; Ohagi et al., 1991). Indeed, the 

amino acid sequence is key to understanding the amyloidogenic characteristics of amylin. 

Although human amylin is amyloidogenic and can aggregate into plaques, species that are 

commonly used as rodent models of disease such as rats and mice have nonamyloidogenic 

amylin due to proline substitutions in a key region of the amino acid sequence that stabilize 

the conformation of the peptide and prevent the formation of amylin fibrils (Westermark et 

al., 1990). This becomes a critical consideration in the study of amylin-based amyloid 

formation in vivo, and different strategies must be used to evaluate amylin aggregation in 

species like rats and mice, as their native amylin is not prone to amyloidogenesis.

3. The unresolved role of amylin in AD

3.1 Amylin and Aβ: amyloidogenic proteins in AD

Amylin can clearly act as an amyloidogenic peptide in disease. The pathological effects of 

amyloidogenic amylin in T2DM are relatively well-studied, as the existence of amylin-based 

amyloid plaques in the pancreas of patients with T2DM has been known for over a century 

(Opie, 1901). Numerous studies have established that T2DM is associated with cognitive 
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deficits and is an important risk factor for the development of AD (Li and Huang, 2016; Li 

et al., 2016b; Riederer et al., 2017; Umegaki, 2014; Yuan and Wang, 2017). Amylin may be 

a crucial link between these diseases. For example, increased amylin levels have been 

suggested to be an important factor in T2DM-associated cognitive deficits (Ly and Despa, 

2015). As hyperamylinemia sets the stage for misfolding and aggregation of the peptide 

(Jordan et al., 1990; Lutz and Meyer, 2015), this suggests that amylin aggregation and 

plaque formation may be relevant to both T2DM and AD, and in fact may be a mechanism 

by which the risk for AD is elevated in T2DM patients. Therefore, it is important to 

understand how amylin might interact with Aβ, the major component of amyloid plaques in 

the brain of individuals with AD (Jackson et al., 2013; Roher et al., 1993; Wong et al., 1985; 

Yamaguchi et al., 2000), to contribute to the development and/or progression of AD.

Aβ is a normal product of cleavage of APP. Aβ is toxic and can induce apoptosis in neurons 

(Dore et al., 1997; Jhamandas et al., 2011), but is usually cleared from the brain in healthy 

individuals (Tarasoff-Conway et al., 2015). When this process fails, Aβ levels in the brain 

increase and, much like amylin, the protein misfolds and accumulates into oligomers and 

amyloid plaques (Biere et al., 1995; Motter et al., 1995; Roberts et al., 2017). These 

oligomers and plaques are hallmarks of AD and are associated with neurotoxicity and 

cognitive decline [see for review (Echeverria and Cuello, 2002; Solomon, 2008; Takahashi et 

al., 2017)].

Although Aβ is the major component of amyloid plaques in AD, recent work has revealed 

that amylin is also colocalized with Aβ in CNS amyloid plaques in patients with AD 

(Jackson et al., 2013). Although the pancreas is the primary source of amylin in the body, 

amylin can cross the blood-brain barrier (Banks and Kastin, 1998; Banks et al., 1995). This 

suggests that circulating amylin may penetrate the CNS where, in a pathophysiological state, 

it can accumulate with or alongside Aβ to form plaques. Both mechanisms appear to be 

possible; while misfolded amylin can deposit and incorporate into existing Aβ aggregates, 

amylin can also act as a “seed” for plaque formation, around which additional Aβ and/or 

amylin can aggregate to generate larger plaques (Berhanu et al., 2013; Ono et al., 2014). The 

process of aggregation itself does not require the presence of the amylin receptor, as 

misfolding and aggregation of Aβ and/or amylin can occur in vitro (Tiiman et al., 2013; Yan 

et al., 2014), but amylin receptors may mediate some of the effects of Aβ and amylin on AD 

symptoms. This is discussed in more detail in the following sections.

3.2 Pathological effects of the amylin system in AD

Several studies over the past two decades suggest that amylin contributes to the 

pathophysiology of AD. Numerous in vitro studies have shown that human amylin can be 

neuroinflammatory and toxic to cells, including neuronal [e.g., primary cultures of human 

fetal neurons (Jhamandas et al., 2011; Jhamandas and Mactavish, 2012) or rat fetal neurons 

(Lorenzo and Yankner, 1996; Tucker et al., 1998)] and glial cells [e.g., human astrocytoma 

cells (Gitter et al., 2000), primary cultures of hamster microglia (Colton et al., 2000)], 

particularly at high concentrations or when “aged” to enhance fibrillation and aggregation of 

the peptide. Given the similarities between these data and the neurotoxic effects of Aβ, this 
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may suggest that amylin accumulation within the CNS of individuals with AD has 

detrimental effects similar to those produced by Aβ.

These findings lead to the question of the mechanisms by which amylin and Aβ exert 

neurotoxic effects in the CNS. Interestingly, it appears that amylin receptor signaling may 

mediate the effects of both peptides. In particular, the AMY3A receptor (CTR-A / RAMP3) 

appears to be relevant for AD (Fu et al., 2012; Jhamandas et al., 2011). It is thought that 

activation of AMY3A by Aβ or amylin exerts toxicity by altering potassium conductance 

(Jhamandas et al., 2011) and calcium concentrations (Fu et al., 2012; Kawahara et al., 2000) 

in the cell, followed by disruption of the cell membrane and initiation of apoptosis 

(Jhamandas and Mactavish, 2012). As the components of the AMY3A receptor are 

expressed in the brain (see Section 2.1), it is possible that these in vitro findings are 

recapitulated in vivo, and increased CNS AMY3A receptor signaling due to elevated amylin 

and/or Aβ may mediate some of the neurotoxic events of AD. Pharmacological antagonists 

of the amylin receptor can attenuate or block the neurotoxic effects of either amylin or Aβ 
(Jhamandas et al., 2011), suggesting the potential physiological relevance of this effect. 

Despite these findings, it should be noted that other groups have found that Aβ does not 

increase cAMP in HEK293S or Cos7 cells expressing AMY1A, AMY2A, or AMY3A, 

suggesting that Aβ may not activate amylin receptors (Gingell et al., 2014). There are 

several metholodogical differences between this study and others that may underlie the 

discrepant findings, including the use of cells transiently transfected with the amylin 

receptor (Gingell et al., 2014) versus the use of stably transfected cells (Fu et al., 2012) or 

human fetal neurons (Jhamandas et al., 2011; Jhamandas and Mactavish, 2012) as the 

model. Although this study brings into question whether the toxic effects of Aβ are fully 

amylin receptor-mediated, the majority of currently available data support the hypothesis 

that Aβ and amylin produce deleterious effects on cell function and survival via amylin 

receptors.

Recent data also indicate that increased levels of amylin can lead to its accumulation in the 

microvasculature of the brain, damaging both blood vessels and white matter in the HIP rat, 

a model in which human amylin is overexpressed; these rats are also hyperglycemic and 

exhibit some cognitive and behavioral deficits (Ly et al., 2017). However, in the same paper, 

amylin knockout rats given daily injections of aggregated human amylin for 1 week showed 

a slightly different pattern of effects; while amylin was still detected in the CNS 

microvasculature, white matter was not damaged (Ly et al., 2017). There are several 

differences in these animal models that might explain these different results; for example, 

chronically elevated amylin levels in the HIP rat could elicit compensatory changes not 

observed with the comparatively acute administration of amylin in the amylin knockout 

animal. Nevertheless, these results are consistent with human data indicating amylin 

accumulation in the CNS vasculature of patients with AD (Jackson et al., 2013) and may 

suggest another way in which amyloidogenic or aggregated amylin can potentially 

contribute to CNS damage.
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3.3 Beneficial effects of amylin in AD

Based on the data discussed thus far, it would appear that amylin is strictly harmful or 

detrimental in AD. However, newer evidence suggests that the role of amylin in AD is not as 

straightforward as it may seem. Amylin or amylin-based pharmacotherapies have recently 

been shown to decrease levels of CNS amyloid in rodent models of AD. Indeed, systemic 

administration of amylin or the amylin analog pramlintide reduces the Aβ burden in areas of 

the brain that are heavily impacted by AD, such as the hippocampus and cortex, in the 

5XFAD mouse model of AD (Wang et al., 2017; Zhu et al., 2015; Zhu et al., 2017b). 

Intriguingly, these reductions in central Aβ are thought to be driven by an efflux of Aβ from 

the brain to the blood. Intraperitoneal injection of amylin increased circulating levels of Aβ 
in the Tg2576 mouse (increases in both Aβ1–40 and Aβ1–42 in serum), the 5XFAD mouse 

(increased serum Aβ1–42), and the Dutch APP mouse (increased serum Aβ1–40) 

(Mohamed et al., 2017; Zhu et al., 2015). Of potential clinical relevance, similar effects were 

observed after subcutaneous pramlintide administration in human patients with AD, who 

displayed increased plasma Aβ1–40 after acute pramlintide treatment (Zhu et al., 2017a). 

The mechanisms by which amylin-induced efflux of Aβ occurs are not completely 

understood, but may involve LRP1, a protein involved in Aβ transport. In vitro studies in 

mouse brain endothelial cells, used as a model of the blood-brain barrier, show that amylin 

upregulates trafficking of LRP1 to the cell membrane (Mohamed et al., 2017) suggesting a 

potential mechanism by which amylin increases transport of Aβ from the CNS into the 

blood. In addition, although much of the research on amylin’s effects in AD has focused on 

reductions in CNS amyloid burden, there are a number of other neuropathological changes 

that occur in the brain in AD. Interestingly, amylin and amylin receptor agonists also appear 

to attenuate some of these other AD-related pathophysiologies, such as tauopathy and 

neuroinflammation, in various mouse models of AD including SAMP8 (Adler et al., 2014), 

5XFAD (Wang et al., 2017; Zhu et al., 2017b), and 3xTgAD (Zhu et al., 2017b) mice.

Collectively, these data suggest that amylin treatment may actually be beneficial to treat AD-

related pathophysiology. Given that one of the major symptoms of AD is cognitive decline, 

it is also critical to understand whether amylin influences memory and cognitive ability in 

AD, as amelioration of these symptoms would help to improve the quality of life for patients 

with AD. The majority of the available literature suggests that in general, plasma amylin is 

positively associated with cognitive ability. In elderly individuals, higher levels of amylin are 

associated with better performance on verbal and visuospatial memory tasks (Qiu et al., 

2014), although this study did not account for AD diagnosis of the participants. Other 

studies have categorized participants by status of AD and/or mild cognitive impairment and 

show that individuals with AD or mild cognitive impairment have lower non-fasting plasma 

amylin levels compared to a cognitively normal control group (Adler et al., 2014), consistent 

with a positive correlation between amylin and cognition. However, another report shows 

that fasted amylin levels are higher in patients with mild cognitive impairment or AD 

compared to individuals without dementia (Morris et al., 2016). These discordant findings 

may be a result of fasting status at the time of blood draw, or could be due to the exclusion 

of individuals with moderate or severe AD in the latter study (Morris et al., 2016). Beneficial 

effects of amylin and amylin receptor agonists on cognitive ability are also revealed in 

animal models of AD. It has been consistently demonstrated that peripheral administration 
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of amylin or pramlintide improves performance in tasks of learning and memory in various 

animal models of AD including SAMP8, 5XFAD, and 3xTgAD mice (Adler et al., 2014; 

Zhu et al., 2015; Zhu et al., 2017b). Importantly, the improvements in AD symptoms in 

5XFAD mice produced by chronic amylin administration, including reduced amyloid burden 

and improved performance on learning and memory tasks (e.g., Y-maze) are attenuated by 

co-administration of AC253, suggesting that these benefits are mediated by amylin receptor 

activation (Zhu et al., 2017b). Collectively, these data indicate a beneficial effect of 

exogenous amylin / pramlintide administration on cognition and memory in humans with 

AD as well as in animal models of the disease.

Some studies suggest that amylin levels are lower in individuals with AD [(Adler et al., 

2014; Qiu and Zhu, 2014); but also see (Fawver et al., 2014)]. If amylin is decreased in AD, 

it follows that at least some AD symptoms might be improved by restoring amylin signaling 

via administration of amylin or amylin analogs like pramlintide. Given the ability of amylin 

to cross-seed or associate with Aβ (Berhanu et al., 2013; Ono et al., 2014), one might expect 

that it would be critical to use nonamyloidogenic amylin to prevent further aggregation or 

plaque formation. However, human amylin, which is amyloidogenic and prone to 

aggregation, can produce reductions in central Aβ that are associated with improved 

cognitive ability in 5XFAD mice, as assessed by performance on the Y-maze and Morris 

water maze (Zhu et al., 2017b). The mechanism by which administration of exogenous 

amylin ligands – amyloidogenic or not – improves AD symptoms remains an open empirical 

question.

As noted throughout this section, the available in vivo results to date have been generated 

from a variety of animal models of AD. There are a number of key differences among these 

animal models, including the mutation(s) targeted as well as the particular physiological and 

behavioral symptoms of AD exhibited by each model [for review, see (Lee and Han, 2013; 

Platt et al., 2013; Webster et al., 2014)]. On one hand, the variety of AD models used to 

evaluate the effects of amylin and amylin analogs on the disease could be viewed as a 

limitation in the field, as it may reduce the ability to directly compare findings between 

studies. However, this could also be viewed as evidence in favor of the potential utility of 

amylin-based compounds to treat AD. Given that AD involves a constellation of 

pathophysiological and behavioral changes, and that in vivo studies generally support the 

idea that amylin and pramlintide produce beneficial effects on symptoms in several different 

mouse models of AD (Adler et al., 2014; Zhu et al., 2015; Zhu et al., 2017b), this may 

suggest broader applicability of amylin-based pharmacotherapies for treatment of this 

complex disease.

3.4 Amylin may improve AD symptoms via indirect effects on other systems

The beneficial effects of amylin in AD described above are presumed to be direct effects of 

the peptide or its analogs. However, many of these experiments involve chronic treatment 

with amylin or pramlintide [e.g., (Adler et al., 2014; Wang et al., 2017; Zhu et al., 2015; Zhu 

et al., 2017b)], and the long-term administration of amylin-based pharmacotherapies can 

have potent beneficial effects on risk factors associated with AD development and 

progression. For example, pramlintide is used clinically in the treatment of diabetes, and 
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administration of pramlintide over several weeks or months would be expected to improve 

glycemic control (Kolterman et al., 1996; McQueen, 2005; Pullman et al., 2006). Reducing 

blood glucose levels should diminish the increased risk for AD in individuals with 

hyperglycemia and T2DM (Barbagallo and Dominguez, 2014; Bosco et al., 2011; Roriz-

Filho et al., 2009; Sridhar et al., 2015; Zhang et al., 2017a). Similarly, chronic amylin or 

pramlintide treatment reduces food intake and body weight (Arnelo et al., 1996; Olsson et 

al., 2007; Pullman et al., 2006; Ravussin et al., 2009), which might mitigate the increased 

risk for AD that is conferred by obesity or overweight (Gustafson et al., 2003; Kivipelto et 

al., 2005; Moser and Pike, 2016).

A number of studies evaluating the ability of amylin-based treatment to improve outcomes 

in animal models of AD do not report body weight or glycemic outcomes in the treatment 

versus control groups, which could be helpful in disentangling these issues. One animal 

study in which SAMP8 mice were given chronic pramlintide treatment showed that 

pramlintide-mediated improvements in cognition and reductions in expression of 

inflammatory markers such as cyclooxygenase 2 (COX-2) in the hippocampus were 

accompanied by weight loss (Adler et al., 2014). Importantly though, this does not 

disentangle whether the weight loss was in any way causal to the improvements in AD-

related pathophysiology. Other studies using chronic amylin-based treatments have reported 

body weight matching of experimental groups (Zhu et al., 2015; Zhu et al., 2017b), but 

presumably this was done before amylin or pramlintide treatment, and final body weights at 

the time of testing are not typically reported. Additionally, amylin-mediated changes in 

glycemic control are rarely reported in this literature, yet this represents a key factor that 

may impact AD symptoms. Despite these limitations, it is important to reiterate that the 

available data clearly demonstrate the ability of acute amylin to induce beneficial effects 

relevant to AD, such as the induction of Aβ efflux from the CNS after amylin treatment 

(Mohamed et al., 2017; Zhu et al., 2015). This underscores the notion that, although chronic 

amylin administration may influence other variables related to AD, it also likely has direct 

effects on AD pathophysiology that cannot be attributed to long-term changes in glycemic 

control or body weight.

4. Unresolved issues in understanding amylin’s role in AD

The data described in Section 3 present conflicting views of the role of amylin in AD and its 

possible contribution to the progression of the disease. Some data point to endogenous 

amylin as potentially problematic or detrimental in AD, but other findings indicate that 

exogenous amylin and amylin analogs may be therapeutically useful. There are several 

unresolved issues that may help us to gain a better understanding of the effects of amylin in 

AD. These include [1] complexities of the amylin receptor system and amylin signaling in 

general; [2] changes in the amylin system during healthy aging and during AD; and [3] how 

the pathophysiological profile of AD changes as the disease progresses. In this section, these 

areas of research are discussed in the context of what is known and what might be gained 

from further scientific investigation.
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4.1 Amylin and its receptor: a complex system

As described in Section 3.3, administration of amylin receptor agonists (amylin, 

pramlintide) can attenuate symptoms of AD in animal models. However, a recent study 

suggests that treatment with an amylin receptor antagonist can also improve AD symptoms. 

Jhamandas’s group showed that central infusion of the amylin receptor antagonist AC253, or 

peripheral administration of cyclic AC253 (a modified form of AC253 with better CNS 

penetrance), improved performance on the Morris water maze in TgCRND8 mice (Soudy et 

al., 2017). This result is consistent with in vitro studies suggesting that amylin receptor 

antagonists block the toxic effects of amylin and Aβ (Fu et al., 2012; Jhamandas et al., 

2011; Jhamandas and Mactavish, 2012), but also raises the question of how both agonists 

and antagonists of the amylin receptor can have beneficial effects on AD symptoms in 

animal models. This may relate to the complexities of amylin signaling, dosing of amylin 

receptor ligands, and the receptors to which amylin binds.

As described in Section 2.1, there are 6 possible amylin receptors that can be formed from 

the various combinations of CTRs and RAMPs. Amylin and amylin receptor agonists can 

bind to any of these receptors and engage downstream signaling events, but typically, 

research on amylin signaling in AD focuses on only one or a subset of the different amylin 

receptor subtypes. For example, Soudy et al. report that the amylin receptor antagonist cyclic 

AC253 is expected to potently inhibit AMY3A based on in vitro data, but its effects on other 

amylin receptors are not reported (Soudy et al., 2017). It has also been shown that AC253 

may act as a partial agonist at the amylin receptor (Zhu et al., 2017b). Although this is 

untested for cyclic AC253, this could represent another mechanism by which amylin 

receptor activation could be differentially impacted by various ligands and perhaps provide 

some resolution to these discrepancies in the literature.

A related consideration is the dosing of the amylin receptor ligands in these and other 

studies. For example, several in vivo studies suggesting that pramlintide administration is 

beneficial in improving the symptoms of AD use chronic administration of pramlintide, with 

doses in the µg/kg range given daily for several weeks (Adler et al., 2014; Zhu et al., 2015). 

However, recently published in vitro electrophysiological analyses in mouse brain 

hippocampal tissue suggest that nanomolar concentrations of pramlintide can attenuate 

baseline long-term potentiation (LTP) deficits in the hippocampus of TgCRND8 mice as 

well as the reduction in LTP induced by application of amylin or Aβ, raising the possibility 

that pramlintide might act as an antagonist at the amylin receptor at low concentrations 

(Kimura et al., 2017). In addition, human amylin-induced changes in intracellular calcium in 

rat hippocampal neurons in vitro were mediated by amylin receptors at low concentrations 

of amylin, but at higher concentrations the effects were independent of amylin receptors, 

possibly due to aggregation of the ligand at higher concentrations (Zhang et al., 2017b). 

These findings suggest that dosing may be a critical factor in teasing apart the beneficial 

versus detrimental effects of amylin receptor ligands on features of AD. Unfortunately, 

much of the available in vivo work does not include thorough physiological and behavioral 

dose-response analyses that would be required to determine whether the differential effects 

of various doses of amylin receptor ligands in vitro are recapitulated in vivo. This is 

especially important given the interest in amylin-based compounds as potential 
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pharmacotherapies for treating AD; although the literature clearly shows that certain doses 

of amylin and pramlintide can improve AD symptoms, it is unclear what the effective ranges 

may be. This is a critical area of investigation that needs to be addressed in the literature. 

Furthermore, it is also important to gain a better understanding of the dose-response effects 

of these ligands not only on their own, but also to evaluate whether their function may be 

different in the presence of other amylin receptor ligands, which may shed light onto some 

of the existing discrepancies between current in vivo and in vitro data.

It is worth noting that amylin or pramlintide may also change the activity of receptors other 

than amylin receptors. Amylin belongs to a family of peptides including calcitonin, 

calcitonin gene-related peptide (CGRP), and adrenomedullin that are highly promiscuous 

and can bind to several types of receptors with differing binding affinity (Hay et al., 2006; 

Poyner et al., 2002; Wimalawansa, 1997). In addition to binding to amylin receptors, amylin 

can bind to the naked CTR (e.g., without an associated RAMP) as well as the calcitonin 

receptor-like receptor (CLR) with or without RAMP (Hay et al., 2006). Therefore, amylin 

receptor ligands are capable of altering signaling at a variety of receptors which could 

potentially have different consequences for AD. “Off-target” (e.g. non-amylin receptor- / 

non-AMY3A-mediated) binding of an amylin receptor agonist or antagonist could change 

the net effects of amylin signaling in the brain in a way that improves AD symptoms, 

highlighting the need to carefully and systematically evaluate the role of various amylin and 

CGRP-family receptors in the effects of amylin-based ligands on AD.

4.2 Age-related changes in the amylin system

In thinking about the potential utility of amylin-based pharmacotherapies for the treatment 

of AD in humans, the effect of aging on the amylin system has often been overlooked. Our 

understanding of changes to the amylin system during healthy aging or in a 

pathophysiological state such as AD is extremely limited. A few reports describe age-related 

changes to the amylin system, and of those, most have examined plasma amylin levels. 

While some studies suggest that there is no significant association between age and plasma 

amylin levels in older adults (Li et al., 2016a), other reports comparing younger and older 

adults have revealed that amylin release is decreased in older adults (Dechenes et al., 1998) 

or in middle age but not older adulthood (Edwards et al., 1996). The reason for these 

discrepant results is unknown but may be related to methodological differences among these 

studies.

Another important question is whether the physiological effects of amylin are the same 

throughout the lifespan or whether they differ in aging. Food intake studies in rats 

demonstrate that food-deprived older rats display an anorectic response to amylin at a dose 

that does not impact feeding in young rats that have been deprived of food for the same 

amount of time (Lutz et al., 1994). Although this difference could be due to changes in 

baseline energy balance control in older rats (Lutz et al., 1994), this still suggests that aging 

may directly or indirectly impact the efficacy of amylin signaling and/or function. In order to 

critically evaluate the potential clinical relevance of amylin-based pharmacotherapies for 

AD, it is important to understand not only what happens to the amylin system during normal 

aging but also whether AD causes further changes in expression or function of the amylin 
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system. Potential mechanisms underlying age-and/or AD-related changes in amylin function 

may include alterations in amylin receptor expression, intracellular response to receptor 

agonists, amylin release (as described above), or another aspect of amylin physiology. An 

age-related increase in CTR and RAMP3 expression has been observed in discrete brain 

areas of the TgCRND8 mouse model of AD (Jhamandas et al., 2011), supporting the idea 

that AD may change amylin signaling and highlighting the need to examine this more 

broadly. Yet in general, these possibilities are extremely underinvestigated.

Understanding the amylin system in aging and deciphering how it may relate to AD is 

further complicated by needing to understand how expression of amylin and its receptors is 

altered not only during normal healthy aging versus AD, but also in AD-related 

comorbidities such as T2DM and obesity. These represent important areas of investigation 

that will provide a more comprehensive understanding of amylin physiology required to 

fully understand the effects of the peptide in AD. Clearly there are several key gaps in our 

current knowledge of how the amylin system changes over the lifespan, even within the 

context of normal healthy aging. Moreover, diseases such as T2DM and obesity are often 

comorbid with AD and are known to influence the physiology of the amylin system 

(Johnson et al., 1989; Pieber et al., 1994; Reinehr et al., 2007). More research is 

undoubtedly required to understand the basic physiological changes that occur in the amylin 

system during aging, as well as how AD and related comorbidities may change the system 

and potentially alter the efficacy of amylin-based pharmacotherapies.

4.3 Changes in AD pathophysiology during disease progression

Given that AD is a progressive disease, a major challenge in understanding the role of any 

physiological system in the context of AD and its potential utility as an AD 

pharmacotherapy is to consider its role at different stages of the disease. The signs and 

symptoms of AD change and evolve as the disease becomes more advanced. This section 

focuses on changes in the processes of protein misfolding and aggregation throughout the 

course of AD, and how this may be relevant to understanding the role of amylin in AD 

pathophysiology as well as the ability of amylin-based pharmacotherapies to improve AD 

symptoms.

Amyloid plaque formation in AD begins with misfolding of monomeric peptides, which 

aggregate into oligomers. Some oligomers appear to seed formation of fibrils which can then 

grow by further accumulation of misfolded protein to form mature amyloid plaques, while 

other oligomers remain soluble (Ma and Nussinov, 2010; Morgado and Fändrich, 2011; 

Necula et al., 2007). The particular mechanisms by which this occurs are not fully 

understood. Importantly, the prevalent form(s) of misfolded and/or aggregated protein differ 

as AD progresses. Earlier stages of the disease are characterized by higher levels of soluble 

oligomers and minimal presence of amyloid plaques; in contrast, plaques predominate in 

more advanced stages of AD (Kawarabayashi et al., 2001). It should be noted that there are 

several types of Aβ oligomers (dimers, trimers, etc.) and even the levels of these different 

Aβ oligomers change over time (Takeda et al., 2013).

Although amyloid plaques were considered for many years to be the relevant cytotoxic 

species in AD [for review see (Goure et al., 2014)], the presence or amount of amyloid 
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plaque does not necessarily correlate well with other symptoms of AD, particularly the 

cognitive decline associated with the disease (Terry et al., 1991). This highlighted the idea 

that “pre-plaque” forms of misfolded protein might be more detrimental in the course of the 

disease. Indeed, the notion that solubilized oligomeric Aβ is more toxic than Aβ plaques has 

become increasingly accepted in the literature [see for review (Ono, 2017; Viola and Klein, 

2015)]. Neuropathology and cognitive deficits occur in several different mouse models of 

AD independent of plaque accumulation (DaRocha-Souto et al., 2011; Hsia et al., 1999; 

Lesne et al., 2008; Meilandt et al., 2009), and the presence of oligomeric Aβ is associated 

with AD in humans (Mc Donald et al., 2010).

In contrast to the literature exploring how various aggregated forms of Aβ contribute to AD 

pathology, very few papers have addressed the differences between amylin-based oligomers 

and fibrils. Little is known about the relative toxicity of various aggregated forms of amylin, 

representing an important gap in the literature. In the periphery, oligomeric amylin appears 

to be more toxic than fibrils. Under experimental conditions promoting formation of amylin-

based oligomers and fibrils in vitro, specifically inhibiting fibril formation had no effect on 

β-cell apoptosis, suggesting that oligomers were responsible for the apoptotic effects of 

amylin (Meier et al., 2006). Only a few reports specifically address the presence and/or 

aggregation of oligomeric amylin in the brain during AD. Jackson et al. demonstrated that 

several oligomeric forms of amylin are expressed in brain tissue from AD patients (Jackson 

et al., 2013). It is unclear whether one or more of these oligomers are associated with the 

neurotoxicity or cognitive decline observed in individuals with AD. In APP-transgenic mice, 

exogenous soluble oligomeric Aβ was shown to accumulate in CNS plaques while 

exogenous soluble oligomeric amylin did not (Gaspar et al., 2010), but any potential impact 

of these soluble oligomers on the behavioral symptoms of AD was not reported. 

Intriguingly, it has been suggested that some conformations of oligomeric amylin may 

actually help to disrupt further aggregation of Aβ (Baram et al., 2016), highlighting the need 

to better understand the interactions of oligomeric amylin with other aggregating / 

amyloidogenic peptides in AD.

Differences in the presence and relative levels of particular types of protein aggregates at 

different stages of AD also raises the possibility that a treatment may be more or less 

effective at particular times during the course of disease progression. This may be especially 

critical in understanding whether amylin is helpful in the treatment of AD or whether it is 

pathological. As noted in Section 3.3, several studies have demonstrated that exogenous 

application of amylin or pramlintide increases brain-to-blood efflux of Aβ, reduces amyloid 

plaque burden in the CNS, and improves performance on tests of cognitive ability and 

memory in animal models of AD. Interestingly, the outcomes of these studies have been 

derived from mice of a range of ages. Whereas some experiments initiate administration of 

amylin-based pharmacotherapy in mice at ~3 months of age (Soudy et al., 2017; Zhu et al., 

2015; Zhu et al., 2017b), others begin several months later (Zhu et al., 2015). These 

converging data are encouraging and could be viewed as evidence of the generalizability of 

the beneficial effects of amylin over the course of AD, supporting the possible relevance of 

amylin-based treatments for AD. Nevertheless, this also underscores the fact that the effects 

of amylin in AD rodent models have not been systematically examined and compared at 

different ages. This could provide insight into whether and when amylin may be helpful 
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versus harmful in AD. Further, this may also be useful to tease apart the ideal timing of 

amylin-based treatments, e.g., whether amylin or pramlintide might be more effective to 

ameliorate AD symptoms when treatment is initiated at a specific age or at a particular point 

during the progression of the disease pathology.

5. Conclusion

AD directly affects millions of adults each year with health care costs in the billions. Despite 

many advances in our understanding of the biological underpinnings of this disease, we lack 

effective treatments, and there is an urgent need to identify new potential pharmacological 

strategies to treat or cure AD. Amylin shows promise as a possible candidate for AD 

treatment, as recent data suggest that amylin and amylin analogs can reduce CNS amyloid 

burden and improve the cognitive symptoms of AD. However, other data have suggested that 

amylin contributes to AD symptoms and pathophysiology. Some of these key points 

discussed here are summarized in Figure 1. Going forward, it is critical to reconcile these 

conflicting data in order to fully understand how amylin acts in AD and whether it is 

beneficial or detrimental in treating this disease. More research is undoubtedly needed to 

understand the physiology of the amylin system in aged individuals and to identify how its 

effects in AD may change as the disease progresses. Filling in these critical gaps in the 

literature may shed light onto how seemingly discrepant reports of amylin’s function in AD 

may actually relate or be compatible, resulting in a better understanding of AD and 

hopefully leading to effective pharmacological treatments or a cure.
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Highlights

- Amylin is a peptide hormone with established roles in glycemia and energy 

balance

- Amylin is prone to misfolding and aggregation under certain conditions

- Recent research has highlighted a role for amylin in Alzheimer’s disease

- Mixed findings show positive and negative effects of amylin in Alzheimer’s 

disease

- Amylin may be a novel pharmacological target to treat Alzheimer’s disease
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Figure 1. 
The role of amylin in Alzheimer’s disease remains an open question. As reviewed in this 

paper, numerous studies show that amylin can misfold and aggregate, and can cause or 

exacerbate pathophysiological changes associated with AD [e.g., (Fu et al., 2012; Jhamandas 

et al., 2011; Jhamandas and Mactavish, 2012)]. However, other data indicate that exogenous 

administration of amylin receptor agonists can ameliorate AD symptoms [e.g., (Adler et al., 

2014; Zhu et al., 2015; Zhu et al., 2017b)], suggesting that amylin-based pharmacotherapies 

may be useful in the treatment of AD. There are currently several gaps in the literature that 

Mietlicki-Baase Page 25

Neuropharmacology. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



limit our understanding of the effects of amylin in AD, a few of which are represented in the 

gray diamonds.
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