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Abstract

Aging leads to a number of physiological alterations, specifically changes in circulating hormone 

levels, increases in fat deposition, decreases in metabolism, changes in inflammatory responses, 

and reductions in growth factors. These progressive changes in physiology and metabolism are 

exacerbated by modern culture and Western diet and give rise to diseases such as obesity, 

metabolic syndrome, and type 2 (non–insulin-dependent) diabetes (T2D). These age and lifestyle-

related metabolic diseases are often accompanied by insulin and leptin resistance, as well as 

aberrant amylin production and signaling. Many of these alterations in hormone production and 

signaling are directly influenced by an increase in both oxidative stress and inflammation. 

Importantly, changes in hormone production and signaling have direct effects on brain function 

and the development of age-related neurologic disorders. Therefore, this review aims to present 

evidence on the effects that diet and metabolic disease have on age-related cognitive decline and 

the development of cognitive diseases, particularly Alzheimer disease. This review will focus on 

the metabolic hormones insulin, leptin, and amylin and their role in cognitive decline, as well as 

the therapeutic potential of these hormones in treating cognitive disease. Future investigations 

targeting the long-term effects of insulin and leptin treatment may reveal evidence to reduce risk of 

cognitive decline and Alzheimer disease.
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1. Introduction

Technological, medical, agricultural, and cultural advances have led to decreases in cost and 

increases in the availability and accessibility of medical care and food. Although these 

advances have largely increased the overall quality of life, they have also indirectly led to 

increases in the prevalence of age- and lifestyle-related diseases. To this end, obesity rates 

have steadily increased in the United States over the past 50 years; an estimated 31.5% and 

13.4% of the population was overweight or obese in the 1960s, respectively, whereas 34.7% 

and 36% of US citizens were considered overweight or obese, respectively, as of 2012 [1,2]. 

The average American meal in the 1960s contained approximately half the energy load that 

the average meal consists of today [3,4]. Although many studies have evaluated the 

macronutrient content of various diets and their correlation to fat deposition, a high profile 

study published in the New England Journal of Medicine showed that adherence to energy 

restriction was the most important factor when dieting. The macronutrient content of a diet 

is less important than a person’s ability to maintain energy restriction over time [5], 

suggesting that positive energy balance is the greatest contributing factor to weight gain. 

This fact, coupled with a simultaneous decrease in physical activity, has led to a state of 

chronic positive energy balance for most Americans [6]. Collectively, this amounts to more 

than 65% of the US population being classified as either overweight or obese.

Obesity was officially recognized as a disease in 2013 by the American Medical Association 
and must be treated as such by medical professionals and insurance companies in the United 

States [7,8]. Overweight and obese individuals have a significantly higher risk of developing 

other conditions, namely, cardiovascular diseases such as heart disease, coronary artery 

disease, urolithiasis [9], metabolic syndrome [10], and type 2 (non–insulin-dependent) 

diabetes (T2D) [11]. Together, obesity, metabolic disorder, and T2D have emerged as some 

of the most prominent and most expensive health concerns in the world [1,12].

Importantly, lifestyle-related metabolic diseases are strong contributing factors to the 

development of age-related cognitive diseases, such as Alzheimer disease (AD) [13–21]. 

Although poor diet and lack of exercise can give rise to obesity, fat deposition can also 

increase during aging as metabolic function decreases. Baby boomers, being the largest 

aging population in the United States [22,23], also have the highest obesity rates of all age 

groups, approximately 40% [12]. Thus, aging and lifestyle-related metabolic disease likely 

synergize with one another, vastly increasing the rate and incidence of age-associated 

cognitive decline and AD development.

The mechanisms that underlie both metabolic and age-related neurologic diseases such as 

AD and how these mechanisms synergize to speed up development of AD are not fully 

understood; it is certain, however, that both aging and metabolic disease are accompanied by 

similar changes in oxidative stress (OS) and inflammation. Regardless of etiology, metabolic 

dysfunction is strongly associated with aspects of cognitive decline and the development of 

cognitive diseases. To this end, this review will explore the effects of metabolic disease and 

metabolic hormone dysregulation on mechanism underlying age-related cognitive decline 

and AD. This review does not focus on specific macronutrients or diets, but instead on 

consequences and risk factors associated with the obese state and diabetes and their 

Grizzanti et al. Page 2

Nutr Res. Author manuscript; available in PMC 2017 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contribution to brain aging/cognitive decline. Articles selected for this review were found 

using PubMed, published in the last 5 years, and highly cited studies from the fields of 

endocrinology and neuroscience were of greatest interest. The publicly available clinical 

trials database, ClinicalTrials.gov, was used to search for studies involving the hormones 

insulin, leptin, and amylin with regard to cognitive and metabolic disease.

2. Mechanisms of cognitive aging

2.1. Oxidative stress

There are a number of synonymous physiological changes that occur both in the periphery 

and in the brain during aging. One critical aspect associated with both normal aging and 

dysregulated metabolism is increased OS [24–26]. Oxidative stress is a direct result of an 

increased production of reactive oxygen species (ROS). Reactive oxygen species are small, 

chemically reactive molecules containing oxygen that are naturally produced during cellular 

metabolism and are tightly regulated within the cell by antioxidants and enzymes [27]. 

Although ROS hold a number of functions within the cell, an overproduction of ROS results 

in a disruption of normal cellular functioning. For example, excessive ROS in a system 

causes damage to proteins, lipids, and nucleic acids, eventually leading to diseases such as 

diabetes, cancer, chronic inflammation, cardiovascular diseases, aging, and a number of 

degenerative diseases [24–26,28].

Extensive evidence shows that there is increased OS in the normal aging brain [24–26]. This 

is mainly due to the fact that the brain requires high levels of oxygen to function, while 

having high levels of iron and ascorbate, high levels of unsaturated fatty acids, and low 

antioxidant capabilities [24]. Together, these physiological characteristics of the brain leave 

neural tissue susceptible to OS and related damage. Thus, aberrant ROS production resulting 

from age-related losses in endogenous free radical defenses [26], exposure to excess 

environmental OS, [29] and diets poor in antioxidants [28] lead to increased oxidative 

damage. This damage then has direct repercussions on protein structure and function, causes 

damage to DNA, and facilitates inflammation [30].

Importantly, age-related changes in metabolism, specifically increased adiposity and 

hormone resistance, also lead to increases in OS [31,32]. For example, aberrant insulin 

signaling results in mitochondrial dysfunction and increased ROS production [33–35]. More 

specifically, ATP production, chemical gradients within the mitochondria, and mitochondrial 

fission were altered in diabetic and obese rodents [33,34]. Similarly, excessive amylin 

signaling is associated with increased ROS production, which further facilitates OS, 

apoptosis, and decreased insulin production within the pancreas [36,37]. This OS facilitates 

hormone resistance [32,38] and diffuse cellular dysfunction both centrally and peripherally 

[39,40]. As such, the relationship between OS and hormone resistance is highly dynamic: 

hormone resistance gives rise to OS, but OS can also contribute to the initial or further 

hormone resistance. To this end, diets high in fat and low in antioxidants are main 

contributors to excessive OS production and thus the development of metabolic diseases and 

related cognitive impairments. As previously mentioned, OS gives rise to cellular damage 

and dysfunction, but it also results in increased inflammation, a second hallmark of aging 

and metabolic disease.
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2.2. Inflammation

Many neurodegenerative diseases are multifactoral in nature. As such, cellular damage and 

dysfunction resulting from normal age-related and/or disease state induced OS can result in 

genotypic and phenotypic changes, one of which is inflammation.

Aging and metabolic dysfunction are both responsible for producing OS and cellular 

dysfunction, 2 phenomena known to activate the immune system [30]. Adiposity is also 

positively correlated with secretion of proinflammatory cytokines [41–43]. In turn, 

adipocyte-produced proinflammatory cytokines facilitate insulin resistance and further 

metabolic dysfunction. high-fat diets have also been shown to increase inflammation both in 

the periphery and in the brain [44] while also reducing insulin sensitivity [45,46]. Taken 

together, normal aging, diet, and metabolic disease contribute to inflammatory processes that 

further facilitate cognitive decline and the propensity to develop cognitive disease states.

Alzheimer disease in particular is a well-established multifactorial disease that is strongly 

associated with inflammation, OS [31,32], and changes in protein processing [47]. 

Metabolic hormone dysfunction is strongly implicated in age-related cognitive decline and 

AD; as such, the remainder of this review will explore how changes in important specific 

metabolic hormones due to aging, obesity, and T2D affect the brain and cognition and how 

these hormones may serve as treatment strategies to prevent or slow down AD development.

3. Metabolic dysregulation links to cognitive decline and AD development

Alterations in peripheral metabolic function that stem from a sedentary lifestyle have 

profound effects on brain function and development of AD, the most common age-related 

type of neurodegenerative disease and dementia [48]. Alzheimer disease is clinically marked 

by changes in mood, aggression, loss of appetite, and loss of the ability to form new 

memories as well as to recall old memories. [49]. Alzheimer disease pathology is 

characterized by the development of 2 distinct pathological hallmarks: extracellular senile 

amyloid-β (Aβ) plaques and neurofibrillary tangles (NFTs) composed of hyper 

phosphorylated tau proteins [47,50]. These specific pathological phenomena accumulate 

within the brain and materialize as cellular dysfunction and eventual neuronal loss, 

ultimately externalizing as the clinical symptoms of AD [47].

It is still unclear whether pathology drives OS production and inflammation directly or if 

pathology is driven by age-related changes in metabolism. However, it is known that OS and 

mitochondrial dysfunction are intimately associated with neurodegeneration and AD [51–

53]. Improper processing of the synaptic protein amyloid precursor protein due to mutations 

of unknown age-related mechanisms leads to the production of Aβ; soluble Aβ proteins tend 

to aggregate into toxic Aβ fibrils. The other histologic hallmark of AD pathology is 

associated with the protein tau. Tau is a microtubule-associating protein, primarily 

responsible for binding to and stabilizing the cytoskeletal aspects of neuronal processes. 

Hyper phosphorylated tau is no longer able to perform its primary function and also begins 

to aggregate, forming disruptive and toxic NFTs. Together, and perhaps synergistically with 

accumulated age-related, metabolic damage, these Aβ plaques and NFTs disrupt normal 

neuronal functioning by inducing OS, inflammation, and mitochondria dysfunction [35]. 
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These then disrupt physiological signaling and organelle trafficking and destabilize neurites, 

ultimately leading to large-scale neuronal loss [54].

Mounting evidence suggests that midlife obesity contributes an increased risk for age-related 

cognitive decline [18–20]; however, conflicting evidence exists with regard to the direct 

relationship between obesity and risk for dementia [17–20,55–57]. However, the relationship 

between T2D, cognitive decline, and risk for developing AD is significantly stronger.

To this end, several cellular parallels between T2D, neuronal dysfunction, and AD 

development exist [35,58]. These range from neuronal loss of insulin signaling and general 

losses in brain energy usage [59,60] to the involvement and loss of insulin-related 

mechanisms in the regulation and clearance of AD pathology [61]. Interestingly, amylin, 

another β cell–produced pancreatic hormone, tends to aggregate and cause cellular 

dysfunction within the pancreas, similar to Aβ in the AD brain [62,63]. For example, 

amylin-derived amyloid fibrils cause similar disruptions in ionic gradients and cell survival 

in brain as in the pancreas [40,64]. As such, the regulation of proper brain metabolism and 

function is not limited to optimal insulin function and regulation. Rather, like in the 

periphery, it extends to several metabolic hormones that in concert with insulin are critical 

for metabolic homeostasis and proper energy production and consumption. Here, we explore 

the role of the metabolic hormones insulin, amylin, and leptin and how their dysfunction 

contributes to the development of age-related cognitive disease and AD development.

3.1. Insulin

Changes in body composition, nutrient availability, physical activity, and age contribute to 

changes in both insulin production and insulin sensitivity [6,65–70]; each of these factors 

can contribute to the development of obesity and related metabolic disorders, including T2D. 

Changes in lean mass and fat mass are closely linked to insulin production and resistance 

[71], and fluctuations in insulin signaling resulting from adiposity commonly contribute to 

the development of metabolic syndrome and progress further toward T2D.

Type 2 diabetes is characterized by hyperinsulinemia and postprandial hyperglycemia 

stemming from insulin resistance [72]. Hyperinsulinemia is strongly linked to decreased 

insulin signaling within the brain. Insulin receptors (IRSs) mediate insulin transport across 

the blood-brain barrier (BBB) and these receptors are saturable [73–75]. Although acute 

hyperinsulinemia increases transport across the BBB, chronic hyperinsulinemia leads to 

down-regulation of IRSs and thus decreases in insulin transport across the BBB [76]; this 

results in aberrant insulin signaling within the brain and brain hypometabolism.

Disruptions in insulin signaling and resultant brain hypometabolism are strongly associated 

with AD [77,78] and cognitive impairment. Insulin receptors are expressed within the 

cerebral cortex, hippocampus, hypothalamus, cerebellum, and olfactory bulb [79]. Human 

studies show that AD patients often have reduced IRS sensitivity [59,60], decreased IRS 

phosphorylation and subsequent downstream signaling, and decreased insulin and insulin-

like growth factor receptor expression within the brain [60,80].
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Alterations in insulin signaling pathways are intimately associated with OS and 

mitochondrial dysfunction [35,70]. Insulin-related mitochondrial dysfunction is common in 

both T2D and obese patients [33–35]; both human and rodent studies of T2D show higher 

levels of mitochondrial fission within the liver, muscle, and brain. This change in 

mitochondrial morphology has been attributed to mitochondrial fragmentation, impaired 

ATP production, and increased OS [81]. These downstream insulin-induced changes in 

mitochondrial function and morphology ultimately lead to impaired glucose uptake and OS 

[38]; this aspect has been validated in vivo, where obese adults subjected to exercise training 

show increased insulin sensitivity and decreased mitochondrial fragmentation in skeletal 

muscle.

Type 2 diabetes clearly has effects on insulin production and signaling, but many with T2D 

are also obese. Decreased insulin sensitivity results in poor glucose utilization, which leads 

to increased food intake and fat deposition. Consequently, T2D patients have substantially 

more white adipose tissue, which produces and releases a wide array of substances, 

including the inflammatory cytokines tumor necrosis factor α and interleukin 6, fatty acids, 

glycerol, and the metabolic hormones leptin and adiponectin [41–43]. As fat mass increases, 

so too does the production and secretion of many of these compounds. Inflammatory 

cytokines and free fatty acids decrease insulin sensitivity [41,69,82,83]. Studies have also 

shown that high-fat diet–induced adiposity and subsequent macrophage activation precede 

insulin resistance in rodents [84,85]. Thus, chronic high-fat diets are linked to inflammation, 

insulin resistance, and neuronal loss within the hypothalamus [44,86]. This demonstrates a 

potential link between high fat intake and diabetes as well as diet-induced inflammation and 

subsequent neurodegeneration.

Insulin resistance, aberrant insulin signaling, and related pathology can also arise from 

impaired insulin degradation and clearance. Insulin is cleared through its degradation by 

insulin degrading enzyme (IDE). Insulin degrading enzyme is present in peroxisomes, 

endosomes, and cytosol as we all as on the cell surface of expressing tissues [87–90]. Insulin 

degradation takes place mostly in the liver and kidneys, but IDE is expressed in most other 

tissues, including the brain [91]. Interestingly, IDE degrades several other proteins that have 

the propensity to form amyloid fibrils, including glucagon, amylin, calcitonin, and Aβ 
[92,93]. Mutations in the gene coding for IDE have been linked to the development of both 

AD and T2D in humans and rats [94–96]. In addition, IDE messenger RNA levels within the 

hippocampus of AD patients are reduced, suggesting that the hippocampus is less capable of 

clearing Aβ [61]. Regardless of etiology, insulin resistance ultimately leads to overall 

dysfunction in brain metabolism, brain aging, and an increase in AD pathology [97].

Insulin therapies are obviously useful and essential for the treatment of diabetes, but studies 

using intranasal insulin have also shown great promise in treating and preventing AD-related 

symptoms and pathology. Intranasal insulin has been used in both preclinical and clinical 

settings and demonstrates marked improvements in cognition [98–100]. Animal studies 

showed that intranasal insulin is able to cross the cribriform plate, readily disperses 

throughout the brain, and is capable of rescuing learning and memory deficits in a rodent 

model of AD [98]. Importantly, a clinical study using intranasal insulin on AD and mild 

cognitive impairment patients demonstrated a delay in memory-related deficits as well as 
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increased glucose uptake in frontal and parietotemporal cortices via positron emission 

tomography scan [99]. Insulin therapies have proved less effective in AD patients positive 

for Apoε4, but these individuals had positive results when treated with fast acting insulin 

[100]. Although the results thus far are promising, it remains unclear whether chronic central 

nervous system (CNS) administration of insulin will eventually lead to insulin resistance 

within the brain as it does in the periphery. Therefore, it is important to also study the 

therapeutic relationship of co-administration of insulin and other hormones that modulate 

insulin sensitivity and function such as leptin and amylin.

3.2. Leptin

Leptin is produced by white adipocytes and is primarily characterized as the regulator of 

long-term energy balance [101]. Fat mass is positively correlated with leptin production 

[102]; obese states are thus characterized by hyperleptinemia, which like insulin gives rise to 

leptin resistance [103]. Under normal conditions, leptin signals through its receptor, Ob-R, 

to modulate a wide array of functions throughout the body. For example, Ob-Ra, the short 

isoform, is thought to facilitate leptin transport across the BBB [104], whereas Ob-Rb, the 

long isoform, possesses the intracellular domain necessary for signal transduction [105,106] 

and is highly expressed in the hypothalamus, particularly within the arcuate nucleus. Leptin 

signaling within the arcuate nucleus leads to reductions in energy in take, increases in energy 

expenditure, and overall satiety. This relationship, however, is disrupted during aging and in 

obese states due to leptin resistance [103,107]. There are many proposed mechanisms for 

leptin resistance, including deficits in receptor capabilities or downstream signaling, 

increased expression of Ob-R inhibitors [103], alterations in leptin transport across the BBB 

[108], and decreased plasma membrane Ob-R expression [109].

Leptin signaling is traditionally associated with the hypothalamus, but has also been 

identified within the hippocampus and cerebral cortex, 2 regions heavily implicated in AD 

[104,105,110,111]. Within the brain, leptin is known to be both neurotrophic, and 

neuroprotective and to (1) facilitate neurite outgrowth in primary hippocampal and cortical 

neurons [112,113], (2) promote adult neurogenesis within the hippocampus [114], (3) 

increase cell survival in hypothalamic neurons [115], and (4) attenuate cell death in the face 

of ischemia [116,117], OS [32], cytoxicity [118], and other stress events [119–121]. Leptin 

also increases long-term potentiation (LTP) within the hippocampus [122]. Thus, leptin 

signaling is an essential component of the healthy brain.

A relationship exists between body weight and dementia. Strong evidence suggests that 

midlife obesity is a significant risk factor for the development of AD and other 

neurodegenerative diseases [13–21]. An interesting paradox exists, however, between leptin 

and AD incidence. A large-scale human study revealed that serum leptin levels negatively 

correlate with AD incidence, even when correcting for typical obesity measures (body mass 

index, hip-to-waist ratio, and vascular risks) [123]. Separate studies have also shown that 

low serum leptin levels are correlated with an increased risk for the development dementia 

[124,125]. Interestingly, when leptin levels were measured in the hippocampus and 

cerebrospinal fluid, the opposite was observed. Contrary to peripheral levels, CNS levels 

were increased in AD brains compared with controls. This aspect was also accompanied by 
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decreased Ob-R expression compared with age-matched control [126]. Together, these data 

suggest that the AD brain may become leptin resistant.

In vitro studies showed that leptin treatments decrease both Aβ production and tau 

phosphorylation [127–129]. Transgenic rodent models of AD have been widely used to 

confer these human findings. A number of studies conducted on several different transgenic 

AD models, by different laboratories, have all demonstrated that diet-induced obesity leads 

to an increase in cerebral Aβ pathology [130–134]. These aspects have been replicated in 

vivo. To this end, chronic leptin treatment in a transgenic rodent model of AD also showed 

marked reductions in both Aβ and tau pathology while also improving learning and memory 

[135].

Leptin dysfunction in AD is hypothesized to be due to leptin resistance. Given that treating 

obesity with leptin administration is largely ineffective due to leptin resistance, it seems 

unlikely that AD will respond to leptin therapy when considering leptin resistance as a factor 

in AD. It is also important to note that the rodent models of AD used in the previously 

mentioned studies are not leptin resistant. Collectively, leptin research and treatments are 

promising with regard to cognitive disease; however, similar problems exist with leptin to 

that with insulin. That is, CNS leptin treatment may be therapeutic but chronic treatment 

may lead to similar types of resistance. As such, treatments that modulate leptin sensitivity 

may prove to be significantly more effective than solely replacing or supplementing leptin.

One promising avenue to address the above issue is to study hormones that increase the 

sensitivity of leptin and insulin. Leptin is known to synergize with the pancreatic hormone 

amylin. Amylin has been shown to increase leptin sensitivity in the obese state, inducing 

synergistic effects on weight loss [136,137]. A study has also shown that both amylin and 

leptin are able to reduce food intake in a histamine receptor-1–mediated fashion [138]. This 

reduction in food intake was lost in histamine receptor-1 knockout mice, suggesting that 

both hormones somehow work through this receptor within the hypothalamus to reduce 

feeding. As such, sufficient evidence exists to suggest that the administration of amylin 

alone or together with leptin may have a combined effect on physiology in the brain.

3.3. Amylin

Amylin is an amyloid protein produced by β-islets of the pancreas that is co-secreted with 

insulin. Amylin is secreted at a constant basal level with a postprandial surge [139,140]. 

Amylin is co-secreted with insulin at a 15:1 molar ratio (insulin/amylin) [141] and works in 

conjunction with insulin to reduce blood glucose by inhibiting glucagon secretion [142] and 

slowing gastric and intestinal emptying [143]. As such, these effects of amylin help to 

reduce the systemic demand for insulin by reducing gastrointestinal absorption, hindering 

glycogen breakdown, and glucose release from the liver [144].

Although amylin signaling has clear homeostatic function, assisting in the regulation of 

blood glucose, insulin demand, and food intake, amylin signaling is also linked to disease 

states, particularly T2D and AD [62–64,145–147]. Because amylin is co-secreted with 

insulin, diet- or T2D-induced hyperinsulinemia also leads to hyperamylinemia. As 

previously mentioned, amylin is an amyloid that has the propensity to self-aggregate 
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[92,93]. Similar to Aβ in AD, the overproduction of amylin in T2D or states of insulin 

resistance causes amylin to aggregate, forming toxic and disruptive amyloid fibrils within 

the pancreas [146,147].

More than 95% of patients with T2D have identifiable amyloid fibrils within the pancreas, 

specifically localized around β-islets [62,63]. Amylin-derived amyloid fibrils near β cells are 

associated with unregulated Ca2+ influx, a phenomenon that has cytotoxic and deleterious 

effects on β-cell function [40]. Both amylin and Aβ-derived amyloid fibrils are closely 

associated with aberrant amylin signaling, OS, and resulting pathology seen in both T2D and 

AD [64,148]. To this end, amyloid fibrils composed of amylin or Aβ have synonymous toxic 

effects in the CNS and the periphery. Importantly, amylin is BBB permeable and is capable 

of aggregating within the brain and are suggested to seed further Aβ aggregation [58]. To 

this end, high doses of amylin may also have a toxic function in some areas of the brain.

Studies suggest that Aβ and human amylin may signal similarly through its endogenous 

receptor, AMY, to induce toxicity within the hippocampus [149]. Amylin signaling, like Aβ, 

has been shown to be involved in LTP in the brain, a process intimately associated with 

synapse stabilization, learning, and memory [64,145]. Evidence suggests that high doses of 

amylin and Aβ signal through the AMY within the hippocampus, causing deficits in LTP 

[150]. These reductions in hippocampal LTP lead to destabilization of hippocampal synapses 

and ultimately to neuronal loss.

Amyloid fibrils are also thought to be involved in aberrant OS seen in AD and diabetes. 

Both Aβ and human amylin have been shown to produce ROS in vitro, and this OS is 

exacerbated further in the presence of redox metals [37]. It is hypothesized that amyloid 

fibrils form metalo-peptide complexes that facilitate OS and cell death [39]. However, 

conflicting evidence exists demonstrating that the formation of these complexes by Aβ and 

amylin may actually prevent further ROS production and reduce OS in vitro [151,152].

Because of human amylin’s propensity to self-aggregate, the toxic effect of aggregation, and 

the net loss of circulating amylin, a synthetic analogue that does not aggregate, pramlintide 

(PRAM) was developed and is widely used to replace physiological amylin in T2D. 

Pramlintide structure closely resembles rodent amylin but does not aggregate like human 

amylin and Aβ [153].

Pramlintide differs from physiological amylin by 3 key amino acids that keep the peptide 

from aggregating while conserving most of amylin’s biological activity [154,155]. To this 

end, PRAM has been used in a number of studies to treat obesity, T2D, and AD. Used as a 

treatment for obesity, PRAM works to increases leptin sensitivity, leading to a large 

reduction in food intake that ultimately results in weight loss [136,137]. Pramlintide is also 

used to treat T2D and helps to better regulate blood glucose levels and insulin demand [156]. 

Treatment with PRAM also ameliorates Aβ-induced OS in the brain [157]. Mechanistically, 

it is hypothesized that PRAM interacts with the antioxidizing enzyme glutathione to reduce 

OS [158]. In vivo studies have demonstrated PRAM’s ability to ameliorate both 

inflammation and OS in a rodent model of AD [159]. Treatment also rescues deficits in LTP 

induced by Aβ and amylin and even ameliorates these effects in the presence of human 
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amylin and Aβ [64]. This evidence works in concert with the human studies showing that 

PRAM treatment reduced OS [160].

At this juncture, it is unclear how exactly PRAM implements its therapeutic effects. Under 

normal conditions, amylin signaling reduces food intake, improves glycemic control, and 

increases insulin and leptin sensitivity. In disease states, however, both human amylin and 

Aβ aggregate, forming toxic plaques and causing OS, which ultimately results in a loss of 

amylin function and signaling. Kimura et al [64] hypothesize that PRAM effectively works 

as an AMY antagonist, blocking the toxic function of both amylin and Aβ in the 

hippocampus. Alternatively, PRAM may work by replacing the lost native function of these 

proteins. Additional work is necessary to determine the nature of PRAM’s interaction with 

AMY and its direct effects on the CNS and periphery. Nevertheless, the treatment of both 

T2D and AD with none aggregating forms of amylin holds great therapeutic potential.

4. Future research

A great deal of research has been conducted in the clinical setting using insulin as a therapy 

for both metabolic and cognitive diseases [99,100]. Few studies, however, have used leptin 

or PRAM as a therapy for metabolic disorders, and to date, no clinical studies have been 

conducted using PRAM and leptin as a treatment for cognitive decline. Because hormone 

resistance correlates with serum hormone concentrations, the potential development of 

hormone resistance within the CNS remains highly relevant. Thus, it is necessary to study 

the long-term effects of CNS hormone treatment with both insulin and leptin. Fortunately, 

native human amylin and PRAM increase both insulin and leptin sensitivity [138,144]. 

Pramlintide enhances insulin function indirectly by reducing the body’s overall demand for 

insulin [144]. It also synergizes with leptin, increasing leptin sensitivity in the obese state 

[136,137]. Because of its ability to enhance the function of other essential metabolic 

hormones, PRAM holds high therapeutic promise as a treatment for a wide variety of 

metabolic and cognitive diseases. Based on the evidence presented, studies are warranted 

using combination therapies of insulin and PRAM as well as leptin and PRAM to prevent or 

treat cognitive decline, but particularly AD.

Importantly, many studies conducted using intranasal insulin have treated individuals that 

have already shown evidence of cognitive decline [98–100]. Further research is also 

warranted to determine whether CNS intervention with metabolic hormones will help to 

reduce the risk of cognitive decline in high-risk individuals (chronically obese or diabetic 

individuals). These studies will greatly increase our understanding of the effects of 

metabolic hormones on cognition and their potential application as a therapy for cognitive 

decline.

Although a great deal of research has been conducted on metabolic disease and its influence 

on cognitive disease, little is known about the reverse. Recent evidence suggests that AD 

may, in fact, contribute to the development of diabetes. Global knockout of β-secretase 1, a 

key enzyme involved in Aβ production, has been shown to protect against diet-induced 

obesity and diabetes [161]. Furthermore, β-secretase 1 expression exclusively in the CNS 

facilitates hypothalamic dysfunction, impaired glucose tolerance, and glycogen storage, as 
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well as a fatty liver phenotype [162]. To this end, further investigation is warranted to 

discern the exact nature of the relationship between AD and metabolic dysfunction.

5. Conclusions

There is a clear association between diet, metabolic dysfunction, aging, and cognitive 

decline. Metabolic hormone function and production are highly intertwined; affecting one 

metabolic hormone often affects others. As such, disease states that arise from hormone 

deficiencies or resistances brought on by age or lifestyle often result in large-scale metabolic 

dysfunction. Diet-induced obesity has profound effects on the hormones insulin, leptin, and 

amylin, each of which also plays a role in cognition [64,99,123]. Thus, aberrant insulin, 

leptin, and amylin signaling that stems from poor diet, aging, or metabolic disease can result 

in cognitive decline and contribute to the development of AD [60,126,159].

Aging and lifestyle factors such as diet and exercise have a substantial influence over 

metabolic function and metabolic hormone production [28,30,38]. Age and lifestyle-related 

changes in metabolism are often a result of increases in OS and inflammation [24,30,41,44], 

but aberrant hormone production and signaling also result in further OS and inflammation in 

a feed-forward fashion (Fig. 1) [35,36,84]. As such, OS and inflammation appear to be 

quintessential factors facilitating metabolic dysfunction and cognitive decline. Therefore, 

therapies that aim to return these metabolic systems to a homeostatic state hold the highest 

therapeutic potential for the subsequent treatment of both metabolic and cognitive diseases.

Insulin therapies are essential for the treatment of diabetes and metabolic syndrome and 

have emerged as promising therapies for cognitive decline [98–100]. Although leptin 

therapy is not effective in treating obesity due to resistance, it shows promise as a therapy for 

AD [127–129,135]. In addition, evidence suggests that overproduction of human amylin is 

likely more toxic than therapeutic due to its propensity to self-aggregate and cause cellular 

distress [40,62,63,145]. As such, PRAM has emerged as a promising alternative in replacing 

the native therapeutic function of human amylin and thus the treatment of both metabolic 

and cognitive disease [64,157–160]. Regardless of hormone intervention, proper diet and 

exercise can drastically improve cardiovascular health, insulin sensitivity, and the lean 

mass/fat mass ratio [6,38,67] and thus reduce the risk of developing both metabolic and 

cognitive diseases. A great deal of controversy still exists with regard to various diets and 

their efficacy in reducing fat mass. At this juncture, it appears that commitment to energy 

restriction is the most relevant aspect of dieting, regardless of dietary content [5]. As such, 

properly balanced diets, rich in antioxidants, coupled with regular exercise throughout life 

can vastly improve cardiovascular and metabolic health, ultimately deterring the risk of 

cognitive decline. Should disease states arise, however, hormone therapies show promise in 

treating and preventing metabolic-related cognitive decline.
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Abbreviations

Aβ amyloid-β

AD Alzheimer disease

AMY amylin receptor

ATP adenosine triphosphate

BBB blood-brain barrier

CNS central nervous system

IDE insulin degrading enzyme

IRS insulin receptor substrate protein

LTP long-term potentiation

NFT neurofibrillary tangle

ROS reactive oxygen species

OS oxidative stress

PRAM pramlintide

T2D type 2 diabetes
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Fig. 1. 
Aging and general states of chronic positive energy balance result in metabolic dysfunction, 

particularly in the overproduction of several metabolic hormones. This metabolic 

dysfunction often results from increases in oxidative stress and inflammation stemming from 

age and/or lifestyle-related factors. Furthermore, increased hormone production often gives 

rise to more oxidative stress, inflammation, and hormone resistance in a feed-forward 

manner. To this end, chronic metabolic dysfunction resulting from age and lifestyle-related 

changes leads to the development of metabolic diseases and an increased risk of developing 

cognitive diseases.
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