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ABSTRACT 

Alzheimer’s disease (AD) is one of the most prevalent health concerns in 

our society today. There are 5.8 million people currently diagnosed with AD in the 

United States alone, and this number is only expected to increase as more of the 

population gets older [1]. The underlying mechanisms of AD are still unknown and 

this has largely prevented the development of efficacious therapies or treatments. 

There are numerous factors that contribute to a person’s risk of developing AD. In 

terms of modifiable risk factors, many are metabolic in nature and contribute to risk 

of cardiovascular disease as well [1]. These include type 2 diabetes mellitus 

(T2DM), obesity, insulin resistance, and elevated glucose levels [2-5].  It has been 

determined that those with T2DM have a 73% higher relative risk for developing 

any type of dementia than those without T2DM, and a 56% increased risk for 

developing Alzheimer’s disease specifically [6]. Several studies have associated 

insulin resistance and T2DM with cognitive decline [4, 5]. The increased risk and 

comorbidity of these metabolic disorders with AD have led to questions about 

possible common etiologies or underlying mechanisms of these diseases. Indeed, 

there are pathophysiological elements common among metabolic disorders and 

AD that are detrimental to synaptic plasticity and cognitive function. Non-human 

primate (NHP) models of T2DM and AD may prove to be incredibly useful in 

understanding the molecular links between T2DM and AD since both diseases are 

naturally occurring in many species of NHPs.  
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Alzheimer’s Disease 

AD is a slowly progressing disease that is characterized by deposition of 

extracellular beta-amyloid (Aβ) plaques and intracellular neurofibrillary tangles of 

the microtubule-associated protein tau. The disease is also accompanied by a host 

of other pathophysiological changes including mitochondrial dysfunction, 

metabolic dysregulation, inflammation, increased oxidative stress, numerous 

disrupted signaling pathways, and synapse dysfunction [4, 7-9]. All of these 

changes manifest in progressive cognitive decline from mild cognitive impairment 

(MCI) to diagnosis of AD and ultimately death. However, many of these brain 

changes are present in pre-clinical stages of the disease and occur long before 

any observable changes in cognition or memory [10].  

Amyloid Processing 

As previously stated amyloid pathology is one of the main and most well 

studied characteristics of Alzheimer’s disease. It has been the focus of the field 

since its discovery as the main constituent of senile/neuritic plaques in 1985 [11]. 

These Aβ plaques are extracellular protein aggregates found in the brains of AD 

patients. These plaques have also been found extremely early in the disease 

progression, years before the noticeable onset of any clinical symptoms [12]. It has 

long been thought to be the inciting event in what is termed the “amyloid cascade 

hypothesis” of AD [13]. Aβ is found in the brain in various forms that are cleavage 

products from the amyloid precursor protein (APP). There are three isoforms of 

APP that can be found in the brain to varying degrees: APP695, APP751, and 

APP770. APP695 is thought to be the predominant form found in neurons, 
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however the other two isoforms seem to be more predominant in AD brains and 

may promote amyloidogenic Aβ production [14, 15].  In any case, APP isoforms 

can be processed through two basic pathways that involve sequential cleavage by 

several secretases. One pathway leads to formation of non-pathologic Aβ, while 

the other leads to the forms of Aβ associated with senile plaques and AD [16].  

The non-amyloidogenic pathway first involves cleavage of APP by α-

secretase (a zinc metalloproteinase), resulting in two fragments, secreted APP α 

(sAPPα) and carboxyl terminal fragment 83 (C83). Following cleavage by α-

secretase, γ-secretase further cleaves the C83 fragment to produce the p3 and the 

amino-terminal APP intracellular domain (AICD) fragments. γ-secretase is a multi-

protein complex consisting of presenilin 1 or 2 (PS1/PS2), presenilin enhancer 2 

(PEN2), nicastrin, and anterior pharynx defective 1 (Aph-1) [17, 18]. The sAPPα 

fragment may be neuroprotective in function and may promote cell survival and 

neurite outgrowth [19-21]. It also plays a role in reducing synaptic transmission as 

well as enhancing synaptic plasticity mechanisms through its interaction with the 

1a subunit of the γ-aminobutyric acid type B receptor (GABABR) [22]. As of now, 

there is not a clear physiologic role for the other proteolytic fragments from the α-

secretase pathway.  

The amyloidogenic pathway involves sequential cleavage of APP by β- and 

γ- secretase. Initial cleavage by β-secretase (specifically beta-site APP cleaving 

enzyme 1, BACE1) at two possible sites produces sAPPβ and carboxyl terminal 

fragment 89 or 99 (C89 and C99). It is important to note that the α-secretase 

cleavage site lies within the β-secretase binding domain and therefore prevents β-
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secretase cleavage of the protein [16]. C99 can then be cleaved by γ-secretase to 

produce the AICD fragment and what can be termed toxic Aβ. BACE1 is one of 

several enzymes that possess β-secretase activity and the most biologically 

relevant to AD pathophysiology. BACE1 is largely localized to the trans-Golgi 

network, however it can also be found in cholesterol-rich lipid rafts [23, 24]. While 

sAPPβ is not neuroprotective, there is evidence for its role in promoting synaptic 

pruning during development [25].  The AICD fragment resulting from γ-secretase 

cleavage has an additional ε- cleavage site that trims the fragment from 57/59 

amino acids to 50 amino acids in length. AICD50 can bind to adaptor proteins and 

translocate to the nucleus where it promotes transcription of important proteins like 

p53, GSK3β, and neprilysin [16]. It is important to note that γ-secretase activity is 

not limited to APP processing but can also act on a number of different substrates 

such as insulin-like growth factor 1 receptor (IGF1-R), Notch, neurotrophin 

receptor p75 (p75NTR), and many others [26, 27].  

Amyloid Pathology 

Aβ is the proteolytic product of β- and then γ-secretase and is the primary 

amyloid species involved in AD pathogenesis. Depending on slight differences 

between cleavage sites, it can range from 36-43 amino acids in length. Aβ1-40 

and Aβ1-42 are most prominently studied with Aβ1-40 being non-amyloidogenic 

and Aβ1-42 being highly toxic [28]. Aβ can be cleaved and degraded by multiple 

proteases including insulin-degrading enzyme, neprilysin, and matrix-

metalloproteinase 9, which reduce toxicity and allow for clearance [29, 30]. Aβ can 

also be transferred to cerebrospinal fluid from interstitial fluid where it can exit to 
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the blood stream [31]. In addition, Aβ can be cleared from the brain via receptor-

mediated transport across the blood brain barrier (BBB). Lipoprotein receptor-

related protein (LRP) is capable of binding Aβ and transporting it across the BBB 

and out of the brain [32]. The receptor for advanced glycation end products 

(RAGE) may be responsible for bringing Aβ back into the brain in a similar fashion 

[33]. When the balance between Aβ production and clearance becomes 

dysregulated then the pathogenic accumulation of Aβ occurs.  

Aβ fragments are small molecular weight proteins that have a high affinity 

for forming oligomers and aggregates. When aggregated, Aβ fibrils make up the 

main constituent of senile/amyloid plaques. These plaques are extracellular and 

can occur in multiple forms, all thought to be associated with AD pathologic 

change. One type has been termed the “diffuse plaque” which are amyloid deposits 

that lack a concentrated core and definitive boundary and are largely composed of 

prefibrillar Aβ deposits [34, 35]. There is some speculation that these types of 

plaques still indicate pathologic change but may be present earlier in the disease 

pathogenesis and are therefore has not been considered a hallmark of AD [12]. 

“Neuritic plaques” are amyloid deposits with dense cores and incorporates 

significant dystrophic neurites that are both Aβ and paired helical filament (PHF) 

tau reactive [34]. “Amyloid plaques” are those that are amyloid but not tau reactive 

and may be densely cored or diffuse [34]. Senile plaques in general also contain 

a wide variety of other proteins including proteins that can bind and alter the 

aggregation state of Aβ as well as proteins from glial cells and dystrophic neurites 

[36]. In addition to containing glia-associated proteins, these plaques are 



7 
 

accompanied by a severe glial response and inflammation. This is thought to 

contribute to the atrophy and neuronal loss associated with AD. According to Braak 

amyloid staging, amyloid deposits begin in the basal isocortex in early stages of 

the disease, given the designation “Stage A”. Further disease progression to 

“Stage B” shows amyloid plaques in isocortical association areas with some 

deposits in the hippocampus. In the final stage of disease progression, “Stage C”, 

numerous plaques can be found in all areas of the cortex [37]. While these plaques 

have long been considered a hallmark of the disease, it is widely thought that 

soluble Aβ oligomers correlate more with degeneration and cognitive decline than 

plaque burden [38].  

Aβ oligomers have recently been identified as one of the main synaptotoxic 

species in AD. These soluble species can be intracellular and extracellular and 

can move between compartments [39]. Aβ monomers can readily form low 

molecular weight oligomers such as dimers and trimers. Then high molecular 

weight soluble oligomers can form that then progress into spherical oligomers and 

protofibrils that will become insoluble Aβ fibrils [28]. Normal synaptic activity has 

been shown to increase production of Aβ species, suggesting that they may have 

a normal physiological role in the nervous system [40-42]. However, Aβ oligomers 

can induce synaptotoxicity through several mechanisms.  

The synapse is composed of a pre-synaptic and post-synaptic terminal. The 

pre-synaptic terminal contains vesicles of neurotransmitters that are trafficked to 

the pre-synaptic membrane where the neurotransmitters are released into the 

synaptic cleft. The released neurotransmitters bind to specific receptors on the 
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post-synaptic membrane, contained within postsynaptic densities (PSDs). PSDs 

contain numerous scaffolding proteins that anchor various receptors at the 

membrane and connect them with intracellular signaling molecules. PSD-95 is one 

of the most prominent synaptic organizers, present in over 80% of all synapses, 

with significant roles in synaptic plasticity [43]. Under normal physiological 

conditions, increased synchronous activity between two neurons can result in a 

strengthened synaptic connection that modulates synaptic function and structure. 

Similarly, increased asynchronous activity can result in the weakening of synaptic 

connections. These activity-dependent changes make up the concept of synaptic 

plasticity and are the molecular basis of learning and memory. The number of 

neurons in the adult brain does not vary so new information and new memories 

are encoded through changes in synaptic plasticity rather than new synaptic 

connections. Long-term potentiation (LTP) is a “long-lasting increase in the 

strength of synaptic transmission”, with the predominant form mediated by N-

methyl-D-aspartate (NMDA) receptor activation [44]. It involves an early phase that 

is mediated by increased protein kinase activation, increased receptor activity, and 

increased density of receptors at the synapse [45]. The late phase of LTP is 

marked by changes in cellular signaling that induce transcription factors and 

increases protein synthesis, both in the soma and locally in the synapse [46, 47]. 

The increase in protein synthesis is believed to facilitate dendritic spine 

remodeling. Long-term depression (LTD) is the mechanistic opposite of LTP, in 

that it is a synaptic weakening that is characterized by internalization and 

decreased density of receptors [48]. It is known that LTP leads to increased 
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dendritic spine size and density, while LTD promotes decreased spine density due 

to synaptic collapse, both of which are necessary for healthy cognitive function [49-

52]. Aberrant loss of synaptic connections is directly related to cognitive 

impairment [53-55]. While LTP is the mechanism by which new memories are 

formed, LTD may be involved in the forgetting of memories and behavioral 

flexibility [56]. Because they are the molecular underpinnings of learning and 

memory, it is not surprising that these processes are disrupted in AD.   

Synapse loss has the strongest correlation with the AD-associated cognitive 

decline [55, 57]. In addition, LTP deficits have been observed in animal models of 

AD [58-62] as well as human AD patients [63]. Aβ has been found to induce LTP 

deficits and over-enhance LTD in animal models [64-67]. Soluble Aβ oligomers, in 

particular, can cause reduced LTP and dendritic spine loss [68-70]. It has been 

shown that Aβ oligos can bind to multiple receptors on the cell surface including 

NMDAR, cellular prion protein (PrPc), p75NTR, RAGE, and insulin receptor (IR). 

Aβ oligomers inhibit NMDAR transmission by increasing NMDAR internalization at 

the synapse and promoting LTD-related pathways that ultimately lead to dendritic 

spine loss [70, 71]. PrPc is localized to the post-synaptic density, has a high affinity 

for Aβ oligos and mediates Aβ-induced LTP inhibition and synapse degeneration 

[72]. Aβ binding to PrPc can lead to Fyn activation and an increase in intracellular 

calcium through NMDAR and metabotropic glutamate receptor type 5 (mGluR5) 

signaling [73, 74]. Fyn, in particular, appears to mediate dendritic spine loss due 

to Aβ oligomers [74]. p75NTR contains a binding domain for nerve growth factor 

(NGF) and an intracellular death domain resulting in both positive and negative 



10 
 

effects on cell survival. There is increased expression of p75NTR in AD brains and 

Aβ binding to this receptor induces cell death pathways [75]. RAGE is the receptor 

that allows for Aβ to cross the BBB as well as bind to endothelial cells [76]. It 

mediates the Aβ associated effects of decreased cerebral blood flow and 

increased expression of inflammatory markers [76]. Aβ seems to act as a 

competitive substrate for the insulin receptor and can prevent insulin binding. It 

has also been found that Aβ1-40 can prevent auto-phosphorylation of the insulin 

receptor [77]. Aβ has also been shown to promote overexpression of LTD. One 

mechanism of this is through inhibition of glutamate uptake [78]. From all of this 

data, it is apparent how Aβ oligomers negatively affect learning and memory and 

other areas of cognition. They exert toxicity at the synapse early on in disease 

progression and inhibit synaptic transmission and mechanisms of synaptic 

plasticity, leading to loss of dendritic spines and cell death.  

Tau Pathology 

The microtubule-associated protein tau (tau) is another hallmark of AD. The 

cytoskeleton, largely composed of microtubules, determines cell structure as well 

as aspects of cell function. Microtubules are formed from tubulin molecules that go 

through a highly dynamic process of polymerization and de-polymerization [79]. 

Tau binds to tubulin in an ionic interaction to stabilize the microtubules and 

therefore cell structure [80, 81]. In addition to tubulin, tau can also bind to other 

proteins with varying results like muscarinic receptors, heparin, actin, and ζ14-3-3 

[80]. There are six isoforms of tau that have different developmental and regional 

expression levels, however there is little evidence for tau isoform differences in AD 
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pathology [82]. Tau can also undergo several post-translational modifications, the 

most pathologically relevant being phosphorylation. Aberrant phosphorylation of 

tau leads to conformational changes in the protein. This can prevent tau’s 

interaction and stabilization of microtubules. This phosphorylation can also 

facilitate the formation of tau oligomers, which can cause early synaptic damage 

in AD [83]. Tau oligomers progress into PHF, which can aggregate and form 

neurofibrillary tangles (NFTs). In early stages of AD, neurofibrillary tangles and 

neuropil threads (composed largely of PHF tau) are relatively isolated to a single 

layer in the transentorhinal cortex which corresponds to Braak Stages I and II. 

Stages III and IV have tau pathology throughout the entorhinal cortex and limbic 

areas. Stages V and VI show numerous tangles throughout the cortex [37]. 

Tau phosphorylation results in conformational changes that may or may not 

alter tau’s affinity for tubulin [84]. There is a low level of tau phosphorylation under 

non-pathologic conditions [85]. However, in the case of AD, tau undergoes 

hyperphosphorylation that disrupts tau’s ability to bind to tubulin and destabilizes 

microtubule assemblies leading to synaptic disturbances and ultimately loss of 

synapses [86, 87]. In addition to reduced microtubule binding, 

hyperphosphorylated tau also readily polymerizes with itself to form aggregates 

like PHF and NFTs. Similar to Aβ pathology, the intermediate tau oligomers, are 

thought to be the most toxic form of tau and can cause synaptic dysfunction even 

before the formation of NFTs [88, 89]. With some isoformic differences, tau 

contains 85 possible phosphorylation sites (80 Ser/Thr, 5 Tyr) [90]. Of the possible 

sites, 19-39 sites have been found to be phosphorylated in PHF [91, 92]. Several 
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studies have shown correlations between specific phosphorylation sites and 

severity of tau pathology. Augustinack et al. found sites Thr153, Ser262, and 

Thr231 phosphorylated in pre-tangle formations that appeared as punctate regions 

within the cytoplasm and lacked neuropil thread formations [93]. Intermediate 

tangle formations of neuropil threads with degenerated dendrites contained tau 

phosphorylated at the following sites: Thr175/181, Ser262/356, Ser422, Ser46, 

Ser214, and Thr212/Ser214 [93]. Late stage NFTs contained tau largely 

phosphorylated at Ser199/202/Thr205 and Ser396/404 [93]. However, a similar 

study did have discrepancies about which phosphorylation sites were prominent in 

pre-tangle formations and late stage NFTs. Kimura et al. found Ser199, Ser202, 

Ser409 in pre-tangle formations, Ser231 in intermediate tangle formations, and 

prominently Ser396 in late stage NFTs [94]. Phosphorylation at Thr231 was found 

at all stages of NFT formation to varying degrees, which may partly account for 

this discrepancy [93]. A more recent study by Neddens et al. found only a marginal 

increase in phosphorylation at the Ser262 and Ser396. The Ser199, 

Ser202/Thr205, and Ser422 sites only showed a significant increase in Braak 

stages V and VI with no real difference between healthy controls and Braak stages 

I-IV. Lastly, the Tyr18 and Thr231 sites showed the most marked increase in early 

Braak stages and continued to increase with progression to later Braak stages 

[95]. It should be mentioned that the prominent AD-related tau antibody AT8 

stained intermediate and late stage NFTs [93] . The AT8 antibody is also the one 

standardized for use in determining Braak staging [95] .  
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There are several kinases known to phosphorylate tau and some have 

greater relevance to AD pathophysiology. Glycogen synthase kinase 3 β (GSK3β) 

and cyclin-dependent kinase 5 (Cdk5) are two of the most common 

phosphorylators of tau and also have further relevance in AD. GSK3β can 

phosphorylate tau at Thr231, Ser262, Ser356, Ser46, Thr212, Ser214, Ser199, 

Ser202, Thr205, Ser396, and Ser404 [93]. Similarly, Cdk5 can also phosphorylate 

the same sites with the exceptions of Ser262, Ser356, and Ser46. Other kinases 

tau kinases include mitogen-activated protein kinase (MAPK), microtubule-

associated regulatory kinase (MARK), AMP-activated protein kinase (AMPK), 

protein kinase A (PKA), and protein kinase C (PKC) [93]. Phosphorylation by 

GSK3β, Cdk5, and MARK inhibits tau binding to tubulin [96, 97]. One study found 

that phosphorylation of certain sites can either promote further tau phosphorylation 

or prevent protein phosphatase 2A (PP2A) activity, the primary tau phosphatase 

[98].  

In addition to its role in stabilizing microtubules, tau can also affect axonal 

transport by binding to kinesin, an anterograde transport protein. This relationship 

can also be modulated by phosphorylation of tau at GSK3β-dependent sites. 

GSK3β activity can reduce cellular trafficking of mitochondria [99-101]. In addition, 

tau hyperphosphorylation and mislocalization at the synapse can disturb the 

trafficking of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and 

NMDA receptors [102]. Despite these studies, there is still some debate about the 

kinds of transport that can be affected by tau phosphorylation and aggregation 

[103, 104]. Pathologic tau species may destabilize cellular structure and hinder 
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cellular trafficking but it can also exert its toxicity in other ways. There is some 

evidence to suggest that monomeric tau that has been secreted from the cell can 

affect neurotransmission by binding to muscarinic receptors on the post-synaptic 

cell and increasing intracellular calcium [105-107]. There is also some evidence 

that tau may play a bigger role than previously realized in the composition of the 

PSD [102, 108]. It is instrumental in recruiting fyn kinase to the PSD [108]. While 

tau’s role is not yet fully understood, it is thought to work in conjunction with Aβ 

oligomers that induce the mislocalization of tau in dendritic compartments [109, 

110]. 

Mitochondrial Dysfunction  

 Mitochondria are essential to many processes within the cell. They are the 

primary source of ATP which it produces through a combination of oxidative 

phosphorylation (OXPHOS) and the tricarboxylic acid (TCA) cycle. They also play 

a role in calcium homeostasis, fatty-acid metabolism, apoptosis, and reactive 

oxygen species (ROS) production. They are highly dynamic and responsive to 

cellular demands. Mitochondria are a double-membrane bound organelle with an 

outer and inner membrane, intermembrane space, and cristae. The outer 

membrane contains numerous protein complexes and ion channels that allow for 

the movement of ions, proteins, and metabolites in and out of the mitochondria. 

Cytochrome c, one of the proteins involved in the cell death cascade, is localized 

to the intermembrane space and is released into cell upon rupture of the outer 

membrane. The inner membrane and cristae (folds of the inner membrane) contain 

the machinery for the electron transport chain (ETC). The ETC incorporates four 
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complexes that transfer electrons from higher energy states to lower energy states 

and finally to a molecule of oxygen that forms a water molecule. In this process, 

released energy from the electron transfers pumps hydrogen molecules from the 

matrix into the intermembrane space creating a proton gradient that is used to drive 

adenosine triphosphate (ATP) synthesis via the proton pump ATP synthase. 

Complex I is comprised of nicotinamide adenine dinucleotide (NADH) 

dehydrogenase and receives electrons from NADH. Complex II, succinate 

dehydrogenase, is at a slightly lower energy state and receives an electron from 

flavin adenine dinucleotide (FADH2). Because of the lower energy level, complex 

II does not contribute to the formation of the proton gradient. Electrons from both 

complex I and II are transferred to the electron carrier ubiquinone and transferred 

to complex III, cytochrome reductase. From here, electrons are transferred to 

cytochrome c and transferred to complex IV, cytochrome c oxidase (COX). In this 

final step, the electrons are transferred to oxygen that then splits and forms water 

with hydrogen molecules. ATP synthase then utilizes the proton gradient to 

generate ATP. In addition to the ETC, the mitochondrial matrix also contains the 

enzymes for the TCA cycle that uses pyruvate to produce energy in the form of 

guanosine triphosphate (GTP). Mitochondria are unique amongst organelles 

because they contain their own mitochondrial DNA (mtDNA) that encodes 13 

subunits for the ETC complexes [111]. Other mitochondrial genes (including some 

for the ETC) are located on nuclear DNA [111].  

In neurons, mitochondria are highly localized to the synapse where they 

serve to meet the energy demands for neurotransmission and maintaining ion 
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gradients [112]. This localization requires cellular trafficking mechanisms that, as 

mentioned previously, may be disrupted in AD. It is widely thought that 

mitochondrial dysfunction occurs with aging and it may be an early feature of AD 

pathogenesis. In aging, mitochondria have decreased ETC activity particularly in 

Complexes I and IV where decreased enzymatic activity has been documented 

[113]. However, there may also be decreased protein expression in Complexes I, 

II, and IV that could account for overall decreased respiration [114]. This points to 

a deficit in translational control in aging and potentially in AD. There is also reduced 

enzymatic activity in the α-ketoglutarate dehydrogenase (KGDH) and pyruvate 

dehydrogenase (PDH) complexes and in isocitrate dehydrogenase, key enzymes 

in the TCA cycle [115-117]. Reduced enzymatic activity in the TCA cycle was found 

to lead to increased production of ROS which can cause further damage [118]. 

These mitochondrial changes associated with aging are systemic and not 

restricted to specific tissues. Since decreased metabolism is known to accompany 

aging, brain cells experience nutrient starvation that also disrupts normal 

mitochondrial function [119]. Under starving conditions, mitochondria appear 

enlarged and elongated, this is due to decreased fission events that alters the 

dynamic fusion/fission balance. This increase in mitochondrial size is necessary to 

continue producing normal levels of ATP, prevent the mitochondria from being 

degraded via mitophagy, and to prevent cellular apoptosis [120, 121]. The 

decreased function of mitochondria in the brain is much more dire than in 

peripheral tissues since there are fewer of them and there is less ability to 

compensate [113]. Aging is therefore characterized by dysfunctional mitochondria 
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with decreased respiratory activity and membrane potential and an increased 

overall size and vulnerability to the build-up of ROS but not by changes in the 

number of mitochondria present [113, 122]. 

Many of the aging-associated changes to mitochondrial function and 

morphology are also found in AD brains and AD mouse models (Fig. 1) [123]. The 

metabolic functionality of mitochondria is also affected in AD and possibly to an 

even greater extent than in normal aging. COX activity, a major component of 

complex IV in the ETC, was found to be more severely decreased in AD cases and 

not localized to areas of AD pathology [124]. Another study found that 

mitochondrial proteins associated with complexes I and IV were dysregulated in 

AD and the changes in complex IV were Aβ dependent [125, 126]. Much of what 

has been determined about mitochondrial function in AD comes from cybrids which 

are cell lines whose endogenous mtDNA has been depleted and replaced with 

mtDNA isolated from AD patients. This has given a lot of insight into mitochondrial 

genetic differences in AD compared to normal aging. One group found that these 

cybrids not only showed deficits in complex IV activity, but also overexpressed Aβ 

oligomers [127]. Several lines of evidence suggest that impairments in 

mitochondrial respiration promote amyloidogenic APP processing, including 

inhibition of COX [128, 129]. It has also been shown to increase tau 

phosphorylation [130]. In addition, other studies with cybrids have shown 

increased ROS production after transformation with mtDNA from AD patients, as 

well as altered calcium dynamics and mitochondrial calcium buffering capacity 

[131]. AD cybrids also demonstrated decreased mitochondrial membrane potential 
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which may promote the release of cytochrome c and other pro-apoptotic factors 

through the mitochondrial transition pore [132, 133]. The release of cytochrome c 

and initiation of apoptotic pathways through the activation of caspase-3 was also 

found to be worse in AD cybrids when treated with Aβ oligomers compared to 

control cybrids also treated with Aβ [127, 134]. Khan et al. demonstrated that AD 

cybrids showed increased Aβ production and increased accumulation of 

intracellular Aβ compared to controls [127]. Mitochondria from AD cybrids also 

showed morphological changes such as enlarged or swollen size and cristae 

distortion [135, 136]. This wealth of evidence from cybrid studies supports the 

hypothesis that mitochondria are genetically different in AD and this difference may 

aid in driving the pathological changes seen in later stages of the disease [130, 

137]. However, despite this, there is still debate as to whether it is mitochondrial 

changes driving Aβ and tau pathology or Aβ driving mitochondrial dysfunction. This 

is largely due to the direct effects Aβ is known to have on mitochondria. 
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Effects of Aβ on mitochondria 

Several groups have reported APP and Aβ in the mitochondria of AD 

patients and whose levels correlated with AD-vulnerable regions as well as AD 

severity. In addition, this has been consistently seen in mitochondria from 

cholinergic neurons which are known to be preferentially degraded in AD [138-

140]. APP processing enzymes, with the exception of β-secretase, have been 

found in mitochondria as well, however it is unclear whether mitochondrial Aβ was 

produced within the organelle or was perhaps imported in through translocase of 

outer mitochondrial membrane 40 (TOM40) channels [138, 141, 142]. The gene 

for TOM40 may also interact with the apolipoprotein E (APOE) alleles and promote 

increased integration of APP into the mitochondrial membrane [143, 144]. This 

mitochondrial Aβ is located on the inner membrane in close proximity with ETC 

complexes where it may act directly on specific subunits [145, 146]. Mitochondria 

incubated with Aβ oligomers showed deficits in COX, KGDH, and PDH activity 

[147]. One of the ways that Aβ may act on COX in particular, is through the ability 

of Aβ to bind to heme-a [148, 149]. Heme-a is necessary for COX activity and 

increased levels of Aβ may lead to lower bioavailability of heme-a and therefore 

reduced COX activity [150]. Heme-a has also been found to be reduced in the 

brains of AD patients [148]. There has been evidence that APP may be inserted 

into the mitochondrial membrane as a transmembrane protein that associates with 

mitochondrial import channels [138, 151]. This function of APP may prevent import 

of nuclear mtDNA, as well as COX subunits which could lead to the mitochondrial 

dysfunction seen in AD patients [138, 152]. Another direct effect of Aβ on 
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mitochondrial function occurs through its binding and inhibition of amyloid β binding 

protein (ABAD). ABAD is present within mitochondria and functions as part of fatty 

acid oxidation as well as estradiol metabolism and interacts with a wide range of 

substrates [153-155]. Aβ oligomers can inhibit ABAD activity for a number of 

substrates [156, 157]. AD double mutant transgenic mice with overexpression of 

human APP and ABAD demonstrated increased ROS production and 

mitochondrial dysfunction in the way of decreased membrane potential and ATP 

synthesis, and decreased complex IV activity [158]. Takuma et al. also showed 

evidence of increased caspase-3 activity and apoptosis, as well as inhibition of 

LTP [158]. Cyclophilin D (CypD) is another mitochondrial protein that interacts with 

Aβ to produce deleterious effects. CypD in general is associated with the opening 

of the mitochondrial permeability transition pore and the induction of apoptotic or 

necrotic cell death pathways in response to cellular or oxidative stress [159, 160]. 

Aβ oligomers preferentially bind to CypD increasing its translocation to the inner 

mitochondrial membrane, increasing ROS production, disrupting the inner 

membrane potential, and promoting cell death through increased opening of the 

mitochondrial permeability transition pore [161]. Crossing CypD deficient mice with 

mice overexpressing human APP resulted in decreased mitochondrial ROS 

production and pore openings, decreasing cell death. This mouse model also 

rescued the LTP and behavioral deficits normally found in AD model mice 

suggesting a role of CypD in AD-associated mitochondrial dysfunction [161, 162].  

In addition, Aβ has been found to affect mitochondrial dynamics, in particular 

dynamin-related protein 1 (DRP1), which is a key player in mitochondrial fission. 
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DRP1 forms helical oligomers via interaction with actin filaments and constricts 

around mitochondria to induce fission [163, 164]. In a cell line of neuroblastoma 

cells from an AD mouse model, overexpression of mutant APP lead to 

overexpression of DRP1, as well as changes in mitochondrial morphology [165]. 

The increased DRP1 expression altered mitochondrial dynamics and lead to small 

spherical mitochondria that was accompanied by increased fragmentation [166]. 

Aβ oligomers can also promote increased DRP1 activity via phosphorylation of 

DRP1 by GSK3β and CDK5. Aβ interaction with CDK5 in particular increases 

DRP1 phosphorylation and activity but also promotes caspase 3 cleavage and 

apoptosis [167]. CDK5 can phosphorylate DRP1 at multiple sites, some of which 

inhibit DRP1 activity. This could potentially explain the different morphological 

phenotypes seen in AD, both the swollen and elongated mitochondria as well as 

the smaller round mitochondria.  

Effects of Tau on mitochondria 

 As mentioned previously, tau is necessary for the normal intracellular 

trafficking of organelles. As tau becomes increasingly phosphorylated and 

microtubules destabilize, cellular trafficking can be severely hindered. This is true 

for trafficking of mitochondria to the synapse. In neurons, the majority of 

mitochondria are located in the synaptic compartment to produce ATP to meet 

local high energy demands [168]. However, mitochondrial biogenesis takes place 

in the soma. Therefore, mitochondria undergo anterograde transport along 

microtubules through axons to local dendrites and synapses via the motor protein 

kinesin (KIF5) [169]. It should be noted that normal mitochondrial transport is a 
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highly dynamic process dependent on synaptic activity and compartmental 

metabolic demands and involves both retrograde and anterograde transport of 

mitochondria to and from the soma [170]. There is evidence that 

hyperphosphorylated tau can prevent mitochondrial transport by directly inhibiting 

the attachment of KIF5 to microtubule assemblies [171]. In terms of mitochondrial 

function, ETC complex I activity was found to be inhibited in a tau overexpression 

mouse model of AD [172]. This dysfunction was also associated with increased 

ROS production [172]. Caspase-cleaved tau has been found to promote 

mitochondrial fragmentation and membrane damage [173]. In addition, injection of 

human tau oligomers in mice lead to decreased expression of NADH 

dehydrogenase in ETC complex I, and increased caspase-9 activation resulting in 

increased apoptosis [174]. Phosphorylated tau can also interact with Drp1 with 

differential effects [175, 176]. Phosphorylated tau can cause stabilization of actin 

filaments, which are necessary for oligomerization of DRP1 and its subsequent 

association with mitochondrial receptors. This effect of tau inhibits fission and 

promotes the swollen and elongated mitochondria typical of AD [175]. 

Phosphorylated tau can also associate directly with DRP1 leading to increased 

fission and smaller spherical mitochondria that have also been observed in AD 

[176].  

Type 2 Diabetes Mellitus 

 Under healthy physiological conditions, food is digested and broken down 

into nutrients in the intestines and these nutrients are taken up into the 

bloodstream to be distributed to tissues and cells to be used or stored for energy 
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consumption. An increase in blood glucose levels, which normally occurs after a 

meal, can be counteracted by production and secretion of insulin from islet β cells 

in the pancreas. Insulin itself is a protein hormone that functions to decrease 

hepatic glucose output and increase glucose uptake into cells via the translocation 

of glucose transporters to the cell membranes [177]. It also promotes glycogen and 

fatty acid synthesis, while also inhibiting their degradation. Both the production and 

breakdown of these molecules are necessary for normal energy homeostasis. This 

natural balance is fundamentally altered in diabetes mellitus (DM). There are many 

types of diabetes including Type 1 (T1DM), Type 2 (T2DM), gestational, and 

mitochondrial diabetes. Each have different etiologies with similar characteristics 

of insulin resistance and hyperglycemia. T1DM makes up roughly 10% of all 

diabetic cases and results from an autoimmune deficiency where T-cells attack the 

insulin-producing pancreatic β-cells, resulting in insulin deficiency [178]. 

Gestational diabetes occurs during pregnancy in women who do not have a 

previous history of diabetes and involves β-cell dysfunction in combination with 

insulin resistance [179]. Mitochondrial diabetes is largely due to mutations of the 

tRNA gene in mitochondrial DNA leading to reduced ATP production and a 

reduction in insulin secretion from β-cells [180].  

Pathophysiology of T2DM 

 There has been much debate in the past whether T2DM can be 

characterized as a singular disease with many symptoms or is rather a syndrome 

of many diseases that coalesce into a similar clinical outcome [181, 182]. In most 

cases, it can take years to develop T2DM. At the onset, blood glucose levels 
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increase, causing an increase in insulin levels to account for this and resulting in 

hyperinsulinemia. Over time, cells become less sensitive to insulin, causing 

decreased insulin action and increased insulin production to make up for the loss 

of sensitivity. Decreased insulin action in peripheral tissues means reduced 

glucose uptake. This is considered insulin resistance and can be defined as a 

decreased responsiveness to normal physiological levels of insulin [183]. As these 

processes progress, the islet β-cells become exhausted and fail to produce enough 

insulin to keep up with demand and counteract these pathological changes, 

incurring insulin deficiency. As islet β-cell function decreases, a pathogenic build-

up of islet amyloid leads to cell toxicity and death. Hyperglycemia and insulin 

resistance are the main two hallmarks of T2DM. However, a host of other issues 

accompany these changes, including obesity, dyslipidemia, hypertension, and 

dysregulated glucose metabolism [4, 183, 184]. Obesity itself has been shown to 

increase insulin resistance and lead to development of T2DM [185]. T2DM is 

associated with specific dyslipidemia that involves increased triglyceride and low-

density lipoprotein levels with an increase in high-density lipoprotein cholesterol 

[186].  This group of disorders can also be referred to as metabolic syndrome 

(MetS), as it has more recently been described [183, 187, 188]. There has been 

some controversy over how to define or diagnose MetS but as of 2001 the National 

Cholesterol Education Program Adult Treatment Panel III has defined MetS as 

having at least three of the following five metabolic risk factors: central obesity with 

a waist line greater than 102 cm in men and 88 cm in women, triglyceride levels 

greater than 150 mg/dl, high density lipoprotein cholesterol levels below 40mg/dl 
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in men and 50mg/dl in women, blood pressure greater than 130/85 mm Hg, and 

fasting glucose level greater than 110 mg/dl [189]. MetS has also been 

characterized as an insulin resistant state [190]. A general consensus is that MetS 

is a significant risk factor for cardiovascular disease and often progresses into 

T2DM [191].  

The progression to T2DM has an intermediate step called pre-diabetes. It 

is somewhat narrowly defined by the American Diabetes Association as having 

impaired glucose tolerance, impaired fasting glucose, and glycosylated 

hemoglobin (HbA1c) of 5.7-6.4% (a measure of integrated blood glucose levels 

over time) [192]. This definition does not take any other concomitant conditions, 

like those associated with MetS, into account. Similarly, pre-diabetes is also 

associated with insulin resistance [193]. Insulin resistance and hyperglycemia are 

the main underlying factors of pre-diabetes, metabolic syndrome, and T2DM and 

are of particular importance in AD. 

Glucose Metabolism and Hyperglycemia 

 Glucose is paramount to the brain’s high metabolic demands. While glucose 

uptake and utilization in the periphery is regulated by insulin levels, no such 

relationship exists in the CNS. Glucose can cross the BBB independent of insulin 

levels. GLUT-1, is an insulin-independent transporter that allows glucose transport 

across the BBB via facilitated diffusion [194]. Indeed, most cell types in the CNS 

contain glucose transporters 1, 3, and 5, all of which are not sensitive to insulin 

[195]. While some areas of the brain, such as the cerebellum, hippocampus, and 
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hypothalamus contain GLUT-4 transporters that are insulin-sensitive, glucose 

uptake and utilization is still considered an insulin-independent process in the CNS 

[196]. Acute glucose administration has been shown to improve memory, although 

it is somewhat unclear if this effect is independent of insulin sensitivity or is 

modulated by it [197]. However, peripheral hyperglycemia has been associated 

with cognitive impairments [198]. The preclinical stage of AD has been 

characterized by abnormal cerebral glucose metabolism [199, 200]. This has 

included decreased glycolytic enzyme activity and pyruvate synthesis, which could 

affect mitochondrial function in the AD brain [201, 202]. Other studies have found 

decreased expression of GLUT-1 and GLUT-3 in the brains of AD patients and this 

correlated with tau hypephosphorylation [203]. Another study found that GLUT-3 

expression was reduced to a greater extent in the brains of T2DM patients 

compared to AD [204]. The brain has a great vulnerability to changes in glucose 

homeostasis and this can have detrimental effects on cognition and other 

processes related to AD.  

Insulin Resistance 

For many years, T2DM and insulin resistance has been considered a 

peripheral condition. However, it has recently been regarded as a central disorder 

as well, affecting the brain and ultimately cognition. The definition of Insulin 

resistance is different in both the central nervous system (CNS) and the periphery. 

In the periphery, it can be described as decreased responsiveness to normal 

insulin levels. However, insulin does not appear to have the same physiological 

function in the brain as it does in the periphery and what some may consider insulin 
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resistance may actually be insulin deficiency. This new understanding of insulin 

resistance largely stems from recognizing the brain as an insulin sensitive organ 

and that this insulin sensitivity may play a role in normal cognition and its 

dysregulation in cognitive decline [205]. Several studies have found that insulin 

receptors are localized in brain regions with high plasticity like the hippocampus, 

cortex, and cerebellum, as well as other areas like the amygdala and 

hypothalamus [206-208] and are further localized to neuronal membranes at the 

synapse [207, 209, 210]. These observations led to the investigation of a role for 

insulin signaling in synaptic plasticity, particularly in the maintenance of LTP which 

is the molecular basis of learning and memory in the brain [211]. Insulin, as 

previously mentioned, is produced by pancreatic β-cells and is transported 

throughout the body via the bloodstream. To reach neural tissues, insulin must 

cross the blood brain barrier via a saturable transporter [212]. The rate of insulin 

transport across the BBB can be affected by numerous factors including brain 

region, obesity, hyperglycemia, triglycerides, and even APP overexpression [213-

216]. In recent years, there has been evidence of brain insulin resistance in MCI 

and AD patients that has led to a hypothesis that metabolic dysfunction may play 

a role in the pathogenesis of AD [9].  

T2DM and Cognition 

In recent years, insulin and insulin resistance in a number of disease states 

has been studied for its effects on cognition. Several studies have found that 

insulin administration improves memory and cognition in healthy controls [217-

219].  Middle-aged adults with metabolic syndrome, even without T2DM, showed 
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reduced recall, learning, and executive function due to insulin resistance [220]. 

Older adults with insulin resistance showed similar impairments in declarative and 

working memory as those seen in patients with T2DM and these measures were 

linked to elevated plasma insulin levels and other clinical measures of IR [205]. 

Impaired glucose tolerance and hyperinsulinemia associated with prediabetes 

have correlated with lower Mini Mental State Examination (MMSE) [221, 222]. 

Prediabetes was also associated with lower total brain volume, however there was 

no correlation with hippocampal volume changes [223]. A meta-analysis showed 

that adults with T2DM showed mild to moderate decreases in memory, processing 

speed, and executive function [224]. However, the most clinically significant 

decreases in cognitive function take place in older adults over the age of 65 with 

T2DM and insulin resistance [225]. This coincides with age-related 

neurodegeneration and potentially pathological changes associated with AD. 

Indeed, brain changes associated with T2DM have been characterized as 

accelerated brain ageing [226]. This accelerated ageing could contribute to the 

systems vulnerability to develop AD and potentially lower the threshold for clinical 

presentations [227].  

Insulin Signaling 

Insulin in the CNS has many roles beyond glucose homeostasis. Insulin 

signaling has been implicated in neuronal survival, synaptic plasticity, energy 

metabolism and homeostasis, inflammatory responses, and oligodendrocyte 

functionality [228]. The insulin receptor, part of the tyrosine kinase receptor family, 

is composed of two α and β subunits [229]. Insulin receptor substrate (IRS) 
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proteins associate closely with the insulin receptor and facilitate downstream 

insulin signaling cascades. This effect can be positively or negatively modulated 

by numerous phosphorylation sites on both the IRS proteins and the insulin 

receptor itself [229-232]. Phosphorylation at the sites S616 and S636 inhibits 

insulin signaling and is indicative of insulin resistance [233]. The insulin signaling 

cascade also results in feedback inhibition where downstream kinases inhibit IRS 

proteins via different serine phosphorylation sites, including S616 and S636 [229, 

233]. Mammalian target of rapamycin (mTOR), p70S6 kinase 1 (S6K1), 

extracellular regulated kinase 1/2 (ERK1/2), GSK-3β, AMPK and c-Jun N-terminal 

kinase (JNK) are known to phosphorylate IRS proteins at multiple sites [234]. To 

initiate signaling, insulin binds to its receptor and induces the auto-phosphorylation 

of the receptor at tyrosine sites. This allows for the recruitment and subsequent 

phosphorylation of IRS proteins (most commonly IRS-1 and -2 in the brain) [235]. 

The IRS proteins interact with phosphoinositide 3-kinase (PI3K), activating it and 

resulting in the production of phosphatidylinositol-3,4,5-triphosphate. This 

activates 3-phosphoinositide-dependent protein kinase 1 (PDK1), which 

phosphorylates and activates protein kinase B/Akt (referred to here as Akt). Akt 

activity can inhibit GSK-3β through phosphorylation at the serine 9 site. Akt can 

also inhibit AMPK and the tuberous sclerosis complex 1 and 2 (TSC1 and 2). From 

here the pathway diverges wildly, as AMPK is an essential energy sensor and 

regulates many aspects of energy homeostasis and metabolism [236], and TSC1 

and 2 are upstream regulators of mTOR a key player in regulation of protein 

synthesis and also involved in energy homeostasis and regulation of autophagy 
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[58]. An alternate signaling pathway involves the binding of Src-homology-2-

containing proteins (Shc) to phosphorylated tyrosine sites on the insulin receptor. 

Shc proteins recruit adaptor proteins like growth factor receptor bound protein 2 

(Grb2) and son-of-sevenless (SOS). This leads to the activation of the RAS –

MAPK pathway. This pathway leads to the activation of ERK 1/2 which can affect 

protein synthesis, cell growth, and energy metabolism and homeostasis pathways 

[235, 237]. These signaling pathways are highly interconnected and their 

dysregulation is associated with aberrant synaptic plasticity, inhibited neuronal 

survival mechanisms, as well as the promotion of AD-like pathology. (Fig. 2) 

 

In insulin resistant states, Akt expression and activation are decreased and 

lead to the decreased association of glucose transporter 4 (GLUT4) with the 

plasma membrane in hippocampal neurons and therefore reduced glucose uptake 
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[238-240]. Animal models of metabolic syndrome and subsequent insulin 

resistance show decreased phosphorylation of insulin receptors and a significant 

decrease in AMPK phosphorylation and its upstream regulator liver kinase B1 

(LKB1) [241]. Obesity, T2DM, and metabolic syndrome feature chronic over-

activation of mTOR and S6K1, which can phosphorylate inhibitory IRS serine sites 

hindering insulin signaling [242-244].  

Roles of Insulin Signaling in Synaptic Plasticity 

Insulin’s effects on cognition may be due to its downstream signaling events 

on various aspects of synaptic plasticity. Numerous studies have found 

impairments in LTP in models of T2DM [245-250] as well as links to learning and 

memory deficits [251, 252]. Insulin’s effect on LTP and other forms of synaptic 

plasticity is thought to be mediated in part by its regulation of the expression and 

localization of gamma aminobutyric acid (GABAA), AMPA, and NMDA receptors 

[240, 253, 254] as well as its effects on downstream regulators of protein synthesis, 

which is critical to the development and maintenance of LTP [47, 58, 255, 256]. 

Wan et al. showed that insulin caused the translocation of GABAA receptors to the 

plasma membrane resulting in enhanced GABA transmission in the hippocampus 

[257]. A number of studies have demonstrated that insulin induces the endocytosis 

of AMPA receptors, promoting expression of LTD [254, 258-261]. Insulin has also 

been shown to induce exocytosis of NMDA receptors to the plasma membrane, 

mediating NMDA-dependent LTP [262].  

Insulin clearly plays a role in synaptic plasticity and many of its downstream 

targets have been implicated in the aberrant LTP or LTD seen in insulin resistance 
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and AD. One study found decreases in brain derived neurotropic factor (BDNF) 

and stargazin in a rodent model of brain insulin resistance, both of which are 

necessary for the translocation of AMPA receptors to the post-synaptic membrane 

[263]. Insulin signaling activates PI3K and inhibition of PI3K blunted the induction 

and maintenance of LTP [264, 265]. PI3K is also an upstream regulator of mTOR 

which is necessary for both LTP and LTD [47, 58, 255, 266]. In addition, GSK-3β 

inhibition, through phosphorylation by Akt, is necessary for induction of LTP [267-

269] . Jo et al. found that inhibition of LTP by Aβ was mediated by caspase-3 

cleavage of Akt and subsequent disinhibition of GSK-3β [270]. Further, the insulin 

receptor binds the SHC protein which activates the ERK1/2–CREB pathway. 

Separate from PI3K-Akt activity, ERK1/2-CREB pathway has also been implicated 

in synaptic plasticity changes induced by insulin stimulation [271, 272]. AMPK has 

also been implicated in synaptic plasticity and its activity is dysregulated in insulin 

resistant states as well as in AD [273-275]. Ma et al. found that inhibition of AMPK 

and genetic knockdown of its α1 catalytic subunit alleviated the aberrant synaptic 

plasticity seen in an AD mouse model [276]. 

In addition to these changes in synaptic function, structural synaptic 

changes have also been observed. Synaptic dysfunction and degeneration is 

thought to underlie the changes in functional and structural connectivity and brain 

atrophy characteristic of AD and to a lesser degree in T2DM [277-279]. There is a 

significant decrease in spine density in models of insulin resistance [280, 281]. 

Several studies have shown that Aβ promotes dendritic spine loss through 

aberrant modulation of NMDA and AMPA receptors [70, 282, 283]. Scheff et al. 
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found significantly fewer synapses in the frontal cortex of AD patients [284]. There 

are significant decreases in synaptic markers, particularly the phosphorylation of 

synapsin, as well as decreased expression of synaptophysin  and PSD-95, in the 

hippocampus of mice with metabolic syndrome and obesity [241, 280]. Insulin has 

been shown to stimulate the translation of PSD-95 through PI3K-Akt-mTOR 

signaling [285]. This data supports the hypothesis that aberrant insulin signaling 

caused by insulin resistance may be a contributor to synaptic failure in AD. 

Insulin Resistance and Mitochondrial Function 

Mitochondrial changes have only recently been characterized in the brain 

of predaibetic or T2DM patients. Several studies have observed mitochondrial 

swelling, increased mitochondrial ROS production, and increased mitochondrial 

membrane depolarization in the brain of rats on a high fat diet with subsequent 

insulin resistance [286-288]. Rats fed on a high fat diet also demonstrated reduced 

mitochondrial respiration [289]. Burkart et al. used induced pluripotent stem cells 

isolated from healthy and insulin resistant individuals and found that mitochondria 

from insulin resistant cells had an increase in number as well as a decrease in 

size. Mitochondria from insulin resistant individuals also showed decreased citrate 

synthase activity and decreased expression of glycolytic enzymes. In addition, 

these mitochondria had a significant increase in AMPK activity due to a higher 

ADP/ATP ratio [290]. Putti et al. found altered mitochondrial dynamics in insulin 

resistant skeletal muscle, primarily decreased expression of mitofusin-2, resulting 

in decreased fusion [291]. However, this is one possible mitochondrial phenotype 

in insulin resistance and this can be altered by changing the dietary fat source 
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[291]. Another study in skeletal muscle cells, found increased mitochondrial 

fragmentation and an increase in DRP1 expression promoting mitochondrial 

fission and disrupting mitochondrial dynamics [292]. Mitochondria were observed 

to be smaller, with an increase in fission associated proteins in mice with genetic 

and diet-induced obesity and insulin resistance [292].  

Insulin signaling plays an important role in mitochondrial bioenergetics and 

dynamics which are disrupted in insulin resistance and metabolic disorders. Insulin 

induces Akt activity which inhibits the transcription factor forkhead box protein O 1 

(FOXO1). FOXO1 inhibition leads to decreased expression of key proteins such 

as heme-oxygenase 1 (Hmox1) which can inhibit complexes III and IV of the ETC 

and disrupt the NAD+/NADH ratio, as well as peroxisome proliferator-activated 

receptor-gamma coactivator-1α (PGC-1α) which regulates mitochondrial 

dynamics [293]. Under normal insulin action, ETC impairment is prevented. 

However, under insulin resistance, Akt activity is decreased and FOXO1 remains 

uninhibited, promoting mitochondrial dysfunction and apoptosis. Decreased Akt 

activity leads to decreased expression of PGC-1α. PGC-1α induces mitochondrial 

biogenesis and respiration through its interaction with other transcription factors 

such as nuclear respiratory factor 1 and 2 (NRF1, NRF2) which promotes 

transcription of mitochondrial related genes [294]. Importantly, AMPK acts 

opposite of Akt by activating FOXO1 and increasing PGC-1α expression and also 

by directly phosphorylating PGC-1α and promoting mitochondrial biogenesis [295]. 

In addition, PGC-1α is only in its active form when deacetylated, which can be 

performed by sirtuin 1 (Sirt1), an NAD+-dependent deacetylase [296]. AMPK and 
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Sirt1 appear to have a bidirectional relationship. There is some evidence that Sirt1 

may deacetylate and activate LKB1, which is an upstream regulator of AMPK 

activity [297, 298]. AMPK can also influence NAD+ levels that regulate Sirt1 

activity, this in opposition to AKt activity [299].  

Insulin Resistance in Alzheimer’s disease 

There has been a wealth of evidence for brain hypometabolism in all stages 

of AD patients from FDG-PET studies. Some have found this measure of 

metabolism to be an indirect measure of synaptic function and cognition [276, 300, 

301]. In addition, peripheral insulin resistance has been documented in cases of 

MCI and AD, possibly as a preclinical stage that promotes AD-like pathology [302-

306]. Post-mortem brain tissue studies in AD patients showed disturbed insulin 

signaling in the brain, altered levels or aberrant activation of insulin signaling 

components, and decreased responsiveness to insulin [205, 220, 233, 307, 308]. 

However, other studies have found no association between peripheral insulin 

resistance/T2DM and AD pathology [309-312]. Stanley et al. found that peripheral 

hyperinsulinemia increased plasma and interstitial fluid (ISF) Aβ levels, however 

insulin delivered to the hippocampus directly did not affect ISF Aβ levels [313]. 

Based on current research, it seems that peripheral and central insulin resistance 

are not necessarily directly related. This could be due to the saturation of the insulin 

transporter at the BBB or could be due to insulin deficiency. Rivera et al. found that 

increased AD Braak stage corresponded with more severe decreases in insulin 

receptor expression and insulin binding [314]. Talbot et al. demonstrated brain 

insulin resistance and increased serine phosphorylation of IRS-1 that increased 
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with severity of cognitive decline from MCI to AD and was associated with 

increased amyloid burden. This finding was irrespective of concomitant T2DM 

[233]. Griffin et al. found increased phosphorylation of Akt, GSK-3β, mTOR, and 

tau in the hippocampus of AD patients [315]. These observations make a 

compelling case that insulin resistance and insulin dysregulation may be common 

features of AD that begin early in pathogenesis, irrespective of or perhaps in 

convergence with confounding peripheral metabolic disorders like T2DM.  

Insulin signaling and its dysregulation involves a bidirectional relationship 

with development of AD pathology and an interesting relationship with the APOE 

ε4, the most common genetic risk factor for AD. Several studies have found that 

there are effects of APOE ε4 modulation on metabolic dysfunction such as insulin 

resistance, hyperinsulinemia, and T2DM [217, 316-319]. Cook et al. demonstrated 

that APOE ε4 homozygosity resulted in decreased expression of insulin degrading 

enzyme (IDE) which lead to a decrease in Aβ clearance [320] for which IDE is 

partially responsible [321-325]. A separate study by Craft et al. showed that those 

who had only one or no copies of the ε4 allele demonstrated greater insulin 

resistance than those homozygous for ε4 [217]. Patients without the ε4 allele 

showed significantly higher plasma insulin levels in both AD and healthy controls 

compared to ε4 homozygotes [303, 304]. Insulin resistance and AD seem to have 

inverse relationships with the APOE ε4 allele. While ε4 homozygosity does not 

guarantee a future diagnosis of AD, it does impart a significantly increased risk. 

However, current research suggests that insulin resistance is more common to 

those who do not carry the ε4 gene. More research is necessary to understand this 
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complex relationship and how it may affect the diagnosis or progression of AD and 

development of metabolic dysfunction in the CNS.  

The relationship between insulin resistant states and AD pathology has 

been difficult to tease apart. It is still unclear which, if either plays a causal role or 

is merely the result of some other neurologic dysfunction. Some studies have 

shown that T2DM actually leads to a decrease in amyloid plaques and tau 

neurofibrillary tangles [326, 327] or that there is no relationship between amyloid 

burden and T2DM or insulin resistance [328, 329]. However, Aβ indeed plays a 

role in insulin-sensitive synaptic plasticity and is closely associated with insulin 

signaling events. Gasparini et al. showed that insulin signaling increases 

concentrations of extracellular Aβ by increasing its trafficking to the plasma 

membrane and promoting its secretion [330]. They determined that this effect was 

mediated by the Ras-ERK pathway [330]. In addition, several studies have shown 

that insulin is a competitive substrate of IDE, which degrades Aβ, and this 

competition could be the cause of reduced Aβ clearance and increased plaque 

accumulation [320, 322, 330, 331]. One study found that Aβ can act as a 

competitive substrate for the insulin receptor and can reduce insulin binding and 

subsequent tyrosine phosphorylation preventing signal transduction [77]. GSk-3α 

regulates Aβ production through APP processing [332, 333]. This may act through 

the over-expression of β-secretase, one of the enzymes responsible for cleaving 

APP [334]. Aβ has even been found to promote inhibitory serine phosphorylation 

of IRS-1 through JNK signaling as well [335]. 
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The relationship between insulin signaling and tau pathology is still largely 

unclear. Changes to tau structure, like hyperphosphorylation or cleavage, leads to 

synaptic alterations via disruption of microtubule structure [86, 108, 336]. Several 

studies have demonstrated increased tau phosphorylation in models of insulin 

resistance and T2DM. This data supports the hypothesis that aberrant insulin 

signaling caused by insulin resistance may be a contributor to synaptic failure in 

AD. One study has reported increased phosphorylation of tau at sites linked to AD 

in patients with T2DM [204], while others have failed to find an increase in 

neurofibrillary tangles in brains of patients with AD and T2DM [311, 337, 338]. 

Again, dysregulated insulin signaling molecules may be responsible for the tau 

hyperphosphorylation, like JNK, AMPK, and GSK-3β, which all have known 

phosphorylation sites on tau [93, 274, 339]. Insulin has been shown to increase 

PP2A activity, the main phosphatase responsible for tau dephosphorylation [340-

342]. It is possible that translational control of tau is dysregulated in AD, in addition 

to its hyperphosphorylation and aggregation, and that this may be mediated by 

mTOR signaling [343]. 

Non-Human Primate Models of Disease 

Alzheimer’s disease in Non-Human Primates 

 As of now, AD is primarily studied in rodents, which do not naturally develop 

AD-like pathology. In order to mimic AD-like pathology, rodents are genetically 

altered to have human mutations associated with familial AD and made to 

overproduce human APP or tau. This raises issues with the translational capacity 

of such models. While much has been gained from studying AD in rodents, there 
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is an ongoing search for animal models that better mimic the complex processes 

occurring in human AD. There are many obstacles to achieving a truly translational 

animal model of AD. Several species such as non-human primates, dogs, bears, 

cats, and camels have been reported to naturally develop Aβ pathology [344-347]. 

However, the development of tau pathology in these species is still largely 

uncertain. In addition to sometimes questionable AD pathology, these species are 

large, expensive to house and care for, and take many years to age to a 

pathologically relevant time point. Despite these difficulties, non-human primates 

(NHPs) are postulated to be a useful model organism for AD because they are the 

closest evolutionary relative to humans. In terms of phylogeny, chimpanzees and 

bonobos are the closest evolutionary relative to humans, followed in succession 

by gorillas, orangutans, gibbons, and siamangs that round out the great ape family 

of NHPs [348-350]. An extended family of old world monkeys follow from vervets 

to mangabeys, mandrills, macaques, and baboons [348-350]. New world monkeys 

are more lemurian in nature and not as similar as their old world counterparts. It is 

currently thought that apes and old world monkeys would be the best NHPs for 

use as models of neurological disease because of their close evolutionary 

relationship and anatomical and functional similarities. Here, the evidence for AD-

like pathology in NHPs is reviewed. One study by Gearing et al. looked at AD 

pathology in both aged chimpanzees and aged rhesus macaques with the results 

that all NHPs showed evidence of cerebral amyloid angiopathy (CAA) around 

vessels, capillaries, and arterioles. The chimpanzees, a cohort of 3 ages 45-59, 

had numerous diffuse plaques throughout their cortex but few neuritic plaques 
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were found and there was no evidence of PHF tau or neurofibrillary tangles. In 

addition, the plaques found in these monkeys failed to stain positive for other 

plaque constituents and even other APP epitopes that are commonly found in 

human amyloid plaques [351]. Similarly, the four rhesus macaques examined 

showed extensive neuritic plaques and no evidence of tau pathology. The amyloid 

plaques in the macaques were immunoreactive with other APP epitopes and 

plaque constituents [351]. In contrast, a single case study of a 41-year-old 

chimpanzee found neurofibrillary tangles, PHF tau, and immunoreactive clusters 

of dystrophic neurites throughout the prefrontal and temporal cortices, with sparse 

immunoreactivity in the hippocampus. The tau pathology was determined to not 

be conclusive of any other known human tauopathy. In addition, there were sparse 

Aβ plaques in the cortex and fewer in the hippocampus [352]. This was the first 

documented case of “full” tauopathy in NHPs. This study was followed by a study 

by Edler et al. that found similar Aβ and tau pathology coupled with Aβ-associated 

microglia activation in a cohort of 20 chimpanzees, ages 37-62 [353, 354]. A study 

by Perez et al. in western lowland gorillas found Aβ immunoreactive diffuse 

plaques in the prefrontal cortex and anterior cingulate cortex. However, in this 

study, dystrophic neurites were not found in conjunction to Aβ plaques or 

phosphorylated/PHF tau [355]. Orangutans have shown some evidence of amyloid 

deposits and CAA, with no evidence of advanced tau pathology [356, 357]. Due to 

the rarity and protected status of great apes, it is difficult to determine if these 

animals actually develop the cognitive symptoms of AD. Especially in the studies 

mentioned, the cognitive status of the monkeys was unknown or no cognitive 
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deficits were observed, but there was a lack of cognitive testing that may better 

measure this. In addition, despite that some tauopathy has been observed, it has 

been postulated that the mechanisms of Aβ and tau pathology may be uncoupled 

in great apes and other NHPs. In humans, Aβ is largely thought to precede and 

precipitate tau pathology, however these two pathologies may occur independent 

of each other in some NHPs.  

Old world monkeys, such as vervets and macaques are more common 

research animals and easier to study for signs of hallmark AD pathophysiology and 

cognitive decline. One study involving ten female African green monkeys, five old 

and five young, found few diffuse Aβ plaques in the young group and dense Aβ 

plaque deposition in the old group with plaque burden and levels of Aβ1-40 and 

Aβ1-42 correlated with age [358]. These findings were associated with increased 

astrocyte activation, similar to AD in humans [358].  A more recent study by Cramer 

et al. compared AD pathological changes in both young and old African green 

monkeys and observed that African green monkeys over the age of 15-years-old 

demonstrated dense plaque accumulation with corresponding glial activation that 

correlated with age in the prefrontal cortex (PFC) and entorhinal cortex but not in 

the hippocampus or visual cortex [359]. This pattern of plaque deposition was 

found to be similar to human AD pathogenesis. Only two of the older monkeys had 

evidence of tau pathology in the form of aberrantly phosphorylated tau in the 

entorhinal cortex and hippocampus. In addition, the aged African green monkeys 

performed significantly worse on a PFC-mediated cognitive test  compared to 

younger monkeys [359]. At 15-years-old, Caribbean vervets have some Aβ 
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immunoreactivity and CAA, and develop plaques over the age of 20 [360]. Another 

study including nine middle-aged and nine aged vervets observed largely diffuse 

plaques with some neuritic plaques throughout the cortex of the aged animals, with 

only one animal having plaques in the hippocampus [361]. In this study, all animals 

had PHF tau immunoreactivity but no NFTs. Latimer et al. also observed slower 

gait speed and brain volume that correlated with age and Aβ levels [361]. 

Macaques are somewhat more variable in their expression of AD-like 

pathology compared to vervets and great apes. Aged rhesus macaques showed a 

high concentration of amyloid-positive plaques in their prefrontal and temporal 

cortices accompanied by dystrophic neurites [362]. One study looked for Aβ 

pathology in a cohort of 64 cynomolgus macaques, ages 2 to 35. Of the 25 

monkeys over the age of 20, 16 were found to have Aβ plaques, both cored and 

diffuse, throughout their temporal cortex and amygdala, with few plaques seen in 

the prefrontal cortex [363]. In this cohort, the number of mature (dense cored) 

plaques tended to correlate with age, while diffuse plaques did not show such a 

trend. There has been some discrepancy on age of onset or age of Aβ pathology 

in these monkeys, but most agree that pathology occurs around 20 years of age. 

Other studies of AD-like pathology in cynomolgus macaques confirmed Aβ plaque 

observations, with somewhat variable distribution and age of onset [364, 365]. In 

accordance with the hypothesis that Aβ and tau pathology are spatiotemporally 

uncoupled in some species of NHPs, Oikawa et al. found hyperphosphorylated tau 

in cynomolgus macaques under the age of 20 but not Aβ plaques [365]. Other 

studies have found cognitive impairment in cynomolgus macaques over 20-years-
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old, along with Aβ plaque deposition and phosphorylated tau, specifically at the 

Thr231 epitope [366]. One study found rather extensive PHF tau in aged 

macaques beginning in the entorhinal cortex and sparse PHF staining in the PFC 

[367]. In this study, sparse mature NFTs were only observed in the oldest animal 

over 38-years-old [367]. Kimura et al. found plaques throughout the cortex of aged 

monkeys but found no evidence of NFTs or PHF tau even though increased 

expression of activated GSK3β and CDK5 were present [368].  

Conclusions 

 Despite the ever increasing knowledge in the fields of AD and T2DM, a 

mechanistic understanding of etiology is still a work in progress. AD and T2DM 

share many common characteristics and possibly have a bidirectional relationship. 

It’s possible that metabolic disorders such as prediabetes and T2DM in mid-life not 

only increase risk of AD but may physiologically contribute to development of AD 

pathology or may exacerbate that pathology. In addition, AD may also contribute 

to further metabolic dysfunction. More work is needed to understand the underlying 

link between T2DM and AD and how this might relate to potential therapies. Non-

human primate models may be excellent candidates for these types of studies due 

to their natural age-dependent development of AD-like pathology, unlike many 

other model organisms currently used in AD research.  
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Abstract 

 Alzheimer’s disease (AD) is cause for increasing concern as its prevalence 

is growing rapidly and there is not currently a cure or disease modifying treatment. 

The underlying mechanisms of this disease still remain unclear. AD is 

characterized by amyloid (Aβ) plaques and tau neurofibrillary tangles (NFTs). In 

addition, it is extremely common to find comorbid AD and diabetes. Diabetes and 

glucose dysregulation are prominent risk factors for AD. This has led to the 

hypothesis that diabetes and other metabolic disorders may contribute to or 

exacerbate AD-associated pathophysiology and vice-versa. Central nervous 

system changes accompanying peripheral glucose dyshomeostasis have yet to be 

fully characterized and have rarely been studied in non-human primates. Here, we 

characterized AD-like pathology and molecular signaling changes in cynomolgus 

macaques with normal and high glucose levels. We found increased tau 

phosphorylation in the prefrontal cortex of the high glucose group and this was 

accompanied by aberrantly increased AMPK activity and decreased PP2A activity. 

There was evidence of synaptic changes as well as impaired mitochondrial 

morphology.  

 

Introduction 

 Alzheimer’s disease (AD) is the 6th leading cause of death in the US [1]. It 

currently affects over 5 million people in the US alone and that number is expected 

to increase as the population gets older. AD is a debilitating disease that is 

characterized by amyloid (Aβ) plaques and tau neurofibrillary tangles (NFTs), as 

well as metabolic and synaptic dysfunction, culminating in cognitive impairment. It 
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is currently the only disease in the top ten causes of death that is without a disease 

modifying treatment or cure.  

 There are many risk factors for AD, with concomitant type 2 diabetes or 

insulin resistance being one of the most common [2]. Diabetes and related 

conditions are of increasing concern with roughly 34 million diagnosed with type 2 

diabetes and another 88 million with prediabetes [3]. Despite both being risk 

factors for AD, there may be an even more tangible mechanistic link. There has 

been a wealth of evidence for brain hypometabolism in all stages of AD patients 

from FDG-PET studies. Some have found this measure of metabolism to be an 

indirect measure of synaptic function and cognition [4-6]. In addition, insulin 

resistance has been documented in cases of MCI and AD, possibly as a preclinical 

stage that promotes AD-like pathology [7-11]. Post-mortem brain tissue studies in 

AD patients showed disturbed insulin signaling in the brain, altered levels or 

aberrant activation of insulin signaling components, and decreased 

responsiveness to insulin [12-16]. Rivera et al. found that increased AD Braak 

stage corresponded with more severe decreases in insulin receptor expression 

and insulin binding [17]. Talbot et al. demonstrated brain insulin resistance and 

increased serine phosphorylation of IRS-1 that increased with severity of cognitive 

decline from MCI to AD and was associated with increased amyloid burden. These 

observations make a compelling case that insulin resistance and glucose 

dysregulation may be common features of AD that begin early in pathogenesis, 

irrespective of or perhaps in convergence with confounding peripheral metabolic 

disorders like T2DM. Several studies have demonstrated increased tau 
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phosphorylation in models of insulin resistance and T2DM [18-20]. In addition, 

insulin has been shown to increase protein phosphatase 2A (PP2A) activity, the 

main phosphatase responsible for tau dephosphorylation [21-23]. These insulin 

signaling related changes suggest a mechanistic link between metabolic disorders 

and AD, which may act to exacerbate AD pathology.   

 Non-human primates are becoming increasingly used to study AD 

pathophysiology as well as other human disease like diabetes. Cynomolgus 

macaques have been found to naturally develop AD-like pathology, including Aβ 

plaques and hyperphosphorylated tau and paired helical filament (PHF) tau, which 

are early stages of NFT development [24-26]. While diabetes is common to 

cynomolgus macaques, molecular signaling dysregulation and central nervous 

system changes in prediabetes has been underrepresented in the literature and 

rarely studied in primates [27]. Here, we characterized AD-like pathology and 

molecular signaling dysregulation in a non-human primate model of impaired 

glucose homeostasis.  

Materials and Methods 

Animals 

All non-human primates were individually housed at the Wake Forest University 

Primate Center, on a 12hr light/dark cycle, and given regular chow (5038; LabDiet, 

St. Louis, MO, USA). They were provided fruit and water ad libitum. All 

experimental procedures were performed in accordance with the Guide for the 

Care and Use of Laboratory Animals and approved by the Institutional Animal Care 

and Use Committee of Wake Forest University School of Medicine (Winston-



68 
 

Salem, NC, USA). Three cynomolgus macaques (Macaca fascicularis), 2 females 

and 1 male, were used as healthy controls with normal blood glucose levels. Two 

cynomolgus macaques, both female, were used in the elevated glucose group. 

Their elevated glucose condition was based on blood glucose levels between 80-

100 mg/dL, as found in the literature [28, 29]. Demographic Information is listed in 

Table 1. 

Fixed Tissue Preparation 

Tissue was dissected from appropriate locations and fixed in 4% 

paraformaldehyde for three days and transferred to a 30% sucrose cryoprotectant 

solution for 1 week. The tissue was then flash-frozen in a dry ice bath of 2-

methylbutane and stored at -80C.  

Immunohistochemistry 

The tissue samples were equilibrated to the cryostat (HM525NX, ThermoFisher) 

temperature (-20C) for at least an hour. The tissue was then transferred to a pre-

labeled plastic cryomold and entirely embedded with OCT (optimizing cutting 

temperature) and allowed to freeze completely inside the cryostat.  The OCT 

embedded tissue block was then removed from the cryomold and immediately 

placed on a room temperature specimen chuck with a thin layer of OCT.  The 

chuck was chilled inside the cryostat on the freeze rail, and after complete 

solidification, the specimen chuck with the tissue block adhered was attached to 

the specimen holder in the cryostat.  Tissue was sectioned at a desired thickness 

(5-10um) and placed on SuperFrost Plus Slides.  If staining with Hematoxylin 
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(7211, Richard Allan) and Eosin (7111, Richard Allan), slides were immersed in 

10% neutral buffered formalin as a first step and then stained on an automatic 

stainer (Gemini AS Automated Slide Stainer, ThermoFisher).  

Slides were allowed to come to room temperature before antigen retrieval was 

performed using citrate buffer (pH 6.0), heated to boiling in a microwave and boiled 

for 15 mins. Endogenous peroxidase activity was blocked using 3% H2O2 for 25 

min. Slides were incubated in a humidified chamber in primary antibody for 

Amyloid-Beta (6E10) (1:1000; Sigma, Cat#Sig39320) or p-Tau (AT8) (1:1000; 

Thermofisher, Cat#MN1020), overnight at 4°C. Sections were then incubated in 

biotinylated α mouse (6E10) or rabbit (AT8) secondary antibody (1:200; Vector 

Labs, Burlingame, CA) for 2 hrs at room temperature followed by Vectastain Elite 

ABC reagent (Vector Labs) for another 30 minutes. Primary and secondary 

antibodies as well as ABC reagent were diluted in 1% BSA/PBS. Vectastain Elite 

ABC kit Diaminobenzidine (DAB) reagent (Vector Labs) was diluted in DAB diluent 

(Vector Labs) for a working DAB solution. Sections were developed in DAB for 1 

min. Slides were counterstained using Mayer’s hematoxylin for 8 mins. In between 

each step of immunohistochemistry, sections were rinsed using distilled water or 

PBS (pH 7.4). Negative controls were incubated in 1% BSA with no primary 

antibody. Sections were dehydrated in an alcohol series and cleared with xylene, 

cover-slipped, and dried overnight. Imaging was performed using BZX710 all-in-

one fluorescent microscope (Keyence, Japan). 

Western Blotting 



70 
 

Tissues were removed from appropriate structures and flash frozen on dry ice. 

Tissues were then homogenized in an appropriate lysis buffer and quantified as 

previously described [30]. Samples were loaded on 4-15% TGX™ Precast Gels 

(Bio-Rad), and transferred to nitrocellulose membranes. Membranes were blocked 

and then probed overnight at 4°C using primary antibodies of interest. Blots were 

washed and HRP-labeled secondary antibodies were added. Primary antibodies 

used: p-AMPKα (1:1000; Thr172) (Cell Signaling, Cat#2535), AMPKα (1:1000; Cell 

Signaling, Cat#5832), p-Tau (1:1000; AT8) (Thermofisher, Cat#MN1020), p-Tau 

(1:1000; Thr231) (Thermofisher, Cat#MN1040), p-GSK3β (1:1000; S9) (Cell 

Signaling, Cat#5558), GSK3β (1:1000; Cell Signaling, Cat#12456), PP2AC 

(1:1000; Cell Signaling, Cat#2038), and GAPDH (1:10,000, Cell Signaling, 

Cat#5174). All antibodies were diluted in either 5% wt/vol Milk/TBST or 5% wt/vol 

BSA/TBST. The blots were visualized using chemiluminescence (Clarity™ ECL; 

Bio-Rad) and the Bio-Rad ChemiDoc™ MP Imaging System. Densitometric 

analysis was performed using ImageJ software. Data were normalized to GAPDH 

(for total protein analysis) or relevant total proteins (for phospho-protein analysis) 

unless otherwise specified. 

Transmission Electron Microscopy 

The CA1 of the hippocampus of previously fixed tissue (described above) was 

microdissected and were washed in buffer and post-fixed with 1% osmium 

tetroxide in phosphate buffer for an hour. Samples were then dehydrated through 

a graded series of ethanol solutions. For preparation of resin infiltration, the 

samples were incubated in propylene oxide for two 15-minute changes. The 
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samples were subsequently infiltrated with 1:1, 1:2, and pure solutions of Spurr’s 

resin and placed in a 70°C oven overnight to cure. A Reichert-Jung Ultracut E 

ultramicrotome was used to obtain 90 nm thick sections, stained with lead citrate 

and uranyl acetate, and viewed with a Tecnai Spirit transmission electron 

microscope operating at 80 kV (FEI Co.). Images were obtained with a 2Vu CCD 

camera (Advanced Microscopy Techniques) at ×11,000 magnification. Analysis 

was performed using ImageJ as previously described [31, 32]. Imaging and 

analysis were done by investigators blinded to animal groups. 

For the mitochondria analysis: Image J was used to determine the area and length 

(longest points across mitochondrion) [33]. The inner/outer mitochondrial 

membranes were given a binary rating of if they were intact and the cristae 

morphology was given a binary intactness rating based on literature [34, 35]. 

Imaging and analysis were done by investigators blinded to animal groups. 

Statistical Analysis 

Data are presented as mean +/- SEM. For comparisons between groups, a two-

tailed unpaired student’s t-test was used. Error probabilities of p<.05 were 

considered statistically significant. Outliers were determined via Grubbs test. 

Statistics were performed using Prism 8 statistics software (GraphPad Software, 

San Diego, CA). 
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Results 

Increased tau phosphorylation in the prefrontal cortex of cynomolgus macaques 

with elevated blood glucose. Cynomolgus macaques have previously been shown 

to exhibit Aβ plaques as well as hyperphosphorylated and fibrilar (PHF) tau [24, 

25]. The hippocampi of the high glucose group failed to display any AD-related 

pathological changes compared to the control group (Fig. 1A). However, the 

prefrontal cortex (PFC) of the high glucose group had a significant increase in 

phosphorylated tau at the AT8 epitope, with the appearance of PHF (Fig. 1B). The 

PFC also demonstrated a trending increase in Aβ immunoreactivity, although it 

was intracellularly localized (Fig. 1B). This could be due to the broad recognition 

of the 6E10 antibody for oligomers as well as amyloid precursor protein, or an 

artifact. There was no evidence of plaque structures, diffuse or dense-cored, in 

either the hippocampus or PFC of the control and high glucose groups.  

Clinical 
ID

Gender
Age 
(yrs)

Body 
Weight (kg)

Brain 
Weight (g)

Glucose 
(mg/dL)

Cholesterol 
(mg/dL)

Triglycerides 
(mg/dL)

7405/37 Male 15.08 11.48 74.65 55 88 131
7406/37 Female 14.67 6.31 64.97 75 137 62
7430/37 Female 14.67 7.18 68.00 69 117 88

Mean 14.81 8.32 69.21 66.33 114.00 93.67
SEM 0.14 1.60 2.86 5.93 14.22 20.12

7871/35 Female 19.17 3.30 58.37 84 153 159
7676/37 Female 19.92 4.00 66.30 87 114 102

Mean 19.54 3.65 62.34 85.50 133.50 130.50
SEM 0.38 0.35 3.97 1.50 19.50 28.50

Normal 
Glucose 

High 
Glucose

Table 1: Cynomolgus Demographic Data
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Increased tau phosphorylation at Thr231 epitope in the prefrontal cortex of 

cynomolgus macaques with elevated glucose. There are many possible tau 

phosphorylation sites that are implicated in AD. Phosphorylation at Thr231 has 

been found largely in PHF and pre-tangle formations, while Ser396 has been 

mostly associated with late-stage NFTs [36-38]. Similar to the 

immunohistochemical data, there was no change in tau phosphorylation at the 

Thr231 and Ser396 sites in the hippocampus of the high glucose group compared 

to healthy controls (Fig. 2A). There was a marked increase in tau phosphorylation 
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at the Thr231 site in the prefrontal cortex of the high glucose group (Fig. 2B). There 

was no significant difference in phosphorylation of the Ser396 site, which is in 

agreement with the PHF pathology observed. Interestingly, there was a trending 

decrease in total tau in the prefrontal cortex of the high glucose group. The 

increase in phosphorylation at the Thr231 site in the prefrontal cortex positively 

correlated with age but was only loosely associated with glucose levels (Fig. 3A, 

B). It is not surprising that tau phosphorylation correlates more closely with age 
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Increased AMPK activity in the prefrontal cortex of elevated glucose group. There 

are several well-known tau kinases that are downstream of insulin signaling: AMP-

activated protein kinase (AMPK), glycogen synthase kinase 3 β (GSK3β), and 

mitogen-activated protein kinase (MAPK, also known as ERK). Of the three, AMPK 

and GSK3β are known to be dysregulated in AD [39, 40]. In addition, AMPK and 

GSK3β have been linked to Aβ production and deposition as well as metabolic 

dysregulation associated with early AD [40, 41]. AMPK and GSK3β can 

phosphorylate multiple tau phosphorylation sites including Ser396 and Thr231 [36, 

42]. Here we found no change in AMPK expression or activity in the hippocampus 

of the high glucose group (Fig. 4A). There was also increased inhibition of GSK3β 

via phosphorylation at the Ser9 site in the hippocampus of the high glucose group 

(Fig. 4B). However, there was a significant increase in AMPK activity in the PFC 

of monkeys with elevated glucose levels (Fig. 4C), with no change in GSK3β 

activity (Fig. 4D). This was accompanied by a trending decrease in total AMPK 
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and GSK3β. It is possible that the increased AMPK activity in the PFC is 

responsible for the increased tau phosphorylation at the Thr231 site (Fig. 2B). 

 

PP2A activity is somewhat decreased in the prefrontal cortex of the elevated 

glucose group. Tau hyperphosphorylation in AD can be attributed to dysregulation 

in kinase and phosphatase activity. Protein phosphatase 2A (PP2A) is the main 

phosphatase responsible for dephosphorylation of tau, and is influenced by insulin 

signaling [23]. PP2A activity was found unchanged in the hippocampus between 

the control and high glucose groups (Fig. 5A). However, there was a trending 

decrease in PP2A activity in the PFC of the high glucose group (Fig. 5B). This 

decrease in PP2A activity may contribute to the increased tau phosphorylation 

seen in the PFC.  
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Elevated glucose group has increased postsynaptic density size in area CA1 of 

the hippocampus. AD is characterized by synaptic failure early in pathogenesis 

with impairments in synaptic plasticity and dendritic spine loss [43]. The 

postsynaptic density (PSD) is an integral part of the synapse and ensures normal 

synaptic transmission [44]. It can also be a measure of spine volume and changes 

in the active zone are indicative of changes in synaptic transmission [45]. Using 

transmission electron microscopy, we analyzed PSD morphology to investigate 

synaptic alterations. Here, we did not observe any difference in number of PSDs 

or in the length of the active zone between groups (Fig. 6B, C). However, we did 

find a nearly significant increase in the average size of PSDs in the high glucose 

group (Fig. 6D).  
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No change in protein synthesis regulation between groups. Insulin signaling is 

highly coupled with protein synthesis regulation and aspects of synaptic plasticity. 

It promotes the mammalian target of rapamycin (mTOR) pathway that regulates 

multiple aspects of proteins synthesis. mTOR is upstream of S6 kinase 1 (S6K1), 

eukaryotic initiation factor 4E binding protein (4E-BP1), and eukaryotic elongation 

factor 2 (eEF2). It is possible that the change in synaptic morphology could be due 

to a change in protein synthesis regulation. However, there were no significant 

changes in mTOR activity or in the activity of its downstream targets S6K1, 4E-

BP1, or eEF2 (Fig. 7). The change in PSD size could also be a compensatory 
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mechanism to account for other synaptic changes not yet observed. However, 

further investigation is required to understand this change in PSD morphology. 

 

Impaired mitochondrial morphology in area CA1 of the hippocampus of monkeys 

with elevated glucose levels. Mitochondria function and morphology have been 

heavily implicated in AD as well as in metabolic disorders [46]. Using transmission 

electron microscopy, we found no change in number of mitochondria between the 

high glucose and control groups (Fig. 8B). However, we did observe a significant 

decrease in average mitochondrial length and size in the high glucose group 

compared to controls (Fig. 8C, D). We also observed a significant decrease in the 

number of mitochondria with an intact membrane in the high glucose group 

compared to controls (Fig. 8E). These finding suggest that mitochondrial 

morphology and possibly function are impaired in these monkeys with elevated 
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glucose levels. Importantly, AMPK is a key regulator of mitochondrial biogenesis 

and dynamics through peroxisome proliferator-activated receptor γ coactivator 1-

α (PGC-1α) and Sirtuin 1 (Sirt1) signaling. AMPK dysregulation could contribute to 

the mitochondrial impairments seen. 

 

Discussion  

 Metabolic disorders and AD have numerous commonalities and share 

insulin signaling dysregulation as an underlying factor. There is a significant need 

for model organisms that better mimic sporadic AD, which is the most common 

form of dementia in humans. Non-human primates have become a very promising 

avenue as they naturally develop many human diseases like diabetes and AD [27]. 
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This study provided some preliminary insights into brain metabolic and AD-like 

changes in non-human primates with elevated glucose levels. The PFC of the high 

glucose group showed significant signaling alterations in the form of increased 

AMPK activity and decreased PP2A activity, as well as AD-like increases in 

phospho- and PHF tau compared to healthy controls. While AD-like pathological 

changes were not observed in the hippocampus of these monkeys, there was 

significantly impaired mitochondrial morphology, and perhaps a compensatory 

increase in PSD size in the high glucose group. While the relationship between 

metabolic dysfunction and AD is not yet fully understood, other research suggests 

a potential bidirectional connection between the two [47]. It is possible that 

hyperglycemia and other systemic metabolic disorders could increase the systems 

vulnerability to development of AD pathology. Our results suggest that there may 

be, at least, an increased vulnerability to AD-associated tau pathology.  

 Other studies have shown a potential difference between human AD 

pathology and the AD-like pathology seen in NHPs. This could be differences in 

pathogenesis as well as specific regions affected. Most studies done in 

cynomolgus macaques have found evidence of Aβ plaques in frontal and temporal 

cortices after the age of 20-years-old [24, 25]. The primates used in this study may 

be a little young to present overt plaque deposition. However, this also raises the 

question of why PHF tau is present before plaque accumulation, since humans 

normally develop Aβ pathology earlier in life. Several studies have suggested an 

uncoupling of Aβ and tau pathology in NHPs, with PHF tau appearing before Aβ 
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plaques [26, 48]. This uncoupling could potentially explain the spatiotemporal 

differences in pathology seen in NHPs and humans.  

 From this study, AMPK has emerged as a protein of interest in the 

pathogenesis of both AD and prediabetes. AMPK is a heterotrimeric protein and a 

key cellular energy sensor. It is activated by cellular stress and changes in the 

ADP/ATP ratio, as well as changes to calcium homeostasis [49]. It is involved in 

numerous metabolic functions as well as mitochondrial biogenesis and dynamics, 

protein synthesis and synaptic plasticity, Aβ production, and tau phosphorylation 

[49]. It is heavily tied to multiple proteins in the insulin signaling pathway such as 

Akt, tuberous sclerosis factor 1 and 2 (TSC1/2), GSK3β, mammalian target of 

rapamycin (mTOR), and eukaryotic elongation factor 2 (eEF2) to name a few. 

AMPK may be at the nexus of molecular signaling dysregulation in AD and 

metabolic disorders. Here we found aberrant AMPK activity in the PFC of 

hyperglycemic monkeys, as well as mitochondrial impairments in the 

hippocampus. While, overall AMPK activity was not altered in the hippocampus, 

it’s possible that there are isoformic differences in the AMPKα catalytic subunits 

that may explain the mitochondrial changes seen. Our lab has previously shown 

AMPKα isoform dysregulation in AD human post-mortem tissue as well as in AD 

animal models [30, 39]. More work is needed to determine the role of AMPK 

isoforms in AD pathogenesis and their connection to hyperglycemia, insulin 

resistance and other metabolic disorders.  

 In summary, this study demonstrated aberrant AMPK activation and tau 

hyperphosphorylation in the PFC of hyperglycemic cynomolgus macaques. This is 
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some of the first characterizations of AD-like pathophysiology in NHPs with 

elevated glucose levels. It suggests an important role of AMPK in both AD and 

metabolic disorders and more work is needed to understand the interplay between 

insulin signaling dysregulation, AMPK, and AD.  
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General Discussion 

 Alzheimer’s disease is a serious concern for our society and health care 

systems. It’s etiology still remains unclear and much more work is needed to 

understand the pathogenesis of the disease and its underlying mechanisms. 

Sporadic AD is the most prevalent form in humans but has been historically difficult 

to model in animals. Animal models of AD often rely on genetic mutations that 

more closely resemble familial AD or other types of dementia. These models 

frequently use overexpression of AD-related proteins that are no longer at normal 

physiological levels and this could alter disease progression in these animals. 

While these models have considerable worth, their translational ability has been 

somewhat limited. This has prompted many researches to begin looking at higher-

order mammals that might be more closely related to humans and share 

significantly more neuroanatomical similarities. This is true of NHPs that naturally 

develop human diseases with very similar pathophysiology. AD in NHPs can also 

be a challenge to study, but on the whole, these animals mimic more aspects of 

AD as well as many of its complexities that are difficult to model concurrently in 

rodent models. Here, we have characterized some AD-related pathology in 

hyperglycemic cynomolgus macaques.  

 Prediabetes, as previously stated, is underrepresented in the literature but 

affects over twice as many people in the US alone [1]. Brain metabolic alterations 

have only just begun to be characterized in systemic metabolic disorders such as 

prediabetes, MetS, and diabetes. It is important to understand how these metabolic 

disorders may contribute to or exacerbate AD pathophysiology and pathogenesis 
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because of their incredibly high comorbidity. It is becoming increasing clear that 

AD and insulin resistant states have a highly dynamic and complex relationship. It 

is difficult, with our current knowledge, to know the extent of their relation and 

determine causality. That being said, there is much that we can glean from NHP 

studies. In this case, we have found an increase in AD-like tau pathology in the 

PFC of hyperglycemic cynomolgus monkeys. In addition, we have found molecular 

signaling dysregulation, namely increased AMPK activity, tau phosphorylation, and 

decreased PP2A activity in the PFC of monkeys with elevated glucose levels. We 

have also observed impaired mitochondrial morphology that could suggest 

functional impairments in the hippocampus of hyperglycemic monkeys. These 

findings provide some evidence that there is potential crosstalk between AD and 

metabolic dysregulation and that NHPs would be a useful model for better 

understanding this relationship. However, there are some peculiarities that need 

to be addressed.  

 To begin, there were several limitations to this study. The number of 

subjects was low and its possible that more significant and meaningful 

relationships may emerge with increased cohort size. Unfortunately, behavioral 

data was not available for these primates. Behavior data, in multiple cognitive 

domains would have been incredibly useful to correlate changes with the molecular 

signaling and pathological changes seen in the prefrontal cortex. In general, there 

are a limited number of studies on cognitive dysfunction in NHPs with AD or T2DM 

[2-4]. However, these studies do demonstrate deficits in executive function and 

memory, similar to humans. Unlike in human AD, we did not observe any changes 
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in Aβ pathology in the hippocampus of the cynomolgus macaques in this study. 

There is some literature that also found the hippocampus largely spared in NHPs 

[4, 5]. However, the fact that PHF tau was observed in the absence of plaques, 

suggests that these pathological processes are not as closely tied as they are in 

human AD. This uncoupling could explain the spatiotemporal differences in 

pathology between NHPs and humans. Other studies have found PHF tau at 

younger ages, before onset of plaque deposition [6, 7]. Despite the presence of 

PHF and hyperphosphorylated tau, there is a lack of mature NFT formations in 

NHPs. The one study that has observed NFTs, did so in chimpanzees, one of our 

closest relatives, and the expression pattern did not fully mimic that seen in 

humans [8]. There are several theories behind this. One is that there are some 

differences between tau gene sequences in NHPs [9-11]. For example, NHPs have 

been found to have an N-terminal motif that appears to be unique to primates 

(although not all primates) and alters tau’s interactions with other proteins, 

particularly synapsin and synaptotagmin [11, 12]. Another is that different 

phosphorylation sites may be preferentially targeted in different species and this 

could have an effect on tau’s affinity for aggregation [13]. Different post-

translational modifications have also been known to affect tau’s ability to aggregate 

and these may differ in NHPs [14].  

Future Directions 

 From this study, AMPK has emerged as a protein of interest with a possible 

role in both metabolic dysfunction and AD. Although much more work is needed to 

understand what role AMPK plays in both diseases. AMPK is a key cellular energy 
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sensor and largely functions to control the balance of anabolic and catabolic 

processes and maintain energy homeostasis. It is a heterotrimeric protein with a 

catalytic (α), scaffolding (β), and regulatory (γ) subunit. Each subunit exists as 

different isoforms with different distributions and functions [15]. There are two α 

subunits, α1 and α2. AMPK can be regulated by the AMP/ADP/ATP ratio within 

the cell, its upstream kinases calcium/calmodulin-dependent protein kinase kinase 

β (CAMKKβ) and liver kinase B1 (LKB1), as well as hormones like leptin and 

adiponectin [15]. AMPK regulates protein synthesis through crosstalk with the 

mTORC1 signaling pathway [16]. AMPK inhibits protein synthesis through 

activation of tuberous sclerosis complex 2 (TSC2) which is an upstream inhibitor 

of mTORC1 and protein synthesis. AMPK can directly inhibit mTORC1 through 

phosphorylation of the regulatory-associated protein of mTOR (Raptor) that is part 

of mTORC1. AMPK can activate eukaryotic elongation factor 2 kinase (eEF2K) 

which inhibits protein synthesis through the phosphorylation of eukaryotic 

elongation factor 2 (eEF2). Lastly, AMPK has been implicated in Aβ production, 

plaque formation and tau hyperphosphorylation. There is evidence that AMPK 

reduction plays a role in Aβ production by increasing APP processing by β-

secretase in lipid rafts [17, 18]. AMPK is known to phosphorylate tau at multiple 

sites, including Thr231 and Ser396 sites, and AMPK-dependent tau 

phosphorylation was increased in AD [19]. AMPK dysregulation may be an early 

feature of AD that promotes accelerated cognitive decline through its roles in Aβ 

production, tau phosphorylation, protein synthesis regulation, metabolism, 

autophagy, mitochondrial biogenesis, inflammation and oxidative stress. While 
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studies by our lab and others have implicated AMPK in AD pathogenesis, it is still 

largely unclear what role it plays. This lingering uncertainty is due to conflicting 

results and a lack of isoform specificity. The specific functions of the AMPKα 

isoforms are not well understood in the central nervous system. There is some 

evidence that the AMPKα1 subunit is more catalytically active than its α2 

counterpart but this has not been proven in brain tissue [20]. In global AMPKα2 

knockout mice, there was evidence of impaired glucose tolerance and insulin 

sensitivity in the periphery [21]. This has yet to be validated within the CNS but 

could be a potential role for AMPKα2 in AD and diabetes as brain insulin resistance 

may be an early feature. Furthermore, AMPKα2 expression has been shown to 

decrease with age in skeletal muscle [22]. It is possible that age-related AMPKα2 

reduction could contribute to neuronal vulnerability to AD pathology. Our lab has 

found that the isoforms are differentially expressed in AD brains and this could 

point to a lack of homeostatic balance between the two isoforms. Previous 

knockdown models of both isoforms showed that α1 reduction was enough to 

rescue AD-associated impairments in learning and memory and synaptic plasticity, 

while α2 showed no rescuing effect [23]. I hypothesize that decreased AMPKα2 

expression will disrupt brain homeostasis, increase vulnerability, and potentially 

accelerate the pathologic processes in a pre-symptomatic AD mouse model.  

 There is much that still needs to be elucidated on the underlying 

mechanisms between metabolic disorders and AD. While NHPs may be an 

incredibly useful model for these types of disease, there are still differences in tau 

and Aβ pathology in these species that needs to be better characterized. NHPs 
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may still be the best available option for studying sporadic AD and AD with its 

common comorbidities. Here, we determined that AMPK may play a role in the 

pathogenesis of both prediabetes and AD. However, more research is needed to 

determine the potential role of AMPK, especially in the brain. 
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