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Abstract

Diabetes disrupts organs throughout the body including the brain. Evidence suggests diabetes is a
risk factor for Alzheimer’s disease and neurodegeneration. In this review we focus on
understanding how diabetes contributes to the progression of neurodegeneration by influencing
several aspects of the disease process. We emphasize the potential roles of brain insulin resistance,
as well as cholesterol and lipid disruption, as factors which worsen AD.
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Introduction - Diabetes and Alzheimer’s Disease

Alzheimer’s disease (AD) is a prevalent, progressive neurodegenerative disease notorious
for its devastating effects on memory and cognition. The pathology of AD has been well-
documented and includes abundant extracellular plague deposits of the amyloid B (Ap)
peptide in the brain, as well as hyper-phosphorylated intracellular tangles of the protein tau.
A small subset of AD is driven by familial mutations in genes involving Ap production,
however the majority of cases have an uncertain etiology. A prominent theory behind the
cause of AD is the Amyloid Hypothesis, which posits that aggregated assemblies of Ap
peptides in the brain are a primary cause of AD neurodegeneration (Selkoe & Hardy, 2016).
Many people develop A plaque deposits as they age and are not symptomatic for AD
(Brayne et al., 2009), thus amyloid alone cannot explain the AD phenomenon. Over the past
two decades, attempts to develop new therapeutic compounds, many of which have
progressed through phase 3 clinical trials, have failed to produce effective treatments for AD
(Cummings, Morstorf, & Zhong, 2014; Loera-Valencia et al., 2019). These failed efforts,
largely based on the amyloid hypothesis, demonstrate the necessity to pursue additional
avenues in the quest to develop therapeutics for AD-associated neurodegeneration.

It is increasingly evident that metabolic dysfunction plays a role in promoting cognitive
dysfunction and the pathogenesis of Alzheimer’s Disease (AD). Cognitive decline is
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accelerated in patients with both type 1 and type 2 diabetes (T2DM)(Biessels, Deary, &
Ryan, 2008). Furthermore, epidemiological evidence suggests T2DM and insulin resistance
are risk factors for developing AD and increase the likelihood of developing late onset AD
by approximately two-fold (Mittal & Katare, 2016; Ott et al., 1999; Vagelatos & Eslick,
2013). Obesity in general may also accelerate the progression of cognitive decline and
dementia (Beydoun, Beydoun, & Wang, 2008). It is important to note that people with
diabetes do not show increased Ap plaque burden (Arvanitakis et al., 2006; Roberts et al.,
2014). It appears that metabolic dysfunction potentiates AD neurodegeneration by
mechanisms other than enhanced amyloidosis, including, but not limited to, vascular
changes (Biessels & Despa, 2018). This review is focused on understanding how diabetes
may contribute to the progression of AD by influencing numerous aspects of the disease
process. We emphasize the potential roles of brain insulin resistance, as well as cholesterol
and lipid disruption, as factors which worsen AD.

Brain Insulin Receptor and Insulin Resistance in Diabetes and Alzheimer’s

Disease

Originally it was believed that insulin did not play a significant role in the physiology of the
brain. This assumption was based on the observation that brain glucose uptake is not
stimulated by, or dependent on, insulin in most regions of the brain (Best, Taborsky, Halter,
& Porte, 1981; Goodner, Hom, & Berrie, 1980). However, several findings have done much
to change this perspective and it is now accepted that insulin and the insulin receptor (IR)
play a role in normal brain function. The insulin receptor is distributed throughout the brain,
and is particularly abundant in the hippocampus, cortex and thalamus (Kleinridders, Ferris,
Cai, & Kahn, 2014). Injection of insulin into the vena cava activates brain insulin signaling,
and this is lost with knockout of the insulin receptor (Bruning et al., 2000). While insulin is
synthesized outside of the central nervous system in the pancreatic f cells, it is readily
measured in the CSF (Geijselaers et al., 2018). There is some evidence that small amounts of
insulin may be synthesized locally in the brain, however the physiologic consequence of this
remains unclear (Devaskar et al., 1994; Devaskar, Singh, Carnaghi, Rajakumar, & Giddings,
1993). The kinetics of peripheral insulin activating brain insulin signaling appear to be
dependent on endothelial insulin receptors, which serve to traffic insulin into the local brain
tissue (Gray, Aylor, & Barrett, 2017; Konishi et al., 2017). In addition to the IR, the brain
also contains abundant levels of the closely related IGF-1 receptor (IGF1R), as well as its
primary ligand, insulin-like growth factor 1 (IGF-1)(Bach, Shen-Orr, Lowe, Roberts, &
LeRoith, 1991; Fernandez & Torres-Aleman, 2012). IGF1R is also capable of acting as a
lower-affinity receptor for insulin and thus may be responsible for mediating some of the
effects of insulin in the brain. IGF1R is capable of forming heterodimers with IR, although
the functional and physiologic significance of these hybrid receptors in the brain remains
uncertain (Belfiore, Frasca, Pandini, Sciacca, & Vigneri, 2009).

While it is clear the brain contains abundant insulin receptor and is responsive to insulin
signaling, the functional significance of insulin signaling in the brain is still being
elucidated. One of the first attempts to address this issue came from the development of the
brain insulin receptor knockout mouse (Bruning et al., 2000). While these mice are viable,
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deletion of brain IR causes peripheral metabolic dysfunction by inducing hyperphagia, mild
insulin resistance, and obesity. Consistent with these findings, inducible deletion of brain IR
in mice exacerbates hyperglycemia (Koch et al., 2008). Thus, insulin signaling in the brain
plays an essential role in regulating metabolic homeostasis.

Evidence suggests that IR/IGF1R signaling mediates a variety of functions across different
brain regions. Viral-mediated deletion of the IR/IGF1R in the hippocampus impairs learning
and memory, which may be due to downregulation of glutamate receptor signaling. In
contrast, deletion of IR/IGF1R in the amygdala alters temperature homeostasis (Soto, Cai,
Konishi, & Kahn, 2019). Furthermore, IR/IGF1R signaling regulates circadian rhythms by
driving synthesis of the PERIOD protein in cultured neurons and the suprachiasmatic
nucleus, serving as an important molecular link connecting feeding to circadian regulation
(Crosby et al., 2019). Insulin exerts its effects in the brain by acting on multiple cell types,
including neurons and glial cells. Insulin modulates the activity of hippocampal neurons and
likely plays a role in regulating synaptic activity (van der Heide, Kamal, Artola, Gispen, &
Ramakers, 2005). In Neuropeptide Y neurons insulin signaling also regulates feeding
behavior (Loh et al., 2017). In astrocytes, insulin modulates glucose uptake and regulates
metabolism in cooperation with IGF-1 (Fernandez et al., 2017). Furthermore, insulin
regulation of astrocyte glucose uptake is critical for brain regulation of peripheral
metabolism (Garcia-Caceres et al., 2016). Insulin signaling also plays an important role in
astrocyte gliotransmission. Deletion of IR from astrocytes impairs secretion of ATP, leading
to reduced dopamine levels and a depression-like behavioral phenotype (Cai et al., 2018).
Taken together, these studies suggest brain insulin signaling plays an essential role in
promoting cognitive function and healthy metabolism.

Given the wide array of evidence supporting a role for insulin in brain physiology, it is not
surprising then that insulin resistance in the brain may also contribute to neurodegeneration.
Evidence suggesting that disrupted insulin/IGF1 signaling play a role in AD pathogenesis
has been accumulating for more than a decade (Craft et al., 2000; de la Monte & Wands,
2005; Hoyer, 2002; Rivera et al., 2005; Steen et al., 2005). This concept was further
validated in 2012, when it was reported that the human AD brain, including the
hippocampus, is insulin and IGF1 resistant when stimulated post-mortem (Talbot et al.,
2012). Moreover, tau expression and phosphorylation are regulated by insulin/IGF1
signaling (Schubert et al., 2003, 2004). Animal studies have also demonstrated an essential
role for insulin in neurodegeneration. Monkeys treated with streptozotocin (STZ), a toxin
which makes the animals insulin deficient by killing pancreatic p cells, show evidence of
AD, including increased levels of A in the temporal cortex and changes in tau
phosphorylation (Morales-Corraliza et al., 2016). Numerous studies in rodent models of AD
demonstrate that disrupting insulin levels or signaling, through genetic, chemical or dietary
methods, worsens AD phenotype (Hascup et al., 2019; Petrov et al., 2015; Ramos-Rodriguez
etal., 2017; X. Wang et al., 2010).

The mechanism by which insulin resistance occurs in the brains of AD patients is uncertain,
but studies suggest that both Ap and tau proteins may play a role in this phenomenon. Ap
can compete with insulin in binding to the insulin receptor (Xie et al., 2002). Increasing
concentrations of Ap inhibit phosphorylation of the IR and block its normal signaling
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functions. It is, however, uncertain if AP directly inhibits IR in vivo as the estimated Ki of
this interaction is in the micromolar range. This far exceeds normal physiologic
concentrations of Ap in the cerebrospinal fluid (Schirinzi et al., 2017). Micromolar
concentrations of Ap have also been shown to antagonize the effect of insulin when applied
directly to synaptosomes (Heras-Sandoval, Ferrera, & Arias, 2012). Insulin signaling may
also be disrupted by intracellular AB, which may have more relevance /n vivo (H.-K. Lee,
Kumar, Fu, Rosen, & Querfurth, 2009). Injection of Ap oligomers into either the monkey or
mouse brain disrupts insulin signaling in a manner that seems to be dependent on inducing
neuroinflammation (Lourenco et al., 2013). AR oligomers may also promote metabolic
dysfunction. Injection of AP oligomers into the brains of mice promotes glucose intolerance,
suggesting that Ap may play a role in promoting diabetes by damaging the hypothalamus
(Clarke et al., 2015). In addition, tau also appears to play a role in promoting insulin
resistance. Bot deletion of tau and hyperphosphorylation of tau impair insulin signaling
(Marciniak et al., 2017)(Rodriguez-Rodriguez et al., 2017). Tau can also induce
inflammasome activation in the brain, which may further contribute to increased ROS and
impaired insulin signaling (Ising et al., 2019; Stancu et al., 2019). Thus, it appears that the
AP and tau proteins likely have a shared role in causing dysregulated insulin signaling in the
brain.

It is reasonable that Type 2 diabetes, a state of systemic insulin resistance, might promote
Alzheimer’s disease progression by worsening brain insulin resistance. Interestingly, several
groups have shown that a high fat diet is sufficient to promote brain insulin resistance and
cognitive impairment in mice (Kothari et al., 2017; Spinelli et al., 2017; Wakabayashi et al.,
2019). This cognitive dysfunction may occur in part due to increased levels of palmitic acid
driving glutamate signaling dysfunction by altering glutamate receptor palmitoylation
(Spinelli et al., 2017). It has long been known that inflammation plays an important role in
promoting insulin resistance in peripheral tissues, and inflammation likely plays an
important role in promoting insulin resistance in brain disease (Hotamisligil, 2006).
Inflammation is also an established component of AD, and several studies in mice show that
high fat diets increase biomarkers of inflammation in brain tissue, including increased
cytokine levels and microglial reactivity (C. H. Lee et al., 2018; Nakandakari et al., 2019;
Vinuesa et al., 2018). As stated above, Ap oligomers promote insulin resistance in an
inflammation-dependent manner (Lourenco et al., 2013). Interestingly, epidemiological
evidence suggests that reducing inflammation may protect against AD (McGeer, Rogers, &
McGeer, 2016). Therapeutic strategies seeking to modulate inflammation in AD may be a
viable strategy to improve insulin sensitivity in the AD brain.

While the role of brain insulin resistance in AD is contentious, mouse studies and human
clinical trials are seeking to understand how increasing insulin levels in the brain may
impact the disease. Intranasal insulin administration rapidly increases brain insulin levels
without significantly impacting peripheral tissues (Born et al., 2002). Increasing insulin in
the brains of mice has cognitive and pathological benefits in neurodegenerative models
(Chen et al., 2017; Kim et al., 2019; Sanguinetti et al., 2019). Clinical trials of intranasal
insulin administration to combat dementia and AD are currently ongoing with mixed results
to this point (Avgerinos et al., 2018).
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Cholesterol in Alzheimer’s Disease and Diabetes

The brain is a cholesterol rich organ containing approximately 25% of total cholesterol in
the body. Unlike other organs, the brain must make its own cholesterol as cholesterol
carrying lipoproteins cannot cross the blood-brain barrier (Bjorkhem & Meaney, 2004). In
brain tissue, cholesterol is synthesized in a variety of cell types including both neurons and
glia (Genaro-Mattos, Anderson, Allen, Korade, & Mirnics, 2019; van Deijk et al., 2017).
Cellular production of cholesterol is primarily regulated by SREBP2, a transcription factor
that facilitates the transcription of several cholesterol synthesis enzymes, including the rate-
limiting enzyme HMG-CoA reductase (Brown & Goldstein, 1997). In addition to de-novo
synthesis, cells in the brain can obtain cholesterol from neighboring cells by absorbing
cholesterol-laden lipoprotein molecules, such as Apolipoprotein E (APOE), in a receptor
mediated process. Cholesterol fulfills several important roles in the brain. It is abundant in
myelin and lipid membranes and plays an important role in the organization of lipid rafts
(Hussain et al., 2019). Oxidized cholesterol species may also function as signaling
molecules (reviewed below). Glial derived cholesterol plays an essential role in neuronal
synapse formation and maintenance (Mauch et al., 2001). Depleting cholesterol in cultured
neural cells impairs intracellular signaling responses to a variety of important hormones
(Fukui, Ferris, & Kahn, 2015). This finding is in general agreement with research
demonstrating that cholesterol rich lipid membrane domains are required for cultured cells
to respond normally to insulin (Ratcliffe et al., 2018). Moreover, it was recently shown that
the insulin receptor requires membrane sterol content for its kinase activity (Delle Bovi,
Kim, Suresh, London, & Miller, 2019). Thus various indispensable functions in the brain are
dependent on cholesterol and cholesterol levels must be tightly regulated to maintain healthy
brain function.

Evidence suggests that cholesterol is an important factor in AD. The strongest known
genetic risk factor for late-onset AD is the E4 allele of the cholesterol transport lipoprotein
ApoE (Corder et al., 1993; Lambert et al., 2009). Carrying two copies of the APOE4 allele
greatly increases a person’s risk of developing late-onset AD compared to the more common
APOE3 variant. In contrast, the APOE2 allele is protective against AD (Corder et al., 1993;
C.-C. Liu, Liu, Kanekiyo, Xu, & Bu, 2013). Additionally, mutations in other proteins
involved in maintaining cholesterol homeostasis, including CLU/APQJ and the cholesterol
transporters ABCA1 and ABCAY7, are also associated with increased AD risk (Hollingworth
etal., 2011; Lambert et al., 2009; Nordestgaard, Tybjaerg-Hansen, Nordestgaard, & Frikke-
Schmidt, 2015). Evidence also suggests that cholesterol synthesis is altered in the AD brain,
as levels of the cholesterol synthesis enzyme DHCR24 are significantly reduced in AD brain
samples (Greeve et al., 2000; Peri & Serio, 2008). Changes in the levels of brain cholesterol
species may also occur in AD. Several studies indicate that cholesterol or its oxidized
metabolites are increased in the CSF of AD patients compared to healthy controls (Leoni &
Caccia, 2011; Mateos et al., 2011; Papassotiropoulos et al., 2002; Popp et al., 2012;
Schonknecht et al., 2002; F. Wang & Jia, 2007). Other studies however, have shown
reductions in oxidized cholesterol products in AD (Benussi et al., 2017; Kolsch et al., 2010).
High serum cholesterol has also been correlated with a risk for AD (Anstey, Ashby-Mitchell,
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& Peters, 2017; Notkola et al., 1998), but this association would seem to be indirect given
that cholesterol does not cross the blood-brain barrier.

How cholesterol and cholesterol associated lipoproteins influence Alzheimer’s disease
remains uncertain, but research suggests that APOE4 promotes amyloid aggregation and
impairs clearance from the brain by directly binding to amyloid beta (Huynh, Davis, Ulrich,
& Holtzman, 2017; C.-C. Liu et al., 2013; Strittmatter et al., 1993). Furthermore, cholesterol
itself has a role in regulating the production of AB. The amyloid precursor protein (APP),
from which AP is derived, resides in cellular membranes and binds directly to cholesterol
(Barrett et al., 2012). As stated above, cholesterol is a major structural component in lipid
membranes and its depletion can potently disrupt organized cholesterol rich components of
the membrane referred to as lipid rafts (Kabouridis, Janzen, Magee, & Ley, 2000; Pike,
2003). Changes in membrane cholesterol content and pharmacologic inhibition of
cholesterol synthesis influence amyloid production, which may occur in part due to
disruption of APP processing in lipid rafts, in addition to reduction of APP levels in the
cellular membrane (Bhattacharyya, Barren, & Kovacs, 2013; Guardia-Laguarta et al., 2009;
Vetrivel & Thinakaran, 2010). The enzymes which cleave APP to generate A reside in the
cellular membrane and their proteolytic capabilities are also influenced by membrane
cholesterol content (Marquer et al., 2011; Wahrle et al., 2002). Thus factors which alter
cholesterol levels or synthesis are likely to impact the rate of amyloid deposition in the brain
by effecting the dynamics of amyloid production.

Interestingly, rodent studies suggest that diabetes potently disrupts brain cholesterol
synthesis. In a study performed by Suzuki et al, it was first reported that in multiple mouse
models of diabetes, brain SREBP2 levels are significantly reduced, resulting in impaired
cholesterol synthesis (Suzuki et al., 2010). Brain cholesterol synthesis was rescued by
intracerebroventricular administration of insulin, but not normalization of glucose.
Furthermore, deletion of brain insulin receptor was sufficient to disrupt cholesterol
synthesis. These data demonstrate the importance of insulin in maintaining cholesterol
homeostasis in the central nervous system. In addition to disruption of SREBP2 and its
downstream targets, insulin depletion also disrupts total levels of the upstream regulatory
protein sterol regulatory element-binding protein cleavage-activating protein (SCAP), which
is responsible for regulating both cholesterol and fatty acid synthesis (Suzuki, Ferris, Chee,
Maratos-Flier, & Kahn, 2013). The effect of insulin depletion on brain cholesterol was
further demonstrated in rats. Romano et al. found that insulin deficiency created with STZ
treatment impairs mitochondrial function, cholesterol synthesis and cholesterol levels in rat
cortex (Romano et al., 2018). These studies suggest that impaired brain cholesterol synthesis
may be an underappreciated consequence stemming from insulin-insufficiency. This also
raises the possibility that the cognitive dysfunction observed in diabetes patients stems in
part from brain cholesterol dyshomeostasis. Cholesterol disruption may be further
exacerbated with age, as evidence suggests that aging significantly impairs astrocyte
cholesterol synthesis, possibly contributing to synapse loss (Boisvert, Erikson, Shokhirev, &
Allen, 2018). Research has suggested that impaired brain cholesterol synthesis can
potentiate insulin resistance in brain tissue by disrupting the conformation of IR in the
cellular membrane, facilitating aberrant activation of the receptor (Martin-Segura et al.,
2019). Cholesterol perturbation in the brain that occurs in diabetes may therefore promote
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neurodegeneration by disrupting a variety of important biological processes in the brain
(Fig. 1).

Lipid oxidation

The central nervous system (CNS) is particularly susceptible to lipid oxidation as a result of
its high oxygen consumption and lipid concentration. High metabolic activity and oxidative
phosphorylation in the brain result in a propensity for ROS generation, and ROS can react
with cholesterol to produce oxysterols or with fatty acids to produce lipid peroxides. These
oxidized lipids have diverse signaling functions and likely contribute to cellular stress and
dysfunction in a variety of diseases including Alzheimer’s disease and diabetes (Fig. 2).

Cholesterol can be oxidized either enzymatically or non-enzymatically. Non-enzymatically
produced oxysterols include 7-ketocholesterol (7KC) and 7B-hydroxycholesterol (7BOHC).
Some oxysterols can be produced both enzymatically and non-enzymatically, such as 7a-
hydroxycholesterol (7a OHC) and 25-hydroxycholesterol (250HC), while others are
produced primarily by enzymatic reactions, such as 24(S)-hydroxycholesterol (24(S)OHC)
and 27-hydroxycholesterol (270HC). Oxysterols like 24(S)OHC and 250HC have varied
signaling and metabolic functions, and enzymatic control over their production contributes
to cholesterol regulation and immune activation. ROS-generated oxysterols, like 7KC, can
have other cellular effects such as promoting inflammation, oxidative stress, and apoptosis.
Unlike cholesterol, oxysterols can cross the BBB. This allows for the clearance of excess
cholesterol from the brain, primarily through the oxidation of cholesterol to 24(S)OHC by
the enzyme cholesterol 24-hydroxylase, but also allows for other oxysterols to travel
between the blood and the CNS. Cholesterol and oxysterols cannot be degraded in the brain,
so oxysterols must cross the BBB and travel to the liver to be cleared.

Like cholesterol, fatty acids can be oxidized to produce both important signaling molecules
and potentially cytotoxic ones. Polyunsaturated fats in the brain such as arachidonic acid and
docosahexaenoic acid are the most commonly oxidized, as the methylene groups adjacent to
double bonds are particularly susceptible to attack by enzyme catalytic sites or ROS
(Gaschler & Stockwell, 2017). Lipid oxidation can be performed by several families of
enzymes: cyclooxygenases (COXs), cytochrome p450s (CYPs), and lipoxygenases (LOXs).
These enzymes oxidize lipids to create signaling molecules such as 5-HETE and
prostaglandins. Non-enzymatic lipid oxidation occurs through less controlled mechanisms
and can result in more toxic byproducts. Fatty acid oxidation by ROS generates lipid radicals
which, if the radicals are not rapidly scavenged, can propagate oxidative damage to other
membrane lipids. This chain reaction generates lipid peroxides, which can be further
degraded to produce reactive aldehydes such as 4-hydroxynonenal (4-HNE) and
malondialdehyde (MDA). These reactive aldehydes are frequently used as biomarkers of
lipid peroxidation, and they are biologically important in redox signaling and as effectors of
oxidative damage to other macromolecules.
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Oxidized lipids in Alzheimer’s disease and diabetes

Altered oxysterol levels are observed in Alzheimer’s disease and diabetes. Elevated 7-
ketocholesterol (7KC) is found in AD patients in serum (Liang et al., 2016) and post-
mortem brain tissue (Testa et al., 2016). 7BOHC, which is produced non-enzymatically, and
7aOHC, which is produced non-enzymatically and enzymatically, are both also elevated in
AD brain tissue (Testa et al., 2016). 7KC is elevated in the serum of type 2 diabetes patients
(Endo et al., 2008), where it is negatively correlated with glycemic control (Samadi et al.,
2019). Other non-enzymatically produced oxysterols, including 7BOHC, are also elevated in
serum in type 1 and type 2 diabetes patients (Ferderbar et al., 2007). Currently, research on
oxysterols in the CNS in diabetes are extremely limited. 7KC is elevated in the cortex of rats
after STZ treatment (Romano et al., 2018), but CNS oxysterols in other rodent models or in
human diabetes have not been studied. Further research will be important to determine
whether the oxysterol alterations observed in AD are also present in diabetes and whether
this concordance is a mechanism by which diabetes contributes to AD risk.

7KC has been extensively studied as a pro-inflammatory and pro-apoptotic molecule,
particularly in the contexts of atherosclerosis and age-related macular degeneration (AMD).
Atherosclerosis research has shown that high concentrations of 7KC induce apoptosis in
cultured macrophages in a ROS-dependent mechanism (Leonarduzzi et al., 2006) and 7KC
can induce expression of the pro-inflammatory cytokines IL-6 and IL-1p /n vitro (Larrayoz,
Huang, Lee, Pascual, & Rodriguez, 2010; Watanabe et al., 2018). In AMD, a more relevant
disease for learning about oxysterols in the brain, 7KC and other oxysterols are elevated in
the retina (Moreira, Larrayoz, Lee, & Rodriguez, 2009; Rodriguez & Fliesler, 2009;
Rodriguez & Larrayoz, 2010). 7KC in the retina increases IL-1p (Amaral, Lee, Chou,
Campos, & Rodriguez, 2013) largely through TLR4 activation (Huang, Amaral, Lee, &
Rodriguez, 2014). Microglia in the retina are particularly responsive to 7KC. 7KC acts as a
potent chemoattractant for microglia /n vitro and when injected into the retina (Indaram et
al., 2015). Retinal microglia that uptake 7KC become more activated, increasing expression
of pro-inflammatory cytokines IL-6 and IL-1p and decreasing expression of neurotrophic
factors including BDNF and NGF (Indaram et al., 2015). Though the effects of 7KC in the
brain parenchyma are less well studied, these data from the retina support a possible
mechanism by which elevated 7KC in AD and diabetes promotes activation of the innate
immune cells of the CNS.

Fatty acid peroxidation is also linked to AD and diabetes. 4-HNE and other reactive
aldehydes, toxic products of fatty acid oxidation, are increased in the brains of patients with
mild cognitive impairment (MCI) and AD (Barone et al., 2012; Scheff, Ansari, & Mufson,
2016), as well as in the plasma of AD patients (Selley, Close, & Stern, 2002). Lipid
peroxidation markers are elevated in the plasma of type 2 diabetes patients and correlate
positively with diabetes control, as measured by HbA1c (de Souza Bastos et al., 2016;
Fatani, Babakr, NourEldin, & Almarzouki, 2016). Lipid peroxidation is also increased in the
brain in a genetic rat model of diabetes (Raza, John, & Howarth, 2015) and in STZ-treated
rats (SOzbir & Naziroglu, 2016). Fatty acid peroxidation could contribute both directly and
indirectly to neuronal damage in disease. Oxidation of fatty acid tails changes the
conformation of membrane phospholipids and dramatically alters lipid membrane
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properties, decreasing membrane fluidity and increasing permeability (Borst, Visser,
Kouptsova, & Visser, 2000; Wong-ekkabut et al., 2007). These membrane disruptions are
one direct mechanism by which fatty acid oxidation can be toxic to cells.

In addition to the direct damage of lipid peroxidation on membrane function, 4-HNE and
other reactive aldehydes can covalently modify proteins and impair their function in the
brain. Interestingly, 4-HNE modification of glutamate transporter 1 (GLT-1) is elevated in
AD brains and in cultured rat synaptosomes treated with Ap (Lauderback et al., 2001).
GLT-1 is the glutamate transporter expressed by astrocytes that clears excess glutamate from
synapses to protect neurons from excitotoxicity, and increased GLT-1 function has been
proposed as protective in a mouse model of AD (Takahashi et al., 2015). Impaired astrocyte
glutamate uptake as a result of HNE-mediated GLT-1 modification is one possible
mechanism by which lipid peroxidation could contribute to neurodegeneration. 4-HNE
modification of low density lipoprotein receptor-related protein 1 (LRP1) is also increased in
AD (Owen et al., 2010), and could contribute to impaired export of Ap out of the brain.
Acrolein, another aldehyde byproduct of lipid peroxidation, increases tau phosphorylation /n
vitro (Gbmez-Ramos, Diaz-Nido, Smith, Perry, & Avila, 2003).

Oxidative stress results in lipid oxidation, and cells in the brain have various strategies to
prevent or clear lipid oxidative damage. Cells have many systems for maintaining redox
balance and repairing oxidative damage, of which vitamin E and glutathione (GSH) are the
most important for controlling lipid oxidation. Vitamin E is a lipophilic free radical
scavenger, allowing it to embed in membranes and reduce ROS or terminate lipid radical
chain reactions. Although vitamin E has shown promise in some mouse models of
Alzheimer’s disease (Nakashima et al., 2004; Sung et al., 2004) and diabetes (Takemoto,
Doi, & Masuoka, 2016), it has not shown benefits in human trials for MCI, AD (Lloret et al.,
2009; Petersen et al., 2005), or diabetes (Ingram et al., 2012). GSH is an important
antioxidant through several mechanisms. The enzyme glutathione peroxidase can use GSH
to reduce peroxidized lipids. Glutathione S-transferases are a family of enzymes that
conjugate GSH to many different xenobioatics, including 4-HNE (Singhal et al., 2015), to
detoxify them. GSH is decreased in the brain in AD (Mandal, Saharan, Tripathi, & Murari,
2015) and diabetes (Mastrocola et al., 2005), which may contribute to the elevated levels of
lipid peroxides and 4-HNE in these diseases.

Different cell types in the brain may have different roles in the clearance of peroxidized
lipids. Rather than detoxify peroxidized fatty acids on their own, neurons preferentially
export them in APOE+ lipoprotein particles which are endocytosed by astrocytes in vitro
(loannou et al., 2019). These astrocytes incorporate neuron-derived peroxidized fatty acids
into lipid droplets, from which they can be detoxified and exported or metabolized in the
mitochondria. Glial lipid droplet production is also induced by neuronal oxidative stress in
Drosophila (Bailey et al., 2015; L. Liu et al., 2015) and mice (L. Liu, MacKenzie, Putluri,
Maleti¢-Savati¢, & Bellen, 2017), suggesting a conserved strategy for sequestering and
detoxifying oxidized lipids outside of neurons. Thus, therapies targeting lipid peroxides in
the brain may benefit from future research focused on differential effects in neurons versus
astrocytes and other glial cell types.
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Unlike oxidized fatty acids, oxysterols cannot be degraded or detoxified in the brain and
must be exported to the blood in order to travel to the liver and be detoxified there. The ATP-
binding cassette transporter ABCG1 can export 7KC from cells to protect them from its pro-
apoptotic effects (Terasaka, Wang, Yvan-Charvet, & Tall, 2007), and ABCGL1 expression is
promoted by signaling from the enzymatically produced oxysterol 24(S)OHC (Okabe et al.,
2014). Interestingly, ABCG1 expression is decreased in diabetes (Daffu et al., 2015;
Mauldin et al., 2006), while AD may result in decreased ABCG1 activity (Marchi et al.,
2019). The receptor for advanced glycation end products (RAGE), which is implicated in
inflammatory signaling in both Alzheimer’s disease and diabetes, can decrease ABCG1
transcription (Daffu et al., 2015) and may be a shared mechanism responsible for increased
7KC levels in the two diseases.

Conclusion

Diabetes is a complex disease and likely promotes neurodegeneration through multiple
mechanisms. While the relative importance of various complications induced by diabetes on
the health of the brain remains to be determined, it is reasonable to predict that therapeutic
strategies seeking to ameliorate these disruptions may provide benefits in AD. As noted
above, insulin signaling plays a role in healthy brain function and efforts to enhance insulin
signaling in the brains of AD patients are ongoing (Avgerinos et al., 2018). Increased
oxidative stress in diabetes results in increased lipid oxidation, and therapeutic strategies
seeking either to reduce the production of oxidized lipids or enhance oxidized lipid
clearance from the brain may be beneficial in AD. Clinical trials seeking to treat AD patients
with antioxidants have so far failed to provide robust evidence of improving cognitive
performance (Galasko et al., 2012; Lloret, Esteve, Monllor, Cervera-Ferri, & Lloret, 2019).
However, the duration of treatment, stage of disease and ability of antioxidants to effectively
act in the brain should be considered. The recent discoveries of biological processes which
allow the brain to clear waste products may reveal novel strategies to enhance the clearance
of oxidized lipids (lIliff et al., 2012; Louveau et al., 2015). Future research is required to
determine if ameliorating one or more of these diabetes-mediated insults on the brain can
positively impact the progression of AD.
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Schematic of Diabetes in Brain Health. Under healthy conditions the brain has well-
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regulated insulin signaling and cholesterol synthesis. Diabetes leads to both impaired insulin
signaling and cholesterol homeostasis in the brain to promote cognitive decline. Factors
which promote inflammation, such as increased Tau and Amyloid abundance, may promote
increased ROS and insulin resistance. Inhibition is represented with red lines while black

arrows represent activation.
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Figure2 -
Lipid oxidation in diabetes and AD. Increased oxidative stress in the brain results in the

oxidation of lipids. Cholesterol is oxidized to produce oxysterols such as 7KC, while fatty
acids form lipid peroxides which can additionally generate reactive aldehydes such as 4-
HNE. These products of lipid oxidation can harm cells in the brain through mechanisms
including membrane disruption, oxidative damage to proteins, and inflammation. This
oxidative stress is a factor which can promote both AD and diabetes induced cognitive
decline.
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