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Abstract

There is increasing evidence that the incidence of Alzheimer's disease (AD) is significantly
influenced by cardiovascular risk factors in association with a cluster of metabolic diseases
including diabetes and atherosclerosis. The shared risk is also reflected in the dietary and lifestyle
links to both metabolic disorders and AD-type cognitive dysfunction. Recent studies with genetic
and diet-induced animal models have begun to illuminate convergent mechanisms and mediators
between these two categories of disease conditions with distinct tissue-specific pathologies. While
it is clear that peripheral inflammation and insulin resistance are central to the pathogenesis of the
disorders of metabolic syndrome, it seems that the same mechanisms are also in play across the
blood brain barrier (BBB) that lead to AD-like molecular and cognitive changes. This review will
highlight these convergent mechanisms and discuss the role of cerebrovascular dysfunction as a
conduit to brain emergence of these pathogenic processes that might also represent future
therapeutic targets in AD in common with metabolic disorders.
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“To lipids my brain might succumb

They make synapses slower and numb

I think fatty foods

Are good for my moods

But my brain suffers, they make me... dumb”

-a limerick recently heard on the National Public Radio (NPR) program, ‘Wait Wait... Don't
Tell Me’.

The frequent warnings against unhealthy lifestyle rife in the media and elsewhere certainly
portray increasing awareness along with real concern (and, rightly so) regarding the
widespread epidemic of modern diseases with endocrine, metabolic and cardiovascular
underpinnings that are largely attributable to the dual threat of sedentary lifestyle choices
and unhealthy food habits. In particular, ‘Westernized’ high caloric diets rich in saturated,
trans and omega-6 fatty acids, refined carbohydrates and cholesterol are now known to be
the main cause of several metabolic disorders including obesity, type-2 diabetes and
atherosclerosis as part of the disease cluster called ‘metabolic syndrome’. Recent findings
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indicate that our brain might also ‘succumb’ to these lipids and carbohydrates when ingested
in excess pointing to convergent mechanisms through which comorbid metabolic disorders
may promote brain dysfunction and dementia. One of the convergent mechanisms is
inflammation. While systemic inflammation mediated by activated peripheral immune
system (along with its byproduct i.e., insulin resistance) defines the primary pathogenic
process underlying the metabolic disorders, neuroinflammation may play a parallel role in
the progression, if not also the pathogenesis, of a number of neurodegenerative diseases
including Alzheimer’ disease (AD). It is also being realized that despite the presence of a
physical and functional barrier between brain and the peripheral systems, an active neuro-
immune cross talk maintains an important homeostatic role so that any changes in the
systemic immune status will have a significant impact on brain pathology and repair (Banks
and Erickson 2010; McAllister and van de Water 2009). Although the blood brain barrier
(BBB) is minimally permeable (- except in conditions such as stroke and injury and in
primary inflammatory diseases such as multiple sclerosis where in the disrupted barrier
facilitates macrophage infiltration), there is new evidence for an increased influx of
exogenous monocytes into the CNS under conditions of acute (i.e., infection) or chronic
peripheral inflammation (Audoy-Remus et al. 2008; Getts et al. 2008; D'Mello et al. 2009).
Therefore, it is likely that even the low-grade inflammation due to metabolic disorders or
disturbances will have significant influence on the brain. Recent studies with genetic and
diet-induced animal models of diabetes and atherosclerosis/hypercholesterolemia have
begun to shed light on the convergent mechanisms shared between such metabolic disorders
and sporadic AD. A key link may lie in the cerebrovascular dysfunction with altered barrier
and transport properties due to ‘metabolic inflammation’ and insulin resistance, the two
related processes associated with the components of metabolic syndrome. This review will
propose and develop the idea that the same two processes re-emerge across the broken
barrier to initiate AD-like molecular and cognitive changes. The intent is not to provide a
comprehensive account of all the clinicopathological and epidemiological features of the
metabolic syndrome and AD [-which are extensively covered in several cited reviews], but
highlight the pathways and mediators that mechanistically link the two conditions as guided
by recent progress in the field.

Atherosclerosis, diabetes and the risk of AD

AD is characterized by a progressive cognitive and behavioral decline due to selective loss
or dysfunction of neurons in specific brain regions/neural circuits including the neocortex,
hippocampus and basal forebrain (Braak et al. 1993; Morrison and Hof 1997). The
pathological hallmarks of AD are intracellular neurofibrillary tangles (NFT) consisting of
hyperphosphorylated tau and extracellular plaques that contain the amyloidogenic peptide,
AP (Selkoe 1999; Hardy and Selkoe 2002), a cleaved product of its precursor protein (APP).
Genetic mutations in APP or APP cleaving proteolytic enzymes i.e., presenilin (PS)1/2
account for most of the familial cases of AD. However, the vast majority (over 95%) of AD
cases fall into the late-onset disease (LOAD) category, within which heterogeneity exists
with regard to risk factors, pathogenic and pathological characteristics. Besides age,
presence of an apolipoprotein allele, e4 (ApoE4) is a clear risk for LOAD (Roses 1996).
Recent genome-wide association studies have identified three new susceptibility loci (CLU,
PICALM and CR1) for LOAD that may be involved in AB clearance, a role shared by ApoE
(Kim et al. 2009b; van Es and van den Berg 2009). As per the amyloid cascade hypothesis,
an imbalance between AP production and clearance plays a critical role in the progression of
all AD (Hardy and Selkoe 2002). It is thought that increased levels of AB oligomers cause
neuronal injury and synaptic dysfunction/disruption both directly and indirectly via
inflammatory and oxidative stress involving an activation of microglia, the brain innate
immune cells.
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The Apo E4 connection to LOAD is particularly significant in terms of its suspected role in
atherosclerosis and other cardiovascular diseases. It should be noted however, that the
higher risk of developing AD in carriers of one or two copies of E4 isoforms compared with
carriers of other combinations (E2/E3) may or may not depend on the cholesterol transporter
function of the protein. Instead, the greater impact of apo E4 on brain dysfunction (-both in
AD and vascular dementia) relative to peripheral effects is thought to derive from its
pleiotropic functions including amyloid generation and clearance, maintenance of synaptic
and cerebrovascular integrity, etc. Nonetheless, a number of findings (genetic, experimental,
and epidemiological) suggest a link between hypercholesterolemia and other vascular risk
factors and the development of AD (Puglielli et al. 2003; Casserly and Topol 2004;
Sambamurti et al. 2004; Cechetto et al. 2008; de la Torre 2009). First, several AD-associated
genes, besides ApoE (i.e., cyp46, ABCAL) that show disease-specific polymorphisms, are
otherwise normal participants in cholesterol metabolism (Wollmer 2010). Second, clinical
studies indicate that middle-aged individuals with increased cholesterol are more susceptible
to AD and that elevated levels of low-density lipoprotein (LDL) cholesterol and reduced
HDL/apoA-I correlate well with disease incidence compared to asymptomatic cases
(Merched et al. 2000; Puglielli et al. 2003). Third, animal studies using New Zealand white
rabbits (Sparks et al. 2000) and transgenic mouse models of AD (Refolo et al. 2000; Levin-
Allerhand et al. 2002) demonstrate that diet-induced hypercholesterolemia enhances brain
Ap accumulation. Cholesterol has also been shown to directly modulate APP processing in
neuronal cell cultures (Sambamurti et al. 2004). Many such, but not all, observations have
suggested that cholesterol may play a prominent role in AD pathogenesis and that lowering
of it may benefit disease prognosis. In fact, retrospective studies have demonstrated that
cholesterol-lowering drugs i.e., statins, could reduce the incidence of AD (Wolozin et al.
2000). However, the statin activity most likely involves mechanisms other than inhibiting
cholesterol synthesis, a prominent one being the drug's inhibitory effects on inflammation
(Liao and Laufs 2005; Wolozin et al. 2006), now considered a central player in
atherosclerosis (Rocha and Libby 2009).

Substantial amount of clinical studies implicates diabetes mellitus, both type 1 (T1DM) and
type 2 (T2DM), as risk factor for dementia of both vascular and Alzheimer's type, with
T2DM patients predominantly presenting with AD as the most common cause of dementia
(Sun and Alkon 2006; Whitmer 2007; Kodl and Seaquist 2008; Luchsinger 2008; Craft
2009; Roriz-Filho et al. 2009), although the higher mortality in TLDM makes such a
distinction less clear. Neuropathological features including brain atrophy, white matter
hyperintense and microvascular lesions with amyloid plaque burden, as well as increased
amyloid and NFT in the hippocampus, all associate with cognitive deficits observed in
diabetes patients (Sun and Alkon 2006; Roriz-Filho et al. 2009). Further, diabetic patients,
especially the older age group, develop cerebrovascular disease with reduced blood flow,
brain ischemia and stroke (Roriz-Filho et al. 2009). The extent of vascular changes is greater
in T2DM than in T1DM due to the co-existence of multiple cardiovascular risk factors (i.e.,
dyslipidemia, hypertension). However, non-vascular mechanisms may also play an
important role in the development of AD since such a risk persists in diabetic patients even
when vascular factors are controlled for (Cole and Frautschy 2007). Prominently, insulin
resistance (or insulin deficiency in TIDM) is now thought to underlie diabetes-associated
cognitive decline and dementia (Luchsinger 2008; de la Monte 2009; Freude et al. 2009;
Zhao and Townsend 2009). Supporting evidence for this mechanism comes from animal
models of diabetes. Thus, rodent models of spontaneous and experimental diabetes show
AD-like changes such as amyloidosis, tau hyperphosphorylation, neurite degeneration and
neuronal loss (Li et al. 2007; Jolivalt et al. 2008; Kim et al. 2009a). The changes were more
severe in the typ2 model and appear to be associated with insulin resistance and possibly
hypercholesterolemia. It is to be noted that T2DM and a pre-diabetic condition are an
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increasing diagnosis due to unhealthy life-style as is a state of hypercholesterolemia under a
broader but related cluster of diseases termed metabolic syndrome.

Dietary life-style, metabolic syndrome and AD

There is accumulating evidence for dietary life style negatively impacting upon brain
function. In particular, consumption of high calorie *‘Western diet’ rich in unsaturated fatty
acids and cholesterol is associated with the development of Alzheimer-like cognitive
impairment (Martins et al. 2006; Pasinetti and Eberstein 2008). Several studies with animal
models of AD have shown that such diets can cause increased amyloidosis, altered synaptic
plasticity and behavior, essential features of Alzheimer pathology. In addition, high fat diet
(Julien et al. 2010; Ma et al. 2009) and excessive sucrose intake (Cao et al. 2007) have been
shown to enhance tau pathology in Tg mce. That hypercholesterolemia can cause tau
hyperphosphorylation in the brain has been shown using apoE-deficient mice fed a high
cholesterol diet (Rahman et al. 2005). However, there have been only limited studies
examining the effects of diet on AD-like changes in non-transgenic animals. In a series of
early studies Greenwood and Winocur (Winocur and Greenwood 2005) found that normal
rats fed a high fat diet for 3 months had severely impaired cognitive ability. Later work by
Wu et al (Wu et al. 2004) showed that the deleterious effects of saturated fat diet on
cognitive function was related to altered synaptic plasticity and a down-regulation of brain-
derived neurotrophic factor (BDNF). More recent studies have confirmed high fat diet-
induced cognitive impairment tied to altered hippocampal morphology/plasticity in normal
rats (Granholm et al. 2008; Stranahan et al. 2008). Using normal C57BL/6 mice, we showed
that a high fat/high cholesterol diet induced loss of working memory correlated with striking
neuroinflammatory changes and increased APP processing (Thirumangalakudi et al. 2008).

With regard to underlying mechanisms of diet-induced brain dysfunction, although it is
possible that different dietary components including carbohydrates, triglycerides and
cholesterol can have a direct influence on neuronal structure-function (with the caveat of
BBB for certain lipids), it is more likely that the major effects are mediated indirectly via
metabolic and vascular changes. It is now clear that long-term consumption of the Western
diet can lead to the development of a pre-diabetes state that may progress into T2DM.
Associated with this progressive metabolic disturbance is a clinical entity termed metabolic
syndrome that in the human represents a clustering of cardiovascular risk factors including
abdominal obesity, hypertension, low HDL, hyperglycemia and hypertriglyceridemia, all of
which can be considered risk for sporadic AD (Milionis et al. 2008; Pasinetti and Eberstein
2008). Metabolic syndrome features co-exist and interact thereby increasing the risk of
development of atherosclerotic complications as well. The scope of the syndrome has been
expanded recently to include a novel component i.e., non-alcoholic fatty liver disease
(NAFLD) and a new description suggests the existence of metabolic syndrome as a
multifactorial endocrine disease and not a cluster of coincidental features (Bruce and Byrne
2009). Mechanistically, there are two important, interdependent processes that lie at the
center of metabolic syndrome i.e., metabolic inflammation and insulin resistance.

Metabolic inflammation

Once identified as a lipid-storage disease, atherosclerosis is now recognized as a subacute
inflammatory condition of the vessel wall characterized by monocyte/macrophage (and T
cell) infiltration (Libby 2006; Hansson 2009). Oxidized lipids/lipoproteins participate in this
process by inducing endothelium activation and expression of adhesion molecules as well as
by transforming macrophages into foam cells that cause sclerotic plaque formation. Both
obesity and prediabetic conditions are also characterized by low-grade inflammation (Rocha
and Libby 2009). As with atherosclerosis, obesity was once considered a storage disease (-
stored triglycerides in adipose tissue), but is now recognized as a low-grade inflammatory
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condition due to the accumulation of adipose tissue macrophages representing the main
source of the circulating inflammatory mediators (Heilbronn and Campbell 2008; Bourlier
and Bouloumie 2009). In both atherosclerosis and obesity/pre-diabetes, inflammatory
signals interfere with insulin action and promote insulin resistance.

Insulin resistance

Along with metabolic inflammation, insulin resistance represents a central mechanism and a
common pathological feature of components of the metabolic syndrome (Zeyda and Stulnig
2009). In fact, it is thought that metabolic inflammation comprising atherogenic and
adipogenic inflammatory processes is a precursor to the development of insulin resistance in
the main target organs i.e., adipose tissue, liver and muscle (Hotamisligil 2006; Rocha and
Libby 2009). Over-consumption of lipids beyond what macrophages can normally handle
can result in lipotoxicity and accumulation of the metabolites (oxidized LDL, advanced
glycation end-products or AGEs, free fatty acids or FFA, cholesterol, and ceramide) within
the adipose and non-adipose tissue compartments to induce chronic inflammation by
promoting macrophage infiltration and activation (Lionetti et al. 2009; Prieur et al. 2009).
Excessive secretion of proinflammatory cytokines then induces insulin resistance by
interfering with insulin/IGF-IR signaling pathways in turn causing increased circulating
FFA and reduced glucose uptake. Normally, insulin/IGF-IR signaling following ligand
binding proceeds through Tyr phosphorylation of insulin receptor substrates (IRS) followed
by activation of 2 major down-stream pathways: the phosphatidylinositol 3-kinase (PI3K)-
Akt pathway largely responsible for insulin action on glucose uptake and suppression of
gluconeogenesis and the MAPK pathway that regulates gene expression and, by interaction
with PI3K, cell growth and differentiation. Phosphorylation of IRS on critical Ser sites, as
opposed to Tyr, renders IRS inactive and prone to degradation resulting in a blockade of
insulin signaling (Boura-Halfon and Zick 2009; Sun and Liu 2009). Ser phosphorylation is
mediated by proinflammatory signaling kinases such as IKK, p38 MAPK and JNK that are
activated by cytokines/chemokines such as TNFa, IL13, MCP1, CRP etc. produced by
activated macrophages. Another important mechanism whereby IRS is inactivated is via
lipid metabolite-induced endoplasmic reticulum (ER) stress and JNK activation
(Hotamisligil 2008; Zeyda and Stulnig 2009).

The two metabolic syndrome-associated processes (i.e., inflammation and insulin resistance)
may also represent convergent mechanisms through which comorbid metabolic disorders
promote the development of AD. The following sections will discuss further on this
hypothesis.

Cerebrovascular dysfunction as a convergent mechanism between
metabolic disorders and AD

There is evidence, both from human post-mortem analyses and animal models, for a
significant vascular contribution to AD pathogenesis. The frequent vascular deposition of
APB40 (vs. AB42 of senile plaques) in AD is a feature that is in common with cerebral
amyloid angiopathy (CAA) (Kumar-Singh 2008; Thal et al. 2008; Bell and Zlokovic 2009).
It has been suggested that AD and cerebrovascular disease may work synergistically to
cause cognitive decline. In fact, mixed vascular and AD dementia is an increasingly
prevalent diagnosis so that the line between Alzheimer's dementia and vascular dementia
(\VVaD) is blurred. For many patients markers of vascular injury co-exist with traditional AD
hallmarks (de la Torre 2009; Rocchi et al. 2009). The two-way pathological interaction is
supported by the fact that vascular amyloid can cause injury and BBB dysfunction resulting
in impaired AP clearance across the BBB (Bell and Zlokovic 2009). In turn, the presence of
brain infarction and compromised vasoreactivity can influence the course of AD due to BBB

J Neurochem. Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bhat

Page 6

dysfunction, cerebral hypoperfusion and ischemia resulting in increased CAA as well as
parenchymal AP deposit (Zhu et al. 2007; Kumar-Singh 2008; Smith and Greenberg 2009)

Both atherosclerosis and diabetes are associated with cerebrovascular disease potentially
representing a link to VaD and AD (Cechetto et al. 2008; Roriz-Filho et al. 2009; Rocchi et
al. 2009). As noted above, a key mechanism by which hypercholesterolemia leads to the
development of atherosclerotic lesions in large vessels including arteries is via the
promotion of vascular inflammation. However, it is clear that elevated cholesterol can also
cause a proinflammatory state in the microvasculature of different tissues including the brain
long before the establishment of large vessel pathology (Ishikawa et al. 2004; Stokes 2006).
There is evidence that diet-induced hypercholesterolemia in rodents causes the cerebral
microvasculature to undergo oxidative stress and to assume a proinflammatory and
prothrombogenic phenotype (Ishikawa et al. 2004). In a model of genetic
hypercholesterolemia i.e., LDL receptor knockouts fed a Western diet, there occurs brain
arteriole inflammation with increased levels of chemokines (Buga et al. 2006). Interestingly,
these mice also display evidence of neuroinflammation (microglial activation)
(Thirumangalakudi et al. 2008) and impaired cognitive performance (Mulder et al. 2004;
Buga et al. 2006; Thirumangalakudi et al. 2008). It is of interest that a recent study by
Franciosi et al (Franciosi et al. 2009) has demonstrated striking cerebrovascular pathology
with characteristics of AD-like vascular defects in normal mice following a long-term (9
months) feeding of cholesterol-rich diet. Some features (i.e., thickening of basement
membrane, presence of string and tortuous and loped vessels) resemble early microvascular
changes seen in AD. Using APP/PS1 mouse model, it has been shown that cerebrovascular
abnormalities including altered cerebral blood flow correlated with impaired cognition ensue
in response to dietary cholesterol even before its effects on amyloid deposition (Hooijmans
et al. 2009).

Even in the case of dietary fat, it is likely that excessive exposure to the triglycerides/fatty
acids causes ‘lipotoxicity’ to cerebrovasculature (Takechi et al. 2009). In addition,
cerebrovascular changes similar to that observed with hypercholesterolemia may occur
under a diabetogenic condition elicited by the high fat diet. Diabetes interferes with both the
barrier and transport functions of the cerebral microvessels (Huber 2008). A consequence of
vascular abnormalities would be a compromised entry of circulating trophic factors (insulin,
IGF-I, leptin etc) that normally support neuronal function and activity thereby exacerbating
the neurodegenerative process (Neumann et al. 2008; Aleman and Torres-Aleman 2009).
The mechanisms underlying vascular abnormalities may include low-grade inflammation
and oxidative stress due to an upregulation of the receptor for AGEs i.e., RAGE (Yan et al.
2007). Excessive accumulation of AGEs is known to occur in aging, diabetes and other
conditions of insulin resistance representing a key mediator of oxidative stress and
inflammation. Interestingly, increased expression of RAGE is seen in regions of the brain
affected by AD and its overexpression accelerates AD pathology and cognitive impairment
(Takeuchi and Yamagishi 2008; Yan et al. 2009). A direct connection between diabetes-
associated cerebrovascular inflammation and accelerated AD pathology with memory
dysfunction has been recently demonstrated using a mouse model of AD with T2DM
(Takeda et al. 2010). Interestingly, the early onset cognitive impairment was linked to
increased vascular amyloid deposit rather than parenchymal load and, with altered brain
insulin signaling.

Neuroinflammation in AD: the vascular connection

A large body of evidence indicates that neuroinflammation, primarily mediated by activated
microglia, is functionally associated with a number of neurodegenerative diseases including
AD (Akiyama et al. 2000; Heneka and O'Banion 2007; Eikelenboom et al. 2008). The
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evidence for an association between microglia-mediated inflammatory cascade and the
progression, if not also pathogenesis, of AD is supported by early postmortem
immunohistochemical studies revealing the presence of activated microglia in the periphery
of amyloid plaques (Akiyama et al. 2000). Further, transgenic animals expressing mutant
human APP develop plague pathology accompanied with microglial activation that can be
attenuated by anti-inflammatory treatments (Heneka and O'Banion 2007). Although such an
approach in humans has been rather disappointing (Imbimbo 2009), inflammation in AD
continues to be a subject of intense study as a potential treatment target through modulation
of either detrimental (amyloidogenesis) or beneficial (amyloid clearance) roles of microglia/
macrophages (Lucin and Wyss-Coray 2009). The past few years have seen changing views
of the role of microglia in AD and other neurodegenerative diseases reflecting, as with their
predecessors in the periphery (Auffray et al. 2009), a spectrum of different activation states
(Colton 2009) that at the extreme ends fall into polarized M1 (proinflammatory) and M2
(anti-inflammatory/reparative) phenotypes, perhaps corresponding to their amyloidogenic
vs. amyloid clearance roles in AD. On the other hand, there is also the suggestion that
resident microglia may be ill equipped in the latter capacity perhaps due to age and
advanced disease state (Njie et al. 2010; Hickman et al. 2008). Instead, it is proposed that
peripherally derived monocytes may perform this function better thereby suggesting the
potential therapeutic utility of enhanced recruitment of these cells in reducing amyloid
pathology (Gate et al. 2010; Hickman and El Khoury 2010; Malm et al. 2010; Yong and
Rivest 2009). While the idea of recruiting blood-borne monocytes to clear amyloid deposits
is attractive, it seems that their effectiveness would be dependent on their appropriate
phenotype (Town et al. 2008). Considering that the metabolic inflammation is characterized
by M1-polarized tissue-associated (vascular, adipose, etc) and circulating monocytes (Rocha
and Libby 2009), it seems that increased brain recruitment of these cells in metabolic
disorders would be more harmful than beneficial. Therefore, it would be critical that any
attempts at harnessing systemic immune system should take into consideration the ‘pre-
existing condition” of metabolic disorders.

A vascular component to inflammatory changes in AD is well recognized. Thus, as noted
above, there is clear evidence for vascular deposition of AB40 (vs. Ap42 of senile plaques)
in association with CAA and increased neurovascular inflammation and permeability in AD
and AD models. Microvessels isolated from AD brain were shown to have high levels of
cytokines and chemokines (Grammas et al. 2006) suggesting a cerebrovascular contribution
to neuroinflammatory processes in AD (Zlokovic 2005). Studies with a vasculotropic mutant
APPTg mouse model show a direct relation between accumulation of vascular amyloid and
neuroinflammation correlated with impaired cognitive performance (Xu et al. 2007). Since
in familial AD and transgenic models, AB can trigger an inflammatory response by
activating microglia (and microvascular endothelial cells), neuroinflammation represents a
secondary consequence of AD-associated amyloidogenesis. The mechanisms underlying
diet-induced neuroinflammation (Thirumangalakudi et al. 2008) however, are unclear, but as
noted above, it is possible that systemic inflammation that characterizes high fat/cholesterol-
induced atherogenic and diabetogenic changes may adversely affect cerebral
microvasculature, compromising its barrier properties. A damaged or dysfunctional
cerebrovasculature may trigger an activation of perivascular microglia in addition to
promoting systemic macrophage invasion into the brain parenchyma. The recruitment of
local immune cells (microglia) to the inflamed brain arterioles could then initiate a cascade
of events leading to altered amyloid processing, neurodegeneration and synaptic/cognitive
dysfunction [Fig 1]. Leaky barrier may also allow increased influx of blood-bourne
cytokines, oxidized lipoproteins and cholesterol metabolites that would further contribute to
the pathological sequelae. In fact, there is evidence for increased plasma and brain levels of
27-OH cholesterol in AD and it has been suggested that hypercholesterolemia-induced brain
dysfunction may derive from an excessive influx of this oxysterol (Bjorkhem 2006). Both
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oxidized lipoproteins and oxysterols are known to be proinflammatory in atherosclerosis and
may initiate a local inflammatory response in the brain at perivascular sites as well.

Impaired brain insulin signaling in AD: ‘the insulin-resistant brain state’

As already noted, while cognitive capacities are often impaired in patients with diabetes, the
links between diabetes and AD are mutual (Sun and Alkon 2006). Thus, AD patients often
have hyperinsulinemia and hyperglycemia as compared with healthy controls and there is
evidence of both peripheral and central insulin resistance in AD. There are also other
striking similarities between the two diseases including impaired glucose and energy
metabolism, elevated AGEs and oxidative stress, cellular injury (i.e., pancreatic  cells vs.
neurons), amyloidogenesis (A vs. islet amyloid polypeptide deposits) and impaired
expression and activity of insulin degrading enzyme (IDE) (Neumann et al. 2008). Since
IDE can degrade Ap, this activity can potentially be compromised by excessive insulin, a
competing substrate, resulting in increased AB. However, such a role of hyperinsulinemia
presents an apparent paradox since insulin is considered an important neurotrophic factor.
Both insulin and IGF-I play important homeostatic roles in the brain including glucose
metabolism, energy balance and trophic support as well as maintenance of normal synaptic
activity and cognitive function. In fact, cerebroventricular administration of insulin in
rodents (Biessels et al. 1998) and its intranasal delivery in AD (Dhamoon et al. 2009) has
been shown to improve cognition. Recent studies also show that insulin signaling protects
synapses against pathogenic binding of Ap oligomers (De Felice et al. 2009). The
explanation for peripheral hyperinsulinemia being detrimental seems to lie in the reciprocal
relation between peripheral and brain insulin levels. Thus, peripheral hyperinsulinemia is
associated with an inhibition of brain insulin production resulting in a higher risk of AD
(Luchsinger 2008). Also, it may interfere with amyloid clearance through BBB since the
same insulin transporter is also involved in AP transport out of the brain (Sun and Alkon
2006). There is also evidence for an impaired transport into the brain of IGF-I (and perhaps,
other trophic factors) due to cerebrovascular abnormalities (Neumann et al. 2008; Aleman
and Torres-Aleman 2009) as might occur in metabolic disorders. It is likely that a diet-
induced pre-diabetic (and atherogenic) condition induces similar cerebrovascular
dysfunction thereby blocking insulin/IGF transport essentially creating an insulin/IGF-
deficient environment in the brain. This would lead to impaired insulin/IGFR signaling.
Although IGF-I can be produced endogenously in the brain, the levels of both insulin and
IGF-I are found reduced in the AD brain (Neumann et al. 2008; de la Monte 2009). A
generalized down-regulation of insulin/IGF-IR signaling including reduced receptor levels
and signaling proteins is seen in postmortem AD brains (Moloney et al. 2010). These
findings and the concept of AD-associated hypometabolism have led to the description of
the so-called, ‘insulin-resistant brain state’ in the context of sporadic AD (Salkovic-Petrisic
et al. 2009). There is also the suggestion that AD represents ‘Type 3 diabetes’ (de la Monte
2009). The mechanism whereby brain insulin resistance develops in AD is thought to
involve AP oligomers interfering with neuronal insulin/IGFR signaling (Liao and Xu 2009).
In contrast, it has been suggested that increased amyloidogenesis may follow diet-induced
alterations in insulin receptor signaling (Pasinetti and Eberstein 2008). There may be an
additional mechanism for the induction of insulin resistant brain state in this situation. Thus,
it is likely that, as in systemic insulin resistance, increased expression of neuroinflammatory
mediators may negatively interact with brain insulin/IGFR signaling to induce insulin
resistance (Fig 2). Again, the mechanism may involve Ser phosphorylation of IRS1 by the
two stress-activated protein kinases (SAPKSs) i.e., JNK and p38 MAP kinase. The activation
of the MAP kinase cascades and NFxB pathway down-stream of the cytokine and innate
immune receptors (i.e., Toll-like receptors or TLRs and scavenger receptors) in the
macrophage/microglial compartment, on the other hand, would provide the signal for
increased expression of the mediators that would target the vulnerable neurons.
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The consequences of dysregulated insulin signaling may also include altered APP trafficking
(PI3K-dependent) and hyperphosphorylated tau due to GSK3 activation. Normally, insulin
inactivates GSK3 via PI13K-Akt-mediated phosphorylation of the enzyme isoforms. There is
now substantial evidence for a key role of GSK3 in AD through multiple mechanisms
including tau phosphorylation, Ap production and inflammation (Balaraman et al. 2006;
Hooper et al. 2008). Its inhibition reduces AP while its conditional inactivation reverses AD-
like phenotype in mouse models correlated with normal tau phosphorylation (Engel et al.
2006). In a dual-hit hypothesis of LOAD, GSK3 takes a central place linking Ap and tau
(Small and Duff 2008).

The model proposed (Fig 2) depicts the possibility of a direct neuro/synaptotoxicity, not
necessarily involving A, exerted by proinflammatory cytokines and reactive oxygen and
nitrogen species (ROS/NO). While oxidative stress-mediated neurotoxicity is obvious, there
is evidence for the roles of specific cytokines in hippocampal neurodegeneration and
cognitive loss. Thus, for example, sustained expression of IL-1p in the hippocampus has
been shown to impair long-term contextual and spatial memory in transgenic mice (Moore et
al. 2009). Also, there is much interest in targeting TNFa. as a therapy for AD because of its
evident role in synaptic dysfunction (Tobinick 2009).

Metabolism-based treatment options for AD

The above discussion points to several potential targets of therapeutic intervention along the
pathway of metabolic syndrome to AD including lipid metabolism, inflammation and insulin
signaling/resistance. Obviously, the statin drugs continue to be investigated with the caveat
that the efficacy does not simply relate to their cholesterol lowering effects (Fonseca et al.
2010). There is great interest in the use of omega 3 fatty acids due to their multiple
beneficial effects including anti-inflammatory and insulin sensitizing roles (Cole and
Frautschy 2010). Similarly, PPARy agonists (thiazolidines, TZDs) used for treating diabetes
based on their potent insulin sensitizer roles are expected to benefit AD as well (Jiang et al.
2008). PPAR agonists also represent a better anti-inflammatory strategy than the use of
controversial NSAIDs and have added benefit of reducing vascular oxidative stress (Hamel
et al. 2008). Of particular interest, another nuclear receptor, liver x receptor (LXR), is also
receiving increasing attention due to its multiple beneficial roles including cholesterol
homeostasis, antiinflammation and insulin sensitization (Hong and Tontonoz 2008). With
respect to AD, LXR activation has an additional desirable effect of reducing amyloidogenic
APP processing, and there are recent reports demonstrating the efficacies of synthetic LXR
agonists in reducing amyloid pathology, neuroinflammation and memory deficit in mouse
models of AD (Fitz et al. 2010; Riddell et al. 2007; Zelcer et al. 2007).

Continued efforts at defining the convergent mechanisms and mediators underlying
metabolic disorders and AD should further promote development and devising of
therapeutic strategies that are commonly applicable to treat both AD and metabolic
disorders. However, the approach may stumble on tissue-specific differences in the actions
of certain drugs as noted recently for the antidiabetic drug, metformin (Chen et al. 2009).
Thus, the drug was found to have an undesired effect of increasing the generation of Ap,
although in combined use, it enhanced insulin's effect in reducing AB. With respect to
targeting insulin/IGFR signaling per se, it is to be noted that although the strategy of
boosting the brain levels of IGF-1 (and insulin) in AD seems logical (Aleman and Torres-
Aleman 2009), an apparently contradictory view has also emerged that in fact, suggests a
neuroprotective role of reduced IGF signaling against amyloid proteotoxicity, perhaps in
accordance with the “paradoxical’ role of I1S in aging and longevity (Cohen and Dillin 2008;
Freude et al. 2009). Thus, Cohen et al (Cohen et al. 2009) show that when transgenic mice
expressing mutant human APP/PS1 are made partially deficient in IGF1R by crossing with
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long-lived, IGF1R heterozygous mice, they are protected against the development of
Alzheimer's symptoms including synaptic loss, neuroinflammation and behavioral
impairment correlated with a conversion of the toxic amyloid oligomers into less toxic
fibrillar aggregates. The authors suggest a feedback down-regulation or desensitization of
brain IGF1R to reconcile the reduced AD pathology observed in response to IGF-1
administration in other studies. Obviously, the significance of altered brain insulin/IGF1R
signaling and insulin resistance in AD requires further clarification in terms of multiple
alternative signaling pathways (including threshold/gating effects) down-stream of insulin/
IGF receptors (Shineman et al. 2009).

Conclusion

Despite continued (-but abating) debate on the epidemiological and clinicopathological
relevance of systemic metabolic diseases to AD, there have been intense research efforts at
defining convergent pathogenic processes using a repertoire of experimental models. It
seems that cerebrovascular abnormalities commonly associated with metabolic disorders
represent an important link that would further support the emerging vascular hypothesis of
AD. While identification of shared risk factors including diet, lifestyle and environmental
toxins (—not discussed here) has emphasized the importance and feasibility of preventive
strategies against the development of both cardiometabolic and cognitive conditions,
uncovering of shared mechanisms underlying these co-morbid disease processes point to an
opportunity to develop/screen common treatments. As discussed in this review, some of the
key disease mechanisms including inflammation and insulin resistance occur both in the
periphery and in the brain suggesting common mediators (i.e., cytokines, pro-oxidants) and/
or deficiency in homeostatic regulators (i.e., insulin, IGF, HDL, antioxidants). There are
indications that targeting such mechanisms and mediators is therapeutically feasible in AD.
This is evident in trials using some of the drugs approved for treating atherosclerosis and
diabetes including statins and TZDs. It is expected that dissection of the convergent
mechanisms underlying metabolic disorders and AD would further promote the
development of refined therapeutic strategies that are effective in either AD or systemic
disorders. Finally, it is important to note that insulin provides a direct negative feedback to
hypothalamic nuclei that control whole body energy and glucose homeostasis and that
dietary fat is known to induce hypothalamic inflammation resulting in insulin/leptin
resistance (Koch et al. 2008; Milanski et al. 2009). Therefore, CNS insulin resistance (and
neuroinflammation) may be a common denominator of metabolic disorders and cognitive
dysfunctions the targeting of which seems logical in both these conditions.
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Fig 1.

A model for dietary link to dementia via metabolic disorders. It is argued that the two key
pathogenic processes associated with metabolic disorders i.e., inflammation and insulin
resistance may re-emerge within the brain due to cerebrovascular dysfunction with increased
BBB permeability allowing macrophage/cytokine entry and reduced transport of trophic
factors. Potential signaling pathways that further lead to AD-like molecular and cognitive
changes via increased Ap and tau phosphorylation are illustrated in Fig 2.
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Fig 2.

Hypothetical scheme depicting altered brain insulin signaling and neuroinflammatory
cascade leading to AD-like cognitive decline in metabolic disorders. It is likely that
proinflammatory mediators released by activated immune cells interfere with neuronal 1S
thereby exacerbating their insulin resistant state. Reduced cerebral blood flow and energy
failure due to dysfunctional cerebrovasculature would also contribute to neuronal metabolic
defects. Impaired 11S will lead to an activation of GSK3 and hyperphosphorylation of tau
implicated in synaptic dysfunction and neurodegeneration. Altered APP processing would
cause increased AP leading to neuronal/synaptic loss or dysfunction. It is also known that
AP can induce neuronal insulin resistance by interfering with IR/IGF1R signaling thereby
promoting a vicious cycle. In addition, cytokines and ROS can directly damage neurons and
synapses with the outcome of AD-type cognitive decline. BBB, blood brain barrier; I1S,
insulin/IGF1R signaling; IR, insulin receptor; NO, nitric oxide; ROS, reactive oxygen
species; SAPK, stress-activated protein kinase; ScR, scavenger receptor; TLR, toll-like
receptors.

J Neurochem. Author manuscript; available in PMC 2011 November 1.



