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REVIEW ARTICLE

Vascular aspects of cognitive impairment and dementia

Maximilian Wiesmann'?, Amanda J Kiliaan' and Jurgen AHR Claassen?

Hypertension and stroke are highly prevalent risk factors for cognitive impairment and dementia. Alzheimer’s disease (AD) and
vascular dementia (VaD) are the most common forms of dementia, and both conditions are preceded by a stage of cognitive
impairment. Stroke is a major risk factor for the development of vascular cognitive impairment (VCI) and VaD; however, stroke may
also predispose to AD. Hypertension is a major risk factor for stroke, thus linking hypertension to VCl and VaD, but hypertension is
also an important risk factor for AD. Reducing these two major, but modifiable, risk factors—hypertension and stroke—could be a
successful strategy for reducing the public health burden of cognitive impairment and dementia. Intake of long-chain omega-3
polyunsaturated fatty acids (LC-n3-FA) and the manipulation of factors involved in the renin-angiotensin system (e.g. angiotensin Il
or angiotensin-converting enzyme) have been shown to reduce the risk of developing hypertension and stroke, thereby reducing
dementia risk. This paper will review the research conducted on the relationship between hypertension, stroke, and dementia and
also on the impact of LC-n3-FA or antihypertensive treatments on risk factors for VCI, VaD, and AD.
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INTRODUCTION

The term dementia comprises several symptoms, for example, a
progressive loss of memory and behavioral changes, which
together interfere with independent performance of tasks of daily
life.! As a result of increasing life expectancy, dementia is
developing into one of the major public health problems in our
aging society. This is driven mostly by the increasing prevalence of
Alzheimer’s disease (AD) with increasing age. Alzheimer’s disease
and vascular dementia (VaD) are the number one and number two
disorders in terms of prevalence, and together they are
responsible for most cases of dementia.>> These disorders are
preceded by a stage in which the individual shows cognitive
decline but is still able to maintain independent functioning. In
AD, this stage is referred to as mild cognitive impairment (MCI)
due to AD, whereas in VaD this prodromal stage is termed vascular
cognitive impairment (VCI). In this review, the term AD will mostly
reflect the continuum of mild cognitive impairment due to AD and
dementia due to AD, and the term VaD will reflect the continuum
of VCl and VaD.

Historically, AD and VaD have been considered as separate
entities, and this separation remains driven by clinical classifica-
tion criteria. Therefore, the inclusion of AD in a review discussing
vascular aspects of dementia may seem confusing. However, there
is considerable overlap between these disorders, and the under-
lying interactions between VaD and AD will be explained and
summarized. Furthermore, two major risk factors for VaD and AD,
hypertension and stroke, will be further discussed to demonstrate
their impact on both types of dementia. Studies involving
long-chain omega-3 polyunsaturated fatty acids (LC-n3-FA)
supplementation and manipulation of the renin-angiotensin

system (RAS) have shown that these novel therapeutic approaches
have the potential to lower the effect of hypertension and stroke.
Therefore, these new preventive strategies against two major risk
factors for cognitive impairment and dementia will be discussed.

MATERIALS AND METHODS

Search Strategy and Selection of the Papers

We searched both the PubMed and Web of Science databases for original
and review articles published in English from 1987 until 22 August 2013.
The main search topics concerned the classification of AD and VaD, risk
factors for both types of dementia, impact of hypertension and stroke on
both AD and VaD, and also preventive strategies against dementia, such as
long-chain omega-3 polyunsaturated fatty acids and the RAS. The search
strategy was based on these search terms: dementia, AD, VaD, VCl, murine
and human studies, hypertension, stroke, preventive strategies against
dementia (long-chain omega-3 polyunsaturated fatty acids and the RAS).
Moreover, to identify potentially relevant new papers, we filtered our total
list of relevant papers by hand. Based on the title and abstract, we selected
the studies. If these two components were not sufficient for selection, we
purchased and evaluated the total publication.

RESULTS

Vascular Dementia, Classification, and Etiology

About 5% to 20% of dementia cases in the population are based
on VaD,” which is a common disorder in the elderly but also
prevalent among younger adults.” The concept of VaD consists of
two main elements: the presence of a dementia syndrome and an
underlying vascular cause.® To characterize VaD, criteria of State of
California Alzheimer’s Disease Diagnostic and Treatment Centers

'Department of Anatomy, Radboud University Nijmegen Medical Centre, Donders Institute for Brain, Cognition and Behavior, Nijmegen, The Netherlands and *Department of
Geriatric Medicine, Radboud Alzheimer Centre, Radboud University Nijmegen Medical Centre, Donders Institute for Brain, Cognition and Behavior, Nijmegen, The Netherlands.
Correspondence: Dr JAHR Claassen, Department of Geriatric Medicine, Radboud Alzheimer Centre, Radboud University Nijmegen Medical Centre, Donders Institute for Brain,
Cognition and Behavior, Mail code 925, PO Box 9101 6500 HB, Nijmegen, The Netherlands.

E-mail: j.claassen@ger.umcn.nl

This study was supported by a grant (no11528) from The Internationale Stichting Alzheimer Onderzoek (ISAO) and the EU 7th framework LipiDiDiet project (FP7/2007-2013)

under grant agreement no211696.

Received 26 March 2013; revised 5 August 2013; accepted 12 August 2013; published online 11 September 2013


http://dx.doi.org/10.1038/jcbfm.2013.159
mailto:j.claassen@ger.umcn.nl
http://www.jcbfm.com

Vascular aspects of dementia -
M Wiesmann et al @

1697

and the National Institute for Neurological Disorders and Stroke-
Association Internationale pour la Recherche et 'Enseignement en
Neurosciences are commonly used.*®’ Dementia caused by
ischemic or hemorrhagic cerebrovascular disease (CVD) or by
ischemic—hypoxic brain lesions of cardiovascular origin is also
included in VaD.>® Among recurrent or first-ever stroke patients,
poststrgolﬁz dementia is a frequent sequel, ranging from 6% to
31.8%.”

Definitions of vascular dementia and vascular cognitive impairment.
The dementia stage of VaD can also be understood as the most
severe form of VCI*'? Vascular cognitive impairment is a
syndrome characterized by the presence of clinical stroke or
vascular brain injury and cognitive impairment affecting more
than one cognitive domain.”® The VCI-VaD continuum can be
divided into familial and sporadic forms.'”> The most frequent
subtype of familial VaD, caused by genetic mutations, is ‘cerebral
autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy’ (CADASIL)'® caused by mutations in the
Notch3 gene.'” Sporadic VaD has three major subtypes: multi-
infarct dementia, strategic infarct dementia, and subcortical
vascular encephalopathy (synonymous with Binswanger’s
disease).”®> O'Brien'” has published an alternative classification of
the VaD subtypes:>'> multi-infarct dementia (cortical VaD); small
vessel dementia (subcortical VaD); strategic infarct dementia;
hypoperfusion dementia; hemorrhagic dementia; AD with CVD;
and the familial variant of VaD, CADASIL.

Stroke and Vascular dementia. Many stroke patients show a
gradual but continuous deterioration after a single-stroke lesion."®
This deterioration is characterized clinically by cognitive and
behavioral dysfunction. Stroke research has traditionally focused
on motor impairment (e.g. limb paresis), where a number of
patients show partial recovery indicating the brain’s capacity for
repair or compensation after injury.'” However, this research has
paid little attention to cognitive and behavioral deficits induced
by stroke. After stroke, recovery from these deficits is often absent,
and, as indicated, in many patients stroke leads to progressive
deterioration even in the absence of new stroke lesions. Novel
research indicates that stroke-induced lesions in brain networks
are responsible for this absence of recovery or even for
progressive disease, leading to an increased mortality rate.'®
However, it is still not fully understood how stroke, cognitive
decline, and dementia are interconnected. Stroke may predispose
older adults to developing VaD.

Alzheimer’s Disease, Definition and Etiology

In 1906, Alois Alzheimer mentioned arteriosclerotic changes in
cerebral blood vessels of the postmortem brain of his 55-year old
patient Auguste D(eter) besides the neuropathologic hallmarks,
amyloid plaques and neurofibrillary tangles.'®?° The production of
Ap peptides is increased in familial forms of AD and is thought to
be the primary driving force in non-familial (sporadic) AD
pathogenesis.?’ This amyloid cascade hypothesis is still the
dominant theory for the pathogenesis of AD, but remains under
debate, as other researchers casted doubt that the Af plaques and
the NFTs are really the main cause of the neurodegeneration in
AD.*? Experimental results showed that the density of senile AS
plaques can be the same in patients affected by AD and in non-
affected patients.?>?* Recently, the focus of the research on
amyloid beta has shifted towards the oligomerization of Af, as
several studies showed that these oligomers and fibrils are in fact
the toxic forms of Af-peptides.?

Cerebral amyloid angiopathy and Alzheimer’s disease. The accu-

mulation of Af in the walls of arteries and arterioles in the
leptomeninges and cerebral cortex is called cerebral amyloid
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angiopathy (CAA).2® Cerebral amyloid angiopathy has been linked
to hemorrhages (microbleeds), most clearly shown in a mouse
model for CAA.>” Because CAA is found both in sporadic AD
patients and in cognitively normal individuals without prodromal
AD,*®?° the exact relationship between AD and CAA remains
uncertain.

Risk Factors for Vascular Dementia

The assumption has been made that risk factors for VCl and VaD
would be the same as those for stroke.>° The risk factors for stroke
can be divided into three major classes: non-modifiable (e.g. age,
sex, genetic factors, etc.); modifiable (e.g. hypertension, diabetes,
hyperlipidemia, atrial fibrillation, smoking, obesity, etc.); and
potentially modifiable (e.g. alcohol abuse, infection).*’

Hypertension has been shown to be the most common
modifiable risk factor for stroke worldwide3>*® Large-scale,
placebo-controlled clinical trials have shown an association
between hypertension and stroke,>**> and a linear relationship
between blood pressure and stroke mortality has been revealed.*®
More specifically, a rise of only T mm Hg in systolic blood pressure
in treated hypertensive patients increased stroke-related death by
2%.3% A community-based prospective cohort study revealed that
incremental increases in blood pressure were linked to an increase
in microinfarcts in initially non-demented persons (65 to 80 years
of age), but not in the older age group.

A history of stroke leads to a twofold increase in the risk of
dementia in the population older than 65 years,*®*° and this effect
was also confirmed in animal studies.*® Combining confirmed AD
pathology and cerebral infarcts after autopsy with the test results
of cognitive function revealed that AD patients with cerebral
infarcts showed more cognitive impairment than patients without
cerebral lesions.*™* In the population-based Rotterdam Scan
Study, 1,015 participants underwent neuropsychological testing
and cerebral magnetic resonance imaging and were monitored for
dementia during the study period.** In this study, silent brain
infarcts doubled the risk for dementia.** Furthermore, in subjects
without dementia, presence of these infarcts increased the
chances of a decline in global cognitive function.** Thus, an
increased risk for incident stroke is associated with cognitive
decline and dementia.**

Even individuals who are stroke and dementia free, but have a
higher risk of developing stroke, have more cognitive deficits
compared with individuals with lower stroke risk.** As already
mentioned for VaD, stroke may also predispose older adults to
developing AD. The mechanisms behind cognitive decline after
the occurrence of a stroke could help us develop new treatments
to prevent the onset of dementia. Furthermore, new preventative
treatments for stroke are needed to counteract both stroke and
dementia. A possible way to reduce stroke would be to reduce
modifiable risk factors such as lifestyle, hypertension, diabetes,
hyperlipidemia, atrial fibrillation, smoking, obesity, etc.

Risk Factors for Alzheimer’s Disease

Several vascular risk factors for the development of AD have been
demonstrated—for example, hypertension, diabetes mellitus,
atherosclerosis, atrial fibrillation, coronary artery disease, smoking,
obesity, and metabolic syndrome.***” Many studies have shown
the association between increased blood pressure in mid-life and
cognitive decline or AD in late life,***° although conflicting studies
have been reported as well. Associated with increased levels of
cardiovascular risk factors,>® the apolipoprotein E ¢4 allele
represents a strong genetic risk for AD.'> Notably, among all
vascular risk factors, hypertension seems to be the most powerful
risk factor for AD.”' Furthermore, recent studies demonstrated
that in the elderly a history of stroke can double the prevalence of
AD.>? The combination of the latter results demonstrates the
impact of these two risk factors for AD.
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The risk factors for AD are almost the same as those for VaD.
Therefore, in the next paragraph the overlap and interactions of
VaD and AD, as well as between their risk factors, are discussed.

Overlap and Interactions of VaD and AD, and their Risk Factors

In the first instance, it may seem difficult to see the overlap
between VaD and AD, as these entities are strictly separated in
terms of their clinical criteria. As a first illustration of why VaD and
AD can no longer be strictly separated in this way, Biessels et a/*>
have shown in their systematic review that diabetes as a risk factor
may directly influence both vascular and neurodegenerative
pathology. Biessels et al’® suggested from mechanistic studies
that vascular disease and alterations in glucose, insulin, and
amyloid metabolism were connected and may underlie the
pathophysiology of both AD and VaD.

There is now more and more awareness that vascular risk factors
have a key role in the pathogenesis of AD.>* In aged subjects, a
relation between vascular risk factors and AD has been found.>>*®
In addition, other epidemiologic and clinical studies identified that
AD and VaD share common risk factors such as hypertension,
diabetes mellitus, hyperlipidemia, and arrhythmia.>” %2 This overlap
in major risk factors for these clinically and pathologically different
conditions (VaD and AD) may seem confusing when it comes to
understanding pathogenesis. However, a simple practical
consequence is, for example, that hypertension is a major risk
factor for cognitive decline and dementia in the elderly, regardless
of whether this is due to stroke, VaD, or AD, or combinations of
these disorders. Another overlap between VaD and AD is found in
the neurovascular unit. The neurovascular unit is the collective
term for neurons, glia, and perivascular and vascular cells.? This
unit is responsible for the strong increase in cerebral blood flow
after cognitive activation. In AD and VCl-VaD patients, the
neurovascular unit is disrupted, and this could lead to insufficient
perfusion during cognitive activation, contributing to further
neuronal dysfunction.®>%”

In addition, alterations in the cerebral microvascular structure
are related to AD and VCL.%8%° In animal models, hypertension,
aging, and diabetes, the major risk factors for AD and VCl, interfere
with endothelium-dependent responses in the microcirculation
and in the functional hemodynamic response of the brain.'#6%7%7!
Furthermore, hypertension promotes atherosclerosis in cerebral
arteries®® and induces lipohyalinosis, affecting the blood supply to
the white matter.®® These changes can result in lacunar infarction
or brain hemorrhage.®® Notably, studies have shown that vascular
lesions lead to a decrease in the threshold for the clinical
manifestation of AD.”> In demented and non-demented
Japanese-American men, Petrovitch et al’> showed that
cerebrovascular lesions increase dementia frequency in patients
with low neuritic plaque frequency. From this finding, they
concluded that the preservation of late-life cognitive function is
dependent on the prevention of cerebrovascular lesions.”? To
support the idea that vascular lesions or CVD lower the threshold
for dementia due to AD and a-synucleinopathies, Toledo et al”®
demonstrated that CVD is commonly found in aged subjects with
dementia, whereas it is even more common in AD patients,
especially in younger patients. Furthermore, Toledo et al”® found
that the presence of CVD increases the risk for dementia in
patients with a-synucleinopathies and also in those being affected
by AD.”® These latter studies clearly show the relation between
cerebrovascular impairment and dementia, especially AD and VaD.

Hypertension—an overlapping risk factor for vascular dementia and
Alzheimer’s Disease

Hypertension and Alzheimer’s Disease: One of the most common
cardiovascular risk factors, arterial hypertension, has been shown
to increase the risk for both AD and VaD.**”*®' Skoog and
Gustafson®® demonstrated a relationship between hypertension
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Figure 1. Proposed connections between risk factors, dementia, and
possible therapies affecting the major vascular risk factors for
Alzheimer’s disease (AD) and vascular dementia (VaD), hypertension,
and stroke. Hypertension and stroke are major risk factors for
dementia, in particular AD and VaD, whereas hypertension itself is
also a risk factor for stroke. Despite all research and drug
development efforts, no curative pharmacological therapies are
available for dementia and also no definitive treatments are
attainable for VaD. In human and animal studies, long-chain
omega-3 polyunsaturated fatty acids (LC-n3-FA) and the manipula-
tion of factors involved in the renin-angiotensin system (RAS) have
shown to be beneficial for lowering the risk of developing dementia
like AD and VaD.

and amyloid plaques, neurofibrillary tangles, and brain atrophy.
Furthermore, Skoog and Gustafson® showed that increased blood
pressure appeared decades before the onset of AD, followed by a
decrease in blood pressure years before the start of AD. This
phenomenon of hypertension followed by a gradual reduction in
blood pressure may be caused by difficulties in maintaining blood
pressure homeostasis due to a damaged central nervous
system.2%%2 Studies that link blood pressure with dementia may
be complicated by this non-stationary course of blood pressure in
the trajectory of dementia.

Long-standing hypertension promotes atherosclerosis and
vascular remodeling, including increases in wall thickness.
Arterial stiffness and severe atherosclerosis can lead to an
increase in pulse pressure (the difference between systolic and
diastolic blood pressure).®* In a community-based study, increased
pulse pressure correlated with a higher risk for AD in older
adults.® In the Rotterdam study, the presence of atherosclerotic
plagues or wall thickening has been associated with dementia and
its two major subtypes AD and VaD.”® Based on that study, arterial
stiffening has been suggested to be a key player in the
pathogenesis of dementia.®* One hypothesis to explain how
hypertension is a risk factor for dementia, which follows from
these studies, is that hypertension could lead to atherosclerosis
and arterial stiffness, which in turn promotes the development of
dementia (Figure 1).

Disentangling the possible causal relationships between
hypertension, CVD, and Alzheimer's disease in human studies is
complex, if not impossible, because vascular risk factors like
hypertension may take years or decades to lead to marked
cerebrovascular and cognitive symptoms, and because Alzheimer
pathology is thought to be present years to decades before
clinical symptoms appear. Therefore, animal models are needed to
elucidate these mechanisms and translate them to preventive or
therapeutic interventions. Poulet et al®>®® developed an animal
model to resemble hypertension-related ‘Alzheimer-like patho-
logy’.®° These mice were subjected to high blood pressure, and
this resulted in accumulation of amyloid aggregates.®>5°
Hypertension was induced via a coarctation of the aortic arch
between the two carotid arteries, causing changes in the CBF,
leakage of the blood-brain barrier and neurodegenerative
changes.8>8¢
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However, there may also be a reverse association between AD
and hypertension. To investigate the impact of A on blood
pressure, in spontaneously hypotensive Sprague-Dawley rats
(mean arterial blood pressure<100mmHg) the intra-arterial
infusion of Af increased the mean arterial blood pressure
compared with vehicle distilled water infusion.®” This finding
suggests that Af may be able to induce hypertension, possibly
through direct systemic vascular effects, without parenchymal Af
deposition and before dementia onset.” Taken together, animal
studies suggest that A may be responsible for high blood
pressure as well as for cerebrovascular impairment. Furthermore,
neurodegeneration is due to energetic deficiency and can be
explained by Af-induced cerebrovascular impairment by, e.g.,
impairing glucose transport in the hippocampal and cortical
neurons.®® Hypothetically, these blood pressure and vascular
effects of Af, which predate cognitive effects, may interact with
common vascular disease (e.g., essential hypertension), potentially
further elevating blood pressure levels and synergistically
inducing cerebrovascular lesions.

Hypertension and Vascular Dementia: Whereas the link between
hypertension and VaD, through the well-established relationship
between hypertension and stroke, may seem self-evident, it is
often overlooked that in many cases of VaD there is no clear
history of stroke. To be more precise, cortical stroke, which is
often symptomatic and therefore more easily recognized,
is not the most prevalent cause of VaD. VaD is most often
caused by lacunar infarcts (e.g, multi-infarct dementia) or
severe white matter disease, both related to small vessel disease,
and these are frequently clinically unrecognized as acute
stroke. As an illustration of this often clinically silent course,
lacunar infarcts and white matter disease are frequently
found in studies in elderly subjects without known cognitive
disorders.**®° Depending on the location of these vascular lesions,
their extent, and the patient’'s cognitive reserve, these silent
lesions can, however, have sufficient impact to cause VCl or VaD
(Figure 1).

Can stroke cause vascular dementia and Alzheimer’s disease? To
strengthen the overlap and the connections between AD and VaD,
accumulation of amyloid precursor protein and Af 1 to 42,
hallmarks of AD, has been demonstrated in patients with multi-
infarct dementia, which is the most prevalent form of VaD.?°~%?
Also, animal studies using models of cerebral ischemia indicated
a relationship between the amyloid precursor protein and
cerebral ischemia.”®®"®* A highly sensitive fluorescent RT-PCR
assay revealed a significant increase in the peripheral blood
expression of amyloid precursor protein mRNA levels among
patients who suffered from stroke recently.”® A correlation
between the density of cortical microinfarcts and the degree of
CAA was found in a postmortem analysis of human brains.”
Although CAA may occur unrelated to AD, this example serves to
explain that AD patients with CAA may present with stroke and
cerebrovascular comorbidity.

Endothelin-induced ischemia mimicking small lacunar infarcts
in the APP23 AD mouse model increased AD-like pathology and
inflammatory markers of AD in the cortex and hippocampus of
these transgenic mice.*® In another murine study Garcia-Alloza
et al’® demonstrated that stroke accelerates amyloid deposition
via interference with amyloid clearance pathways. Garcia-Alloza
et al’® examined this association by using a transgenic AD mouse
model (APP/PS1) subjected to microstrokes in the middle cerebral
artery territory, an experimental stroke model using Rose Bengal
dye®® A fast increase in amyloid plaque burden and CAA was
measured in the region surrounding the infarction.® As discussed
in that paper, these changes were transient —and this may explain
why these authors did not find amyloid plaques in postinfarct
brain tissue in humans in earlier work.

© 2013 ISCBFM

An association between cerebral hypoperfusion, caused by
CAA,%”®8 and cortical microinfarct was demonstrated by Okamoto
et al.®> Chronic cerebral hypoperfusion due to bilateral common
carotid artery stenosis in a CAA mouse model showed that the
deposition of Af in leptomeningeal vessels was accelerated in
combination with the development of microinfarcts.”> Notably, in
a rat model of AD and cerebral ischemia, the accumulation of
amyloid increased the infarct size, neuroinflammation, and also
cognitive deficits in these rats.”®

Hemodynamic changes in vascular dementia and Alzheimer’s
disease: A meta-analysis of transcranial Doppler studies has
shown that both AD and VaD patients have evident changes in
cerebrovascular hemodynamics (mostly reduced CBF and incre-
ased cerebrovascular resistance), albeit much more pronounced in
VaD patients.'® A study in transgenic mice overexpressing APP
has demonstrated the impact of A on cerebrovascular
regulation.’®’ Using quantitative autoradiography, resting CBF
was shown to be reduced in the cerebral cortex and in the
hippocampus.'®’ These APP-overexpressing mice also showed a
disturbance in cerebrovascular autoregulation, as they were incap-
able of maintaining a stable CBF during moderate hypotension or
hypertension.'® Whether this observation can be translated to
human AD remains uncertain.'®®

Preventive Strategies—Long-Chain Omega-3 Polyunsaturated
Fatty Acids and the Renin-Angiotensin System
Despite all research and drug development efforts, no curative
pharmacological therapy is available for dementia and also no
definitive treatments are attainable for VaD.? Therefore, to reduce
the huge burden of disease, development of preventive strategies
is urgent. Considering that vascular disorders contribute
importantly to dementia as described above, such preventive
strategies could consist of pharmaceutical interventions aimed at
vascular dysfunctions (for example, treatment of hypertension and
hyperlipidemia). In addition, current studies focus more and more
on lifestyle. As already mentioned above, there is growing
awareness that lifestyle components, e.g. diet and exercise, can
influence modifiable risk factors such as hypertension, type 2
diabetes, and obesity. These modifiable risk factors affect the
vascular system, thereby influencing the risk for dementia,
including AD.*'%*'%7 Modifying these risk factors via a change
in lifestyle may potentially delay the onset of dementia and lead
to a decrease in the prevalence and public health burden of
dementia.**'%” Aarsland et al'® demonstrated in a systematic
review that physical exercise may prevent the development of
VaD. Ravaglia et al'® found in a population-based cohort study
that physical activity is associated with a lower risk for VaD but not
for AD. In the review by Dichgans et al,''° the lifestyle risk factors
for VaD, AD, dementia (unspecified), and cognitive impairment are
summarized well. Based on epidemiologic studies, they show that
VaD and AD share common lifestyle risk factors such as smoking,
decreased physical activity, and obesity.''® Furthermore, they also
state from the existing epidemiologic studies that insufficient
evidence for diet as a potential risk factor for VaD exists, whereas
concerning AD an improved dietar%/ behavior was associated with
a lower risk for cognitive decline.'”®

Of the many important lifestyle factors, in this review we focus
on (the supplementation of) LC-n3-FAs and its impact on
cognition and the development of dementia. In addition, we also
concentrate on the impact of these LC-n3-FAs on risk factors for
VaD and AD, such as hypertension and stroke, to show that diet
could have an impact on the development of both VaD and AD.

In a randomized, double-blind, placebo-controlled trial (van de
Rest et al''") no effect of supplementation with eicosapentaenoic
acid combined with DHA for 26 weeks on mental well-being
in independently living older individuals could be detected.
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In another randomized, double-blind, placebo-controlled clinical
trial (Freund-Levi et al''®) the administration of LC-n3-FA in
patients with mild-to-moderate AD did not slow down the
cognitive decline. However, in a small subgroup of patients with
very mild AD, this administration led to beneficial effects."'? A 24-
week supplementation with 900 mg/day DHA led to improved
learning and memory function in age-related cognitive decline.'"®

Many of these clinical trials had a relatively short duration of
supplementation of LC-n3-FA or focused only on moderate or
advanced AD patients. A systematic review with a meta-analysis in
animal models of AD focusing on the effects of long-term LC-n3-
FA supplementation on cognitive impairment, amyloid-f pathol-
ogy, and neuronal loss revealed reduced Af burden, improved
cognitive function, and decreased neuronal loss.''* A very recent,
double-blind, randomized interventional study has shown that the
intake of LC-n3-FA in healthy older adults significantly increased
executive functions.''® Furthermore, Witte et al''® demonstrated
that this intake had also beneficial effects on microstructural
integrity and gray matter volume in the frontal, temporal, parietal,
and limbic areas, and on carotid intima media thickness and
diastolic blood pressure.

Long-chain omega-3 polyunsaturated fatty acids and blood pressure.
As already mentioned in the previous paragraph, Witte et al''®
were able to show that in healthy older adults the LC-n3-FA
supplementation led to a significant decrease in diastolic blood
pressure. In addition, a meta-analysis of 31 placebo-controlled
trials in 1,356 subjects revealed a dose-response effect of LC-n3-FA
leading to a decrease in blood pressure.''® This beneficial blood
pressure-lowering effect was even most prominent in
hypertensive subjects and in patients with atherosclerosis or
hypercholesterolemia.'® This is in accordance with another study
showing a reduction in blood pressure in untreated hypertensive
patients with daily administration of LC-n3-FA.""” However, the
use of LC-n3-FA as antihypertensive treatment in humans needs
to be analyzed in long-term studies. Long-term administration of
DHA inhibits the development of hypertension in stroke-prone
spontaneously hypertensive rats, a model for hypertension and
stroke''® Notably, DHA also prolonged the life span of
spontaneously hypertensive rats."'® However, not only DHA but
other factors also may lower blood pressure. A meta-analysis of 25
randomized controlled trials revealed that an increased intake of
dietary fibers also reduces blood pressure in hypertensive
patients.'"® Reducing dietary salt intake may also be beneficial,
as high salt intake increased the mortality rate, raised blood
pressure, and increased the number of cerebral aneurysms in
spontaneously hypertensive rats.'*® Also in humans, evidence
supports the idea that reducing dietary salt intake can reduce
hypertension-related disease.'®'

Long-chain omega-3 polyunsaturated fatty acids and stroke. As
mentioned above, fish consumption is recommended to reduce
the risk for cardiovascular diseases.'®* Therefore, it is likely to
reduce the risk of developing stroke as well. A meta-analysis
performed by He et al'> revealed that very low fish consumption
protects against the incidence of ischemic stroke. De Goede
et al'® demonstrated a relationship between higher
eicosapentaenoic acid-DHA and lower stroke risk for women,
whereas for men these associations were not statistically
significant. Intraperitoneal pretreatment with DHA helped to
reduce brain infarctions in Sprague-Dawley rats.'> Moreover,
Ozen et al'®® demonstrated a protective effect against cerebral
ischemia in rats fed with a standard diet plus LC-n3-FA, including
eicosapentaenoic acid and DHA. These rats had a reduced number
of apoptotic neurons in the prefrontal cortex. This effect of DHA
may be mediated by neuroprotectin 1. Docosahexaenoic acid
is the precursor of neuroprotectin 1, and aspirin activates the
synthesis of aspirin-triggered neuroprotectin 1'% After the
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occlusion of the middle cerebral artery in Sprague-Dawley rats,
inducing an experimental stroke, the administration of synthetic
neuroprotectin 1 attenuated cerebral ischemic injury.'®” In
women, intake of LC-n3-FA was associated with a lowered risk
for total stroke, whereas dietary cholesterol was positively
associated with risk for total stroke and cerebral infarction.'*®
Increased intake of a Mediterranean-style diet was associated with
a lowered risk for ischemic stroke, myocardial infarction, and
vascular death.'?® The reduction in cardiovascular morbidity was
most prominent for stroke, and was attributed to high
intake of olive oil or nuts. However, not only this diet
originating around the Mediterranean Sea but other factors also
seem to have an influence on stroke incidence. A population-
based case-control study performed in southern Sweden
demonstrated that stroke risk decreased with fat-fish intake, and
especially in women the consumption of lean fish increased the
stroke risk."*® Additionally, a deficient intake of alpha-linolenic
acid, the plant-derived LC-n3-FA, may also be a risk factor for the
development of stroke."®' This is in line with a murine study on
rapeseed oil-enriched diets (rapeseed oil is a rich source of alpha-
linolenic acid). After middle cerebral artery occlusion, the rapeseed
oil-fed groups demonstrated a decreased mortality rate, lowered
levels of lipid peroxidation, and a reduced infarct size.'*? A meta-
analysis by Arab et al'** showed that individuals consuming
three cups of either green or black tea daily had a 21% lower risk
for stroke than those with a daily consumption of less than one
cup of tea. In summary, in human and animal studies, LC-n3-FA
have shown beneficial effects on stroke and also on hypertension,
lowering the risk for dementia, see Tables 1 and 2 and also
Figure 1.

Manipulation of the renin-angiotensin system—another possible
therapy. The renin-angiotensin system is important not only in
the cardiovascular system but also in the central nervous system.
Angiotensin Il binds to two main receptors, type 1 (AT,) and type 2
(AT,). Angiotensin type 2 receptors are found in the cerebral
regions involved in the control and learning of motor activity.">*

In Ap-injected mice, the cognitive impairment was ameliorated
by perindopril, a centrally active angiotensin-converting enzyme
inhibitor."®> In these mice, perindopril inhibited the cerebral, but
not the peripheral, ACE activity, demonstrating a beneficial effect
on AD as well as on hypertension."®> In this animal study, neither
imidapril nor enalapril were able to reverse the cognitive
impairment in spontaneous alteration and object recognition
tests of the AD model mice."® In the SMART-MR study, patients
treated with ARBs had less decline in CBF compared with patients
treated with other hypertensive drugs (e.g. f-blockers, diuretics,
calcium channel blockers, or ACE inhibitors)."® In line with this
human study, in young AD transgenic mouse models (APP23
mouse), treatment with the ARB olmesartan decreased oxidative
stress in cerebral microvessels.”®” In the same study, Takeda
%7 used an acute mouse model induced by intracere-
broventricular administration of Af 1 to 40, where pretreatment
with a low dose of olmesartan completely prevented Ap-induced
vascular dysregulation and also partially reduced the impairment
of the hippocampal synaptic plasticity. This preventive effect on
cognitive decline by treatment with ARBs in AD was also
demonstrated by another animal study performed by Tsukuda
et al,"*® using intracerebroventricular injection of Af 1 to 40 in
male ddY mice. In these mice, the ARB telmisartan decreased the
cerebral A 1 to 40 concentration and enhanced cerebral blood
flow."*® Furthermore, pretreatment with this ARB reduced the
cognitive effects of A 1 to 40 to control level."®® Using a similar
model, Jing et al'** demonstrated that the direct stimulation of
the AT, receptor by a newly generated AT, receptor agonist,
Compound 21 (C21), prevented cognitive decline. In an
observational study on cognitive function and systolic blood
pressure reduction (OSCAR), in more than 60,000 hypertensive
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Table 1. Animal studies: summary of intervention trials (LC-n3-FA and the manipulation of factors involved in the RAS)
Study Species Model Sex Supplement + Dose Route of Start Duration of Results
administration supplementation supplementation
LC-n3-FA
27 Rat Focal cerebral I/R M 1. 333 ug/kg of AT- Intravenously — 3 hours before e AT-NPD1 reduces brain
NPD1 in SS ischemia infarction size + brain
2. 333 ug/kg of AT- edema
NPD1 in Me e Improved tissue matrix
3. Vehicle e White matter protection
ne Rat SHRSP ? 1. 1% DHA Diet 6 weeks of age 14 weeks e DHA has antihypertensive
2. 5% DHA action
3. Control diet e DHATacetylcholine levels
e DHATlife span
132 Mouse  Focal cerebral I/R M 1. 5% RSO Diet — for 4 or 6 weeks e Groups 2+ 3: decreased
2. 10% RSO before ischemia mortality rate, lowered
3. 20% RSO levels of lipid peroxidation,
4. 5% palm oil and a reduced infarct size
126 Rat Focal cerebral I/R M 1. Control Gavage 8-12 weeks of age 2 weeks before e |In apoptotic neurons in the
2. Marincap capsule ischemia prefrontal cortex in rat group
(EPA 18%, DHA given marincap capsules
12%)
125 Rat Focal cerebral I/R M 1. 100 nmol/kg Intraperitoneally — 1. Once 1 hour o In all DHA-injected animal
2. 500 nmol/kg before ischemia groups: reduced infarct
3. Vehicle 2. Once 3 days volume
before ischemia
3. Daily for 6 weeks
before ischemia
Manipulation of the RAS
1 Mouse  ApoE M 1. Telmisartan Osmotic mini pump 14 weeks of age  For 2 weeks before o Telmisartan | ischemic brain
KO + HCD + focal (0.3mg/kg per day) ischemia area, neurologic deficit,
cerebral I/R reduction of cerebral blood
flow in the penumbra
139 Mouse  Af 1_49 injection M 1. C21 (1.0 ug/kg per  Intraperitoneally 10-12 weeks of  for 2 weeks before e (21 prevented cognitive
day) age MWM decline in this AD mouse
2. C21 (10.0 ug/kg per model
day)
3. Vehicle
137 Mouse APP23 mice M 1. Olmesartan Orally 8 weeks of age Daily for 4-5 weeks e ARB olmesartan decreased
(1.0mg/kg per day) oxidative stress in cerebral
2. Vehicle microvessels
137 Mouse AP 1-40 injection M 1. Olmesartan Orally 7-8 weeks of age  for 4 weeks before e Olmesartan completely
(0.5mg/kg per day) Af injection prevented Ap-induced
2. Olmesartan vascular dysregulation and
(1.0mg/kg per day) | impairment of the
3. Vehicle hippocampal synaptic
plasticity
138 Mouse AP 1_40 injection M 1. Telmisartan Orally 8 weeks of age for 4 weeks before e |of Af 1_40 concentration by
(0.35mg/kg per Ap injection telmisartan
day) e Telmisartan 1 CBF
2. Telmisartan e Telmisartan improved Af-
(0.35mg/kg per induced cognitive decline
day) + GW9662
3. Vehicle
144 Mouse Tg2576 AD M 1. Valsartan (10.0mg/  Orally 6 months of age for 5 months e Valsartan | AD-type
mouse model kg per day) neuropathology
2. Valsartan (40.0 mg/ e \Valsartan | development of
kg per day) Af-mediated cognitive
3. Water deterioration
135 Mouse AP 2s-35 injection M 1. Perindopril (0.1, 0.3  Orally 5-6 weeks of age  After Af} 5535 e Perindopril ameliorated the

or 1 mg/kg per day)

. Imidapril (0.3, 1 or

3mg/kg per day)

. Enalapril (1, 3 or
10mg/kg per day)
. Vehicle

injection daily for 5
consecutive days

cognitive impairment in the
AD model mice through
inhibition of brain ACE
activity

ACE, angiotensin-converting enzyme; AD, Alzheimer’s disease; APP, amyloid precursor protein; ARB, angiotensin receptor blocker; AT-NPD1, aspirin-triggered
NPD1; C21, compound 21; CBF, cerebral blood flow; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; HCD, high-cholesterol diet; I/R, ischemia
reperfusion; KO, knockout; LC-n3-FA, long-chain omega-3 polyunsaturated fatty acids; ME, methyl ester; MWM, Morris water maze; NPD1, neuroprotectin 1;

RAS, renin-angiotensin system; RSO, rapeseed oil; SS, sodium salt.
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Table 2. Human studies: summary of intervention trials (LC-n3-FA, and the manipulation of factors involved in the RAS)
Study Age Subjects Sex N Supplement + dose/intake Route of Duration of Results
administration supplementation
LC-n3-FA

= 20-65 years  Healthy subjects M-+F 20,069 o Habitual diet was Orally — o Higher ALA intake
assessed with a | risk of stroke
validated 178-item
food frequency
questionnaire

124 20-65 years  Healthy subjects M+F 20,069 o Intake of EPA-DHA was Orally — e Women: higher EPA-
registered DHA and fish intake

| stroke risk
e Men: no association
mn2 74+9years  Patients with M+F 204 1. 1.7 g/day DHA Orally 6 months e No delay in the rate of
mild-to- 2. 0.6g/day EPA cognitive decline
moderate AD 3. Placebo (MMSE/ cognitive
portion of ADAS)
e In very mild AD patients
| in cognitive decline
(MMSE)

129 69+ 10 years Healthy subjects M+F 2,568 e Mediterranean-style Orally — e Mediterranean-style diet
diet registered by | ischemic stroke,
questionnaire myocardial infarction,

and vascular death

128 49-83 years  Healthy subjects F 34,670 o Intake of LC-n3-FA was Orally — e LC-n3-FA|risk of stroke
registered e Cholesterol? risk of

e Intake of cholesterol stroke
was registered
130 43-85 years Healthy M+F 5191 e Fish intake was Orally — e Fatfish | risk of ischemic
+ Stroke reported stroke
patients retrospectively e Women: lean fish 1 risk
of stroke
m >65y Nondepressed, M+F 302 1. 1.8g/day EPA+DHA Orally 26 weeks e Plasma concentrations of
older individuals 2. 049/d EPA+DHA EPA +DHA 1 in both test
3. Placebo groups
e No effect on mental
well-being

s 50-75 years  Healthy subjects F 30 1. (1.32g EPA + 0.88g Orally 26 weeks e TExecutive functions
DHA + 15 mg vitamin e positive effects on white
E)/day matter microstructure,

2. Placebo gray matter volume, and
vascular markers
e |in diastolic blood
pressure
s >55 years Healthy subjects M+F 485 1. 0.9g/day DHA Orally 24 weeks e Tlearning and memory
2. Placebo function in ARCD
Manli)pulation of the RAS
13 57+ 10 years Patients with M+F 575 e Blood pressure + use of — — e Untreated hypertension,
manifested antihypertensive drugs poorly controlled
atherosclerotic was registered hypertension, and high
disease BP levels associated with
| pCBF
e treatment with ARBs
leads to less decline in
pCBF than other
antihypertensives

3 70-89 y Hypertensive M-+F 1,518 1. Candesartan (8 mg/day) Orally 35y e ARB candesartan

patients 2. Placebo | relative risk of stroke

142 1.70+9y 1. Patients with M+F 1. 707 e Blood pressure + use of — — e Valsartan prevented

2.65+t11y CAD 2. 2,324 antihypertensive more cardio-cerebro-
2. Patients drugs + occurrence of vascular events than
without CAD cardiovascular and conventional non-ARB
cerebrovascular events treatment in high-risk
was registered hypertensive patients
e \Valsartan | prevalence
of stroke
AD, Alzheimer’s disease; ADAS, Alzheimer’s disease assessment scale; ALA, alpha-linolenic acid; ARB, angiotensin receptor blocker; ARCD, age-related cognitive
decline; BP, blood pressure; CAD, coronary artery disease; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; LC-n3-FA, long-chain omega-3
polyunsaturated fatty acids; MMSE, mini-mental state examination; pCBF, parenchymal cerebral blood flow; RAS, renin-angiotensin system.

patients, the specific use of the ARB eprosartan led to a reduction
in blood pressure and also improved the cognitive function,
revealing a positive correlation between cognitive decline or
dementia and blood pressure levels.

Angiotensin receptor blockers do not only have the potential to
reduce cognitive decline in animal and human studies (Tables 1
and 2). In line with the described beneficial effect of ARBs on
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dementia, the Systolic Hypertension in the Elderly Program and
the Systolic Hypertension in Europe study demonstrated that
antihypertensive treatment lowered the risk of developing
stroke.>*** In addition to the effect of an ARB in hypertension,
an animal study showed a beneficial effect of ARBs on stroke.''
After an middle cerebral artery occlusion in apolipoprotein
E-deficient mice—an atherosclerosis mouse model—treated with
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a cholesterol-high diet, the administration of the ARB telmisartan
did not significantly decrease blood pressure but decreased the
ischemic area and also the atherosclerotic formation in the
proximal aorta and led to improved cerebral blood flow in the
penumbra of these treated mice.'*' In patients from the Kyoto
heart study, who had coronary artery disease, treatment with the
ARB, valsartan, lowered the prevalence of stroke compared with
non-treated subjects.’*? Antihypertensive treatment with the ARB
candesartan in elderly patients with isolated systolic hypertension
significantly reduced the relative risk of developing stroke in
comparison with other types of antihypertensive treatment,
despite little difference in blood pressure reduction.'*

The potential mechanisms that could explain the link between
hypertension and the development of AD need further
investigation. Most human studies are epidemiologic studies
that show cross-sectional or longitudinal associations between
hypertension and AD, but mechanistic studies or interventional
studies are sparse (Table 2). In animal studies, the focus of
research has been mainly on the effect of low-dose blood
pressure-lowering medication on Aff accumulation and cognition.
These preclinical studies indicate the possible potential for
antihypertensive drugs against AD pathology and cognitive
decline in AD patients.'* Indeed, in a systematic review Shah
et al'* mentioned the need for large randomized clinical trials to
explore the connection between blood pressure-lowering
medications and dementia in humans.

CONCLUSIONS

Many studies have shown that AD, VaD, and stroke share
hypertension as a common risk factor, whereas stroke in itself is
also a risk factor for the development of AD or VaD (Figure 1).
Hypertension combined with aging decreases CBF and results in
changes in the cerebrovascular structure and function.****
Together, this leads to cognitive decline, white matter changes,
increase in Af pathology, and dysfunction of the blood-brain
barrier, a combination of factors that may well reflect the
multifactorial causes of AD in the elderly population.

Notably, an increase in Afj (regardless of the underlying cause)
could lead to changes in cerebrovascular structure and function,
and, if combined with treatment for vascular disease, could
represent a vicious cycle of aggravated CVD, increasing Af}
pathology, which in turn enhances vascular disease. As detailed,
Af may increase blood pressure, decrease the amount of vascular
endothelial cells, impair vascular function, and decrease CBF,
resulting in further neurodegeneration. Thus, elevated Af levels
due to any cause could explain the association between
hypertension, CVD, and AD. Studying the causal relationships
between hypertension, CVD, and AD in humans is complex
because of the long latency between pathologic changes and
clinical symptoms, which may span decades both in vascular
disease and AD. Thus, properly designed animal studies that can
be validly translated are needed to enlighten the underlying
mechanisms and translate them to preventive or therapeutic
interventions. In murine studies, induced hypertension led to an
increased accumulation of Af, neuroinflammation, changed CBF,
and disturbed blood-brain barrier. Moreover, animal models for
stroke also showed an increased AD-like pathology, such as
enhanced amyloid deposition, neuroinflammation, and cognitive
deficits. If we consider hypertension and stroke as major risk
factors for dementia, both for VaD and AD, there are two possible
therapies for dementia. On the one hand, research has revealed
that the supplementation with LC-n3-FA reduces the risk of
developing hypertension and stroke, thereby also lowering the
risk of developing dementia (Figure 1, Tables 1 and 2). On the
other hand, the manipulation of factors involved in the RAS-like
angiotensin Il receptor blockers or ACE inhibitors showed

© 2013 ISCBFM

beneficial effects in animal and human studies (Figure 1,
Tables 1 and 2).

As a sequel, future research needs to focus more on the role of
other (both medical and lifestyle) treatment strategies to lower the
risk factors for dementia. Such research could elucidate the
importance of reducing the rate of hypertension and stroke. Until
now, studies on stroke have concentrated on motor impairment.
Therefore, more research is needed that aim at the cognitive and
behavioral deficits induced by stroke. This would also help to
understand the connection between stroke, cognitive decline, and
dementia and to elucidate the differences and overlap between
VaD and AD.
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