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Abstract: The root cause of non-inherited Alzheimer’s disease (AD) remains unknown despite
hundreds of research studies performed to attempt to solve this problem. Since proper prophylaxis
remains the best strategy, many scientists have studied the risk factors that may affect AD devel-
opment. There is robust evidence supporting the hypothesis that cardiovascular diseases (CVD)
may contribute to AD progression, as the diseases often coexist. Therefore, a lack of well-defined
diagnostic criteria makes studying the relationship between AD and CVD complicated. Addition-
ally, inflammation accompanies the pathogenesis of AD and CVD, and is not only a consequence
but also implicated as a significant contributor to the course of the diseases. Of note, ApoEe4 is
found to be one of the major risk factors affecting both the cardiovascular and nervous systems.
According to genome wide association and epidemiological studies, numerous common risk factors
have been associated with the development of AD-related pathology. Furthermore, the risk of de-
veloping AD and CVDs appears to be increased by a wide range of conditions and lifestyle factors:
hypertension, dyslipidemia, hypercholesterolemia, hyperhomocysteinemia, gut/oral microbiota,
physical activity, and diet. This review summarizes the literature and provides possible mechanistic

links between CVDs and AD.
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1. INTRODUCTION

Dementia is well known as a heterogeneous set of pa-
thologies characterized by similar patterns of progressively
worsening cognitive dysfunction and behavioral impairment
due to neurodegeneration. It has been estimated that 46.8
million people globally are suffering from dementia. This
total is expected to reach about 70 million by the year 2030
and 131 million people by 2050. Currently, the worldwide
cost of dementia amounts to US$ 818 billion. Almost 58% of
patients live in low- and middle-income countries, but this
percentage is likely to exceed 68% by the year 2050 [1].
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The greatest portion of dementia patients is diagnosed
with Alzheimer’s disease (AD) [2]. Alzheimer’s disease may
be divided into two dominant types: late-onset Alzheimer’s
disease (LOAD), appearing at the age after age 65; and
early-onset Alzheimer’s disease (EOAD), which starts before
age 65. It is important to note that familial Alzheimer’s dis-
ease only accounts for about 1-2% percent and usually is
associated with EOAD [2]. A key problem is the early iden-
tification of AD at preclinical stage before the manifestation
of the clinical symptoms. This prodromal phase is character-
ized by AP oligomer deposition in the extracellular space,
intraneuronal neurofibrillary tangles and neuropil threads
formation, hippocampal volume loss, and synaptic and neu-
ronal loss [2-4]. Cognitive decline, impairments of learning,
attention, language, memory, visuospatial orientation, behav-
ior, social comportment, praxis, and gnosis are described as
typical clinical symptoms as well [2-4]. Unfortunately, the
root cause of AD remains unknown, despite hundreds of
research studies over the past several decades. Therefore,
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since proper prophylaxis is doubtless the best strategy, the
study of risk factors may help clinicians identify individuals
likely to develop AD and to avoid AD altogether or at least
gain additional years of productive life before the full impact
of the disease’s progression.

Concurrently, cardiovascular diseases (CVD) are the #1
cause of death worldwide, taking an estimated 17.9 million
lives yearly, which is about one-third of total deaths [5].
Stroke and heart failure cause nearly 85% of deaths [5].
CVDs are known to be a diverse set of diseases, including,
for example, heart failure, atherosclerosis, and cerebrovascu-
lar disease [6]. Although various therapies have been devel-
oped in recent decades [7-12], sadly, pathological alterations
are often irreversible and cannot be cured completely. There-
fore, as with AD, the best plan of action is to take preventive
measures, which are aimed to lower risk factors influence
and promote a healthy life. The main risk factors appear to
be tobacco and alcohol usage, unhealthy diets, physical inac-
tivity, and obesity.

Beyond the risks of mortality and physical disability,
several studies have linked CVD to an elevated risk of AD.
In this review article, the literature is summarized and possi-
ble links between CVDs and AD are provided.

2. EARLY-ONSET ALZHEIMER’S DISEASE

Alzheimer’s disease arises in association with myriad
risk factors (Fig. 1). About 5.5% of cases develop as an
early-onset Alzheimer’s disease (EOAD), emerging before
65 years of age [13]. Mutations in genes that encode factors
involved in processing B-amyloid precursor protein (APP)
often are implicated in AD pathogenesis.
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Early damage to the synapses between the entorhinal
cortex-hippocampal network and the molecular layer of the
dentate gyrus (perforant pathway) in the AD brain results in
short-term memory deficits [14, 15]. In more severe memory
loss, there is a disconnection of the cortico-cortical fibers in
the frontal, parietal, and temporal cortices [14, 16]. Further
degeneration of the connections between Meinert’s basal
nucleus and neocortex affects the ascending cholinergic acti-
vating system [14, 17]. Despite intensive research over the
past 113 years, a comprehensive picture of brain regions
affected by Alzheimer's is yet to be obtained, as the disease
damages not only a single neuronal population but also mul-
tiple neuronal networks of the brain.

Gamma-secretase complex (y-secretase) is described as
membrane integral fermentative complex that is involved in
APP processing, and mutations in the gene of its subunit
PSEN1/2 may result in EOAD development and A deposi-
tion [18-21]. Mutations within PSEN1/2 genes that result in
y-secretase complex destabilization, disruption of sequential
APP cleavage, and A4, secretion enhancement have been
indicated [22-26]. Published reports reveal more than 200
mutations occurring within the PSEN1 gene that are associ-
ated with EOAD [26, 27]. Mutations of PSEN1 may alter the
activity of PS1 in a different manner, for example, 1202F,
F2371, L248R, and V261F substitutions decrease PS1 prote-
olytic activity, while 1143V, F177L, and M233L have almost
no effect, while 12131, L226F, and L424V increase it [18].
Mutations in the PSEN2 gene related to EOAD development
are rare in comparison, amounting to fewer than 50 muta-
tions [26, 28]. It is important to note that some AD-related
mutations in PSEN1/2 genes do not cause a familial form of
EOAD [29].
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Fig. (1). Map of Alzheimer's disease risk factors. (4 higher resolution / colour version of this figure is available in the electronic copy of the

article).
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Another important component of amyloidogenesis is
APP itself, mutations in which may result in EOAD devel-
opment [20, 26, 30]. Nowadays, 60 mutations within the
APP gene have been described, out of which 27 lead to Alz-
heimer’s disease development and are known to be patho-
genic [31]. Seoul, Swedish, and London mutations are three
of the most prominent mutations, occurring at B- and y-
cleavage sites [32, 33]. Seoul mutation is described as a sub-
stitution V669L, which, according to in silico analysis, pos-
sibly alters normal APP processing due to a tertiary protein
fold disruption [32]. Swedish mutation is characterized as
double substitution KM670/671NL at the site of B-cleavage,
which results in the B-cleavage enhancement, AB4y and A4,
elevation, and development of a familial form of EOAD [34,
35]. A recent study revealed that Swedish double mutation
repair, using the CRISPR/Cas9 genome-editing technique,
diminishes A4, secretion, which may be suggested as evi-
dence of Swedish mutation relation to EOAD and may be-
come one of the prospective therapeutic strategies for famil-
ial EOAD prevention [36]. London mutation occurs at the y-
cleavage site of APP and leads to the PS1 conformational
change and the elevation of the AB4y/Ay ratio [37, 38]. An-
other pathological mutation, Flemish, occurs within the in-
hibitory domain of APP and plays the opposite role and en-
hances Gamma (y)-secretase activity as well as AP produc-
tion [39]. Although mutations are mostly negative, Icelandic
mutation has been described as the only protective mutation
in AD, as it diminishes AP [40, 41].

3. CVD AND ALZHEIMER’S DISEASE COMMON
RISK FACTORS

Studying the relationship between CVD and AD is com-
plicated. The diagnostic criteria of AD usually exclude pa-
tients with any clinically significant CVD [42], even though
CVD independently can lead to cognitive impairment and
the diagnosis of dementia (e.g., mild vascular cognitive im-
pairment, vascular dementia, mixed dementia) [43, 44]. Nev-
ertheless, there is evidence supporting the hypothesis that
CVD can contribute to the development of AD [45-48]. Neu-
ropathological studies suggest that the presence of ischemic
microvascular lesions is significantly higher in the brains of
patients diagnosed with AD. The incidence of neuropa-
thologically confirmed AD cases was 11-fold higher in
women who had cerebral infarctions evident at autopsy. A
large number of epidemiological studies have shown an as-
sociation between CVDs and neurodegenerative disorders or
dementia-related pathology. However, it remains unex-
plained how small vessel disease affects the clinical course
of AD as well as CVDs [49-51]. It is not clear whether this
relationship is the reason that they have common risk factors
or whether CVDs are directly or indirectly involved in the
pathogenesis leading to AD.

3.1. Hypertension

Chronic hypertension has been suggested as one of the
most significant risk factors for AD that can be controlled by
pharmaceutical therapies and lifestyle changes [52, 53]. Hy-
pertension adversely affects the structural integrity of cere-
bral blood vessels, forms atherosclerotic plaques in cerebral
arteries, and induces hyperlipidemia [54, 55]. The use of
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antihypertensive treatments may reduce the risk of dementia
[56-59]. A double-blind placebo-controlled study showed
that active hypertension treatment reduced the incidence of
dementia by 50% compared to the control group [57]. De-
spite this finding, previous controlled clinical trials failed to
show the outcome benefits of these drugs on cognitive per-
formance in AD patients. In summary, the reasons for the
reduction in dementia incidence during anti-hypertension
treatment remain elusive, and whether there is a drug-
specific effect or a general effect of controlling hypertension
in this population is not known. The only thing known with
confidence is that blood pressure regulation during midlife
may postpone the onset of AD.

3.2. Cerebrovascular Disease

As was stated before, vascular neurocognitive disorders
(VNCD) share risk factors, such as arterial hypertension,
T2DM, smoking, and several symptoms with AD. According
to the American Psychiatric Association (APA) recommen-
dations presented in the latest edition of DSM-5 [60], prob-
able vascular neurodegenerative disorder is characterized by
either parenchymal injury attributed to CVD or temporal
relation to one or more documented cerebrovascular events
or both clinical and genetic evidence. The description of a
clinical picture of major or mild VNCD patients may include
multiple infarctions in conjunction with lesions in the white
matter, basal ganglia, thalamus, and gradual or fluctuating
decline of cognition. At the same time, DSM-5 authors note
that VNCD, as well as AD, may have mixed etiology, and
often it is not possible to separate these states from one an-
other. In these cases, APA recommends diagnosing mild or
major neurocognitive disorder [60].

Despite the fact that etiology and pathobiology of Alz-
heimer’s disease are still a subject for discussion, the so-
called “two-hit hypothesis” would lighten up briefly in this
section. The first “hit” is reduced cellular blood flow and the
second is the dysfunction of the blood-brain barrier. Both of
these states may be induced by amyloid as well as the other
vascular risk factors. Lower oxygen supply to the neurons
results sequentially in acidosis, mitochondrial disorders, and
oxidative stress. As a consequence, this process leads to ele-
vated ROS levels and increased A4, production as well as
tau hyperphosphorylation. The BBB dysfunction leads to
impairment of AP clearance from cerebrospinal fluid. Both
these processes effect APy, accumulation in the brain in a
synergic manner resulting in neuronal loss and cognition
decline [61-65]. Nevertheless, it must be admitted that there
is no compelling evidence showing a causal relationship be-
tween AD and vascular disorders [66]. However, it has been
shown that several cerebrovascular disorders are associated
with significant impacts on AD development and severity
[66].

4. METABOLIC DISORDERS

4.1. Dyslipidemia and Hypercholesterolemia

Epidemiological studies have shown that high blood cho-
lesterol levels might contribute to the pathogenesis of AD.
One possible mechanism that has been proposed is that high
blood cholesterol levels increase the risk of CVD [67]. In
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animals fed a high cholesterol diet, an elevated level of A
depositions was found. Whereas in studies involving hu-
mans, high levels of LDL-cholesterol and low levels of
HDL-cholesterol have been found [68]. Moreover, the distri-
bution and cholesterol levels in brain cells can affect AR me-
tabolism. Thus, it is not a surprise that several clinical stud-
ies have shown that statins that are administered to lower
blood cholesterol levels may protect against AD as well [69].

In recent years, studies have shown that the homeostasis
of lipids in the brain, both cholesterol and sphingolipids
(such as gangliosides), are of great importance [70] with
respect to the lipid composition of the cell membrane and the
formation of lipid rafts associated with the formation and
toxicity of AP. These results have renewed the impetus to
study the multifaceted role of lipids in amyloidogenesis, neu-
roinflammation, neuroplasticity, and mitochondrial synaptic
function [71, 72]. Nevertheless, it remains unanswered
whether disturbances of lipid homeostasis observed in AD
are the cause or result of the disease [70, 71, 73].

4.2. T2DM and Insulin Resistance

There are several epidemiological studies that show that
type 2 diabetes mellitus (T2DM) increases the risk of AD.
Diabetes doubled the incidence of dementia, AD, and vascu-
lar dementia (VaD), as well as increased mortality. Patients
with T2DM were less likely to have B-amyloid and tangles
but more likely to have cerebral infarcts. Elderly people with
diabetes develop a more extensive vascular pathology, which
alone or together with AD-type pathology leads to a higher
risk of dementia [74].

However, the links between diabetes and AD go beyond
the epidemiological association. The brain of Alzheimer’s
patients showed evidence of reduced expression of insulin as
well as of neuronal insulin receptors compared with those of
age-matched controls [75]. This gradually leads to the break-
down of the entire insulin-signaling pathway, which mani-
fests as insulin resistance, and consequently, brain metabo-
lism and cognitive function, which is one of the best-
documented abnormalities in AD. These observations led Dr.
de la Monte and her colleagues to suggest that AD is a neu-
roendocrine disorder resembling type 2 diabetes mellitus
[76]. The truth may be more complex, but the so-called
“brain diabetes” is called type 3 diabetes in some quarters.
Diabetes can exacerbate cognitive deficits and lead to de-
mentia, through the damage caused by systemic blood circu-
lation and microcirculation; however, its devastating role
does not end there.

There are insulin receptors in the brain, particularly in the
hippocampus, and the primary center of episodic memory
formation [75]. Insulin affects the electrochemical and bio-
chemical action of neurons, from neurotransmitters associ-
ated with memory and learning to the enzymes that partici-
pate in the metabolism of AP [75, 77]. Thus, the production
of insulin is directly related to neuroinflammation, amyloi-
dogenesis, oxidative stress, and mitochondrial function,
thereby constituting a candidate link between the endocrine
and the neurodegenerative diseases [77]. Additionally, the
brain insulin resistance characterized by the ineffective re-
sponse of the brain cells to insulin resulting in impairments
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in synaptic, metabolic, and immune response functions, is a
hallmark of AD [78]. However, whether the insulin resis-
tance and AD are linked causally or represent unrelated
changes in aging is unclear [78].

4.3. Hyperhomocysteinemia

Moderately high plasma homocysteine levels have been
shown to be associated with stroke, VaD, and AD. This risk
factor is not associated with other vascular risk factors, nutri-
tional status, or the MTHFR genotype [79]. A meta-analysis
of 34 published studies with 9397 subjects demonstrated a
significant relationship between plasma total homocysteine
levels and the risk for AD [80]. This meta-analysis has pro-
vided new insights into the etiology and prevention of AD,
revealing the causal link between plasma total homocysteine
and the risk for AD. It is noteworthy that homocysteine may
affect the AD process through cerebrovascular disease, or
directly by increasing B-amyloid deposition in the brain.

5. GENETICS OF AD

Sporadic Alzheimer’s disease (SAD) is widely known as
a multifaceted disorder. However, SAD progression is not
defined fully yet. Scientists worldwide have engaged in at-
tempts to solve the mystery. Genetic and genomic studies are
major strands of research nowadays [81-83]. For instance,
the association between APOE allele type and amyloid
plaques deposition is well-known and has been corroborated
by other studies [84, 85]. A particular finding is that lower
odds of SAD development and plaque burden for
APOEg2/APOEg2+ allele type has been determined. The
odds have been shown to grow in sequence €2/e3, €3/e3,
€2/e4, €3/e4, e4/e4 [84, 86]. Many studies describe APOEe4
as a crucial risk factor exacerbating VaD and SAD progres-
sion as well as aggravating the severity of tau-pathology [84,
86-89]. Investigations in silico and in vitro have demon-
strated APOEe4, but not APOEe2 and APOEe3, to bind sta-
bly to CLEAR motifs, competing with transcriptional factor
TFEB [90]. This interaction may lead to the downregulation
of pro-autophagic genes, such as MAPLC3B, SQSTM1/P62,
LAMP2, in turn, resulting in increased cellular vulnerability
in the SAD progression [90]. But in another study, authors
showed that several subclusters of neurons and astrocytes of
SAD brains were enriched with pro-autophagic gene tran-
scripts [91]. These findings may be explained by the differ-
ence of susceptibility of neurons depending on the layer of
their disposition, suggesting that deeper layer neurons are
less susceptible to the amyloid toxicity [91, 92].

Sex and APOEe4 have been shown to correlate strongly
with severity and mortality in SAD patients [93-95]. A fam-
ily-based analysis of WGS (whole genome sequence) data of
2247 individuals from 605 families revealed the transcription
factor ZBTB7C variant as a risk factor for women [93].
BIN1 gene variant has been suggested as possible sex-related
gene variants for women, while KAT8 and FERMT2 for
men [93]. Another genome-wide association (GWA) study
revealed other gene variants that are possibly associated with
SAD development and the change in the brain connectivity,
including ANTXR2 (which might be involved in extracellu-
lar matrix adhesion), CDH18 (neuronal synaptic adhesion),
and IGF1 [96].
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A strong correlation has been shown between SAD de-
velopment and the polymorphisms CLU gene, coding clus-
terin-1, also known as apolipoprotein J, which is involved in
A clearance [85, 97-105]. Interestingly, this correlation has
been found for SNP rs11136000 (T < C) in Caucasian eth-
nicity, but not in Asian or Chinese ethnicities, although a
previous study showed this relation for both Asian and Cau-
casian ethnicities [98, 102]. Since SNP rs11136000 (T < C)
is located within an intronic region, it seems reasonable to
assume that the substitution may, in some way, alter the
splicing and expression rate of the gene [100]. Recent tran-
scriptome analyses of the aging brain confirmed that altered
pre-mRNA CLU splicing might be associated with SAD
development and PTK2B transcription, which is in line with
other findings [106, 107]. Nevertheless, the correlation be-
tween CLU SNP rs11136000 (T < C) variant and SAD has
not been found in several studies performed in Italy, France,
and Southern India [105, 108, 109].

Many studies confirm the relation of ABCA7 gene poly-
morphism and SAD progression [85, 104, 110-112]. ABCA7
gene encodes protein ABCA7 that is involved in lipid trans-
port through the cellular membrane and A clearance via the
phagocytic pathway [113]. Research performed on an Ice-
landic population and later repeated on German, Finnish,
Norwegian, and American populations supported the idea of
loss-of-function variant ABCA7 and SAD development
[110]. ABCA7 SNP rs3764650, which is also located within
an intronic region, has been shown to be implicated in SAD
[111, 112]. In a study with a French population, ABCA7
SNP rs3764650 was not associated with SAD development
[109].

Several studies report a significant relationship between
PICALM gene polymorphism and SAD [85, 100, 114-116].
PICALM encodes a protein that is important in A} clearance
through transcytosis via the blood-brain barrier [114].
PICALM SNP 153851179 variant has been associated with
an elevated risk of SAD development [114]. These results
are in accordance with the results of a study of Mediterra-
nean populations from Turkey, Italy, Spain, France, and
Lebanon [115]. However, other studies on French and Indian
populations do not fit with these data [28, 29].

Different variants of CR1 gene, which encodes the com-
plement component (3b/4b) receptor 1, have been shown to
relate to SAD development [85, 104, 109, 117] as well as
BIN1 [85, 93, 104, 109, 118], CD33 [85, 104, 112],
MS4A6A/MS4AA4E [85, 104, 112, 119], TREM2 [85, 120],
etc. Epigenetic gene transcription regulation of genes that are
associated with SAD development is of utter importance as
well. Studies of global histone modifications in the post-
mortem AD brains reveal that trimethylated H3K4 (associ-
ated with activation of transcription) was increased within
immune and stimulus-response genes loci; whereas, it was
decreased within the synaptic function and learning genes
loci [121]. The relation between H3K27 acetylation within
APP, PSEN1, PSEN2, MAPT, CR1 genes loci, and SAD
development has been indicated [121, 122]. Besides histone
modification, CpG methylation is important as well as other
cytosine modifications, which might be positively correlated
with aging and neurodegenerative diseases development and
progression [123, 124]. Reconciling these varying data may

Leszek et al.

someday help to develop successful therapies against neu-
rodegenerative diseases through epigenome editing [125].

6. THE ROLE OF APOE

ApoE is the 34 KDa protein whose main physiological
functions are triglyceride and cholesterol transport and LDL
clearance via interaction with LDLRs [126, 127]. ApoE
takes part in a variety of processes, including blood-brain
barrier (BBB) integrity maintenance and cardiovascular dis-
orders [128-131], immune and inflammation process regula-
tion [127, 132, 133], the pathogenesis of infectious diseases
[134], etc. Currently, three isoforms of ApoE (ApoE2,
ApoE3, ApoE4) are the most studied. Both ApoE2 and
ApoE4 have adverse effects on human health [88, 135]. Iso-
form ApoE2 has a cysteine residue at position 158 instead of
arginine in ApoE3 and ApoE4. This substitution lowers
ApoE2 clearance since it is located within the LDL receptor-
interacting region and disrupts recognition [126].

ApoE2 isoform has been shown to be protective against
AD [86]. ApoE4 has arginine residue at both 158 and 112
positions, while ApoE3 and ApoE2 have cysteine residue at
position 112. The arginine residue at position 158 enables it
to be recognized by the LDL receptor and to clear triglyc-
eride-rich lipoprotein remnants from the blood [126]. On the
other hand, the second substitution at the position 112 alters
intramolecular interactions, leading to the disruption of the
ApoE tertiary structure. It has been reported that a mono-
meric state ApoE4 C-terminal domain is relatively unstruc-
tured and, in contrast to ApoE3 12-20 and 204-210, residues
are present in unfolded state [136]. This leads to an increase
in ApoE4 affinity to the lipids and A altering amyloi-
dogenesis kinetics in the brain, AP, oligomers clearance,
enhancing its aggregation and fibrillation [88].

ApoE4-expressing neurons show elevated rates of synap-
togenesis and increased A4, secretion [88]. ApoE4 down-
regulates transcription of the ApoE gene in astrocytes and
leads to an increase in the cellular cholesterol content [88].
ApoE4 is found to be not only an AD-related dementia risk
factor but also a risk factor in alpha-synucleinopathy, charac-
terized by Lewy bodies deposition and disorders. The exact
molecular mechanism remains to be determined [137]. Fi-
nally, ApoE gene polymorphism affects a variety of proc-
esses and is found to be one of the major risk factors in AD
and Lewy body dementia.

7. INFLAMMATION AS A CENTRAL PLAYER IN
CVD AND AD

It has long been apparent that the inflammation not only
accompanies the pathogenesis of many diseases but also is a
consequence of and a significant contributor to the course of
these diseases. Recent attention has been directed towards
the inflammatory hypothesis of AD, which has stimulated an
expansion of the research in neurosciences. Moreover, neu-
roinflammation appears to have a dual function: a neuropro-
tective role during an acute-phase response and a detrimental
effect under chronic inflammation. Neuroglia plays a pivotal
role in inflammation, especially in microglia in patients with
neurodegenerative disorders and in macrophages in inflam-
mation-related cardiovascular diseases.
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Microglia are resident immune cells of the brain that are
derived from erythro-myeloid progenitor cells (EMPs) in the
yolk sac [14, 138, 139]. Under normal physiological condi-
tions, microglia are capable of maintaining CNS microenvi-
ronment homeostasis, synaptic pruning, and neurodevelop-
ment by releasing brain-derived neurotrophic factor (BDNF)
[138, 140]. These cells orchestrate innate immune responses
in the CNS by phagocytizing toxic cell debris and control-
ling infectious pathogens. As with other glia cells, microglia
are able to recognize “nonself ” and “altered-self ” cues of
pathogens, as well as apoptotic or necrotic cells [140, 141].
These heterogeneous groups of molecules are referred to as
pathogen-associated molecular patterns (PAMPs) and apop-
totic cell-associated molecular patterns (ACAMPs). Addi-
tionally, heat shock proteins (HSP), high-mobility group box
chromosomal protein 1 (HMGB-1), and amyloid B (AB) fi-
brils are known as danger-associated molecular patterns
(DAMPs) or endogenous danger signals that can be released
upon tissue damage or cellular stress [140, 142]. Pattern rec-
ognition receptors (PRRs), soluble or membrane-bound, on
phagocytic cells sense PAMPs, ACAMPs, and DAMPs ex-
pressing "eat me" signals [143]. In response, microglia mor-
phology undergoes a transformation from ramified to amoe-
boid phenotypes. Consistent with this, activated microglia
express PRRs, mainly Toll-like receptors (TLR) and NOD-
like receptors (NLRs), triggering multiple innate immune
signaling pathways [14, 141, 143, 144]. TLR-4 and TLR-6
receptors are suggested to be co-expressed with cell surface
co-receptor (CD36, CD14) [141, 142, 145-147]. These, in
turn, initiate NF-xB-dependent signal transduction. Emerg-
ing lines of research have shown that abnormal accumulation
of oxidized low-density lipoprotein (oxLDL), cholesterol
crystals, and fibrillar or soluble amyloid-f facilitate the for-
mation of TLR4-TLR6-CD36 complex, which results in an
increase in the production of pro-inflammatory mediators,
such as interleukin (IL-1p, IL-2, IL-6, IL-18), interferon-y
(IFN-y), tumor necrosis factor-o (TNF-a) chemokines and
others [139, 148-152].

Recent insights into Alzheimer's disease indicate that
inflammation in the brain of patients with AD occurs in
pathologically vulnerable regions, but the specific regions
remain unknown [153, 154]. However, there is a hypothesis
that a higher level of inflammatory markers is associated
with greater brain atrophy. IL-1 is overexpressed in the af-
fected regions of the cerebral cortex of the AD brain, while
the number of IL-1 immunoreactive microglia associated
with AD plaques increases as well [155, 156].

A further downstream signal cascade leads to the forma-
tion of NOD-, LRR- and pyrin domain-containing 3
(NLRP3) inflammasome [139, 150, 157]. Similar to the in-
duction of endogenous ligands on TLR4-TLR6-CD36 signal-
ing, these molecules are able to prime and activate the
NLRP3 inflammasome [157] The multi-protein complex
processes the pro-inflammatory cytokines into mature form
via phosphorylated caspase-1, thereby stimulating the secre-
tion of active IL-1P or IL-18 [141]. Collectively, there are
two pathways to activate the inflammasome in atheroscle-
rotic CVD: by directly binding oxLDL with CD36 via TLR
or via NLR receptors [146, 152]. There is ample evidence
that overexpression of caspase-1 has been observed in the
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brain lysates of patients with AD or mild cognitive impair-
ment (MCI), which led to the further engendering of IL-1f3-
driven-neurotoxic effects [158, 159]. According to studies
involving APP/PS1/NLRP3 " and APP/PS1/Caspl” mice,
amyloid P deposition was reduced due to the shift from AP
aggregation pathway to AP clearance by the phagocytic ac-
tivity of microglia [151, 158-160]. Therefore, inhibition of
caspase-1 and NLR3 inflammasome can be beneficial to
attenuate vascular and brain inflammation and may be a vi-
able target for therapeutic interventions.

Atherosclerosis is a lipid storage disease caused by in-
flammation, contributing to all stages of neurodegenerative
diseases, from the initial lesion to the end-stage thrombotic
complications. The inflammatory process promotes not only
the initiation of atherosclerotic lesions but also its progres-
sion to atherosclerotic plaques [161]. It is well-accepted that
mild chronic vascular inflammation is a part of the patho-
physiology of CVD. Hypertension and atherosclerosis play
important roles in understanding the disease’s onset, pro-
gression, and pharmacological therapy [162]. The findings of
the Whitehall IT cohort study (2017) have shown that meas-
ures of low-grade systemic inflammation, such as C-reactive
protein (CRP) and interleukin-6 (IL-6) in midlife, were
strong independent predictors of all-cause of CVD and car-
diovascular-related mortality. Furthermore, new evidence
from 50 prior cohort studies reveals that CRP and IL-6 could
predict future myocardial infarction and stroke [163]. CRP
and other systemic inflammatory markers also are associated
with the onset of AD. The high levels of CRP can be related
to white matter lesions and, thereby, may accelerate the pro-
gression of AD [164, 165]. In addition to the aging of the
immune system, cerebral atrophy is suggested to be associ-
ated with a decrease in the production of anti-inflammatory
cytokines, such as IL-6 and IL-8, by the reactive microglia
and astrocytes, which was observed in patients with cogni-
tive declines after a stroke [166].

Notably, the imbalance between pro-resolving lipid me-
diators leads to impaired resolution of inflammation and sub-
sequent generalized increased inflammatory state, such as
seen in AD [167-169]. The failure of resolution is propa-
gated by the increased production of specialized pro-
resolving mediators (SPMs) derived from n-3 PUFA: DHA-
resolvin D series, protectins, maresins, and EPA-resolvin E
series [170]. Interestingly, restoring the levels of SPMs
(lipoxins and resolvins) can drive the resolution of chronic
cardiovascular inflammation [167]. Future investigation is
warranted to confirm the use of SPMs as a potential thera-
peutic target in Alzheimer's disease.

8. POTENTIAL ROLE OF MICROBIOTA AND
PERIODONTAL DISEASE

The next potential risk factor involved in pathogenic
mechanisms of CVD and AD is the gut and oral microbiota.
The gut microbiota (GM) is an ecological community that
performs a broad range of regulatory functions within the
host organism [147, 171-173]. Of particular relevance, the
imbalance of GM may play a secondary role in the patho-
physiology of various diseases. It is well-known that athero-
sclerotic plaques contain bacterial DNA, thereby contribut-
ing to the progression of lesions in the vessel wall [174]. In
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addition, epidemiological studies have suggested that perio-
dontal disease (PD) is strongly associated with increased
CVD risk. Concurrently, clinical studies have provided evi-
dence for the influence of periodontal pathogens on CVD
pathological mechanisms, such as endothelial dysfunction,
oxidative stress, lipid accumulation, vascular remodeling,
and atherothrombosis [175, 176].

Moreover, there is a close correlation between levels of
circulating triglycerides (TG), high-density lipoprotein
(HDL), cholesterol crystals, and GM [177, 178]. The GM of
individuals who suffer from CVDs produces more pro-
inflammatory molecules and, consequently, enhances
chronic inflammation [179]. The inflammatory state can be
aggravated by the impaired intestinal barrier function, result-
ing in bacterial translocation and, by the presence of micro-
bial by-products, in the systemic circulation. These factors
seem to contribute to further progression of CVD to heart
failure and atherosclerosis [174, 176, 180]. Some studies
have revealed that both glycemic control and plasma lipid
profiles are improved in combination with prebiotics admini-
stration in CVD patients [174].

The interaction between the central nervous system
(CNS) homeostasis and GM is called the “microbiota-gut-
brain axis” [181]. Accumulating evidence indicates that there
is bidirectional communication affecting both the immune
and neuronal systems [172, 182, 183]. The BBB and intesti-
nal mucosa are more permeable during an inflammatory state
or microbiota dysbiosis. Under these conditions, B-amyloid
and lipopolysaccharides (LPSs) can pass easily through pro-
tective barriers via LPS/amyloid426 triggered cytokines
[147, 173]. LPS binds to TLR4-MD2 by CD14 and mediates
the LPS-induced inflammatory cascade [182]. The release of
inflammatory mediators into the intestinal tract may exacer-
bate the neuroinflammation and disease-specific pathogenic
mechanisms, accelerating neuronal impartment. LPS and
other microbiome-derived neurotoxins, produced by intesti-
nal bacteria (e.g., beta-N-methylamino-L-alanine (BMAA)),
are proposed to be involved in AR misfolding [184]. GM in
AD patients can induce the activation of NLRP3 inflamma-
some [172, 182, 185].

A few studies have shown that periodontitis is associated
not only with CVD but also with an increase in cognitive
decline in AD due to poor oral health [186, 187]. Recent
findings indicate that the infection Porphyromonas gingivalis
and its LPS are closely associated with the development of a
sporadic form of AD [188-190]. Besides, Treponema denti-
cola, Tannerella forsythia were also identified in the brain of
AD patients, which reflects a link between chronic periodon-
titis and cognitive impairment [188, 191].

The novel antimicrobial hypothesis has been given to
possible physiological roles of AP as an antimicrobial pep-
tide (AMP), utilizing fibrillation to protect the host from a
broad spectrum of infectious agents [189]. According to past
clinical trials, there was a higher infection rate among study
participants during anti-Af therapies. As a response to infec-
tions in the brain, the production antimicrobial activity of Ap
enhances [189, 190]. In particular, the various spirochetal
infections are considered as a causative factor of AD [148,
192-194]. A recent study demonstrated that AB plaques
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colocalize with Borrelia burgdorferi antigens and bacterial
DNA [195].

9. OXIDATIVE STRESS

Mitochondria are known to be the most vulnerable cellu-
lar organelles and the primary reactive oxygen species
(ROS) source inside the cell. Oxidative stress appears to be
one of the risk factors affecting neurodegenerative disorders’
pathogenesis. While there is no scientific consensus on the
root cause of SAD, mitochondrial disorders play a crucial
role in both amyloid theory and mitochondrial one [196]. For
example, cellular respiration disruption due to the dysfunc-
tion of a-ketoglutarate dehydrogenase complex, pyruvate
dehydrogenase complex, and cytochrome-C oxidase is sug-
gested to be a contributing factor [197]. Cellular respiration
disruption inexorably leads to depleted adenosine triphos-
phate (ATP) synthesis and increased ROS production, as
well as mitochondria depolarization and breakdown.

It should be noted that noncoding regions are quite rare
in mitochondrial genome regions, increasing the odds of
ROS-induced mutagenesis in coding regions [198]. 4977bp
mtDNA deletion is reported to be another important indica-
tor of the AD progression, leading to a loss of genes that
encode electron transport chain (ETC) complexes subunits
and mitochondrial transfer ribonucleic acid (tRNA), which
causes mitochondrial dysfunction and ROS accumulation
[199-202].

These factors are implicated in demolishing mitochon-
drial functioning and depolarization during AD, which s
supported by studies reporting increased mitophagy levels in
AD [40, 203, 204]. In addition, mitochondrial over-
proliferation and fragmentation have been observed, likely as
a result of upregulated DRP1 expression and its interaction
with AP and p-Tau [205, 206]. The condition may be exac-
erbated by diminished autophagy due to autophagy apparatus
dysfunction caused by an inherited mutation within the
PSENI gene [207, 208].

Nucleotide oxidation seems to be another important cel-
lular homeostasis disorder that is associated not only with
AD but also with Parkinson’s and Huntington’s diseases
[209, 210]. The abundance of 8-0x0G inside the cell results
in G-to-T transversion mutations due to its ability to form
stable bonds with cytosine as well as with adenine [198,
211]. It is important to note, because of the mitochondrial
deficiency and the elevated cellular ROS levels, that nuclear
DNA oxidation may occur. For instance, P62 promotor oxi-
dative damage downregulates expression of p62 leading to
autophagy disruption, in turn resulting in an AD-like pheno-
type in mice [212, 213].

10. DIET AND PHYSICAL ACTIVITY

There are several studies that link physical activity and
diet with CVD and AD. The Mediterranean diet (MedDiet)
and MIND diet (a combination of the MedDiet and DASH
(Dietary Approaches to Stop Hypertension)) seem to be pro-
tective. Research using MedDiet has shown, in Cox models,
that individuals with middle tertile diet adherence have 2-
14% lower risk of AD; while those belonging to the highest
tertile diet adherence have 32% to 40% reduced risk of AD
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[214]. The authors of the MEDIS study, published in 2017
(n=3,128), reported that pro-inflammatory dietary habits
were correlated with hypercholesterolemia and T2DM. Logi-
cally, the anti-inflammatory potential of these diets should
improve health status [215, 216].

The recent results of the Health and Retirement Study
(n=5,907) presented a new approach. The impact of neuro-
protective dietary approaches (MedDiet and MIND) on cog-
nitive health has been shown in elderly individuals. Sticking
to the MedDiet and MIND diet is independently associated
with better cognitive function and lower risk of cognitive
impairment [217].

The data indicate there is undeniable value in using n-3
long-chain polyunsaturated fatty acids (DHA-docosahexaenoic
acid and EPA-eicosapentaenoic acid) in both CVD and AD.
The omega-3 consumption reduces plasma triglycerides,
resting heart rate, blood pressure, and chronic inflammation,
and may improve myocardial filling and efficiency, as well as
vascular function [169, 218]. The n-3 LC-PUFA supplemen-
tation might regulate cytokines expression and, conse-
quently, the production of EPA and DHA-derived special-
ized pro-resolving mediators (SPMs) [170, 219]. Based on
MMSE scores, omega-3 fatty acids intake (EPA and DHA)
may decrease the rate of cognitive decline [220].

However, a meta-analysis conducted by Wu et al. [221]
revealed that omega-3 supplementation does not lower the
risk of AD, while the consumption of fatty fish reduces AD
risk by 36%. The same results were obtained in a study ana-
lyzing the association of omega-3 fatty acid with the risk of
fatal or nonfatal coronary heart disease [222]. The combined
evidence suggests that the claimed benefits of omega-3 sup-
plementation remain elusive. Some possible reasons for am-
biguous results include a varied time of supplementation,
genetic differences (APOE €4 or non-APOE ¢4 allele car-
ries), differences in the amount of omega-3 (from 200 mg to
over 2 g/day), use of different sources of omega-3 (plant oils
enriched only with EPA and DHA precursors), and the se-
verity of the disease [170].

Moreover, the growing body of evidence points to bene-
fits obtained by combined dietary interventions (n-3 LC-
PUFA, vitamin B complex, vitamin D3, resveratrol, and cur-
cumin) is a more effective way to enhance Af clearance and
counteract inflammation in AD than one-time use of nutri-
ents [170]. One of the potential combined dietary interven-
tions to prevent AD, mentioned by Luchsinger et al. [223], is
to decrease the homocysteine levels through supplementation
with folic acid and vitamins B6 and B12. However, van Dijk
et al. [216] have shown that in elderly individuals with hy-
perhomocysteinemia, the administration of vitamin B12 and
folic acid did not significantly affect the endothelial function
or mild systemic inflammation.

In addition, there is an inverse dose-response relationship
between physical activity, CVD, and mortality risk. Three-
quarters of deaths due to CVDs could be prevented with
adequate changes in lifestyle, including increased daily
physical activity [224]. Physical activity plays an important
role both in primary and secondary prevention of CVD by
reducing the impact of the disease, delaying progression, and
preventing recurrence. Similarly, physical health prevents
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dementia due to AD and slows the progression of the dis-
ease. Aerobic physical activity seems to improve endothelial
function by stimulating the production of nitric oxide, miti-
gates vascular inflammation, and stimulates vascular regen-
eration [224]. Interestingly, compared with people without
physical activity, people with some physical activity had a
25-38% lower risk of AD, while people with higher physical
activity obtained a reduced risk for AD by 33-48% [214].

CONCLUSION

The numerous studies of AD over the past several dec-
ades have found aspects of the pathophysiology, including
trigger events, to be opaque and elusive. A major contribut-
ing factor is that the diagnostic criteria of AD usually ex-
clude patients with any significant CVD, according to rec-
ommendations of the American Psychological Association.
Conversely, CVD can independently lead to cognitive im-
pairment and dementia. Nevertheless, there is strong evi-
dence supporting the conjecture that CVD contributes, at
least in part, to the progression of AD. Recent findings show
the important relationship between these two diseases and
lifestyle factors, such as diet, physical activity, blood pres-
sure, blood cholesterol levels, homocysteine level, and dia-
betes. There is no doubt that there is a relationship between
AD and CVD not only because they share common risk fac-
tors but also because they have common molecular mecha-
nisms of emergence. Understanding the etiology and mecha-
nisms of one of these diseases may lead to develop novel
therapeutic strategies that may be applicable to both AD and
CVD. Finally, it is concluded that intense research over the
past several decades has provided us with invaluable infor-
mation on different processes and AD progression. There are
many risk factors that have a robust or moderate correlation
with the AD. Nevertheless, this information remains insuffi-
cient for the invention and development of successful thera-
peutic strategies; therefore, there are many vital questions
that remain unanswered.
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Assembly Protein

PS1 = Presenilin 1

PSEN1/2 = Presenilin 1/2

PTK2B = Protein Tyrosine Kinase 2 beta

PUFA = Polyunsaturated Fatty Acids

ROS = Reactive Oxygen Species

SAD =  Sporadic Alzheimer’s Disease

SNP = Single-Nucleotide Polymorphisms

T2DM = Type 2 Diabetes Mellitus

TFEB =  Transcription Factor EB

TLR = Toll-like Receptor

TREM2 = Triggering Receptor Expressed on Mye-
loid cells 2

VaD = Vascular Dementia
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