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A wide range of comorbid diseases is associated with Alzheimer’s disease (AD), the most
common neurodegenerative disease worldwide. Evidence from clinical and molecular
studies suggest that chronic diseases, including diabetes, cardiovascular disease,
depression, and inflammatory bowel disease, may be associated with an increased
risk of AD in different populations. Disruption in several shared biological pathways
has been proposed as the underlying mechanism for the association between AD and
these comorbidities. Notably, inflammation is a common dysregulated pathway shared
by most of the comorbidities associated with AD. Some drugs commonly prescribed
to patients with diabetes and cardiovascular disease have shown promising results in
AD patients. Systems-based biology studies have identified common genetic factors
and dysregulated pathways that may explain the relationship of comorbid disorders in
AD. Nonetheless, the precise mechanisms for the occurrence of disease comorbidities
in AD are not entirely understood. Here, we discuss the impact of the most common
comorbidities in the clinical management of AD patients.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegenerative disease affecting around 50
million people worldwide (Alzheimer’s Association, 2016). Accumulation of extracellular amyloid
beta plaques and intraneuronal neurofibrillary tangles are hallmark features of the disease (Bloom,
2014). Although several causative genetic factors have been identified, the vast majority of the
cases are sporadic. Indeed, environmental factors and lifestyle choices appear to be the main
determinants of the disease.

For several decades, AD patients have been classified according to several clinical measurement
scales that primarily determine cognitive impairment status in patients. AD patients are staged
into three main clinical categories that include pre-clinical AD, mild cognitive impairment (MCI),
and overt AD (Albert et al., 2011). The current classification system does not consider important
disease prognostic factors, such as the presence of coexisting disease conditions. Comorbid diseases
may occur before or concomitantly with AD and may affect the disease’s overall clinical status and
progression. Several lines of evidence have established associations between AD and other chronic
diseases, including diabetes, cardiovascular disease, depression, and inflammatory bowel disease
(Casserly and Topol, 2004; Chatterjee and Mudher, 2018) (Ownby et al., 2006; Zhou et al., 2015)
(Fu et al.,, 2020) (Figure 1). In addition to these diseases, neuropathological investigations have
revealed an increasing frequency of overlapping co-pathologies, including co-aggregates of TDP-43
in AD patients’ brains that could lead to faster progression and atypical clinical presentation
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FIGURE 1 | Most common comorbidities associated with AD. Evidence from
epidemiological and molecular studies suggest that several conditions
including type 2 diabetes, cardiovascular diseases, depression, and
gastrointestinal diseases may be associated with an increased risk for AD.
Inflammation may be a central mechanism underlying the association between
AD and most of its comorbidities.

(Matej et al., 2019). The presence of coexisting disease conditions
may ultimately have a detrimental impact on AD patients’ disease
management. Understanding the biological mechanisms leading
to comorbid diseases in AD may provide novel routes for
therapeutic interventions. To this end, herein, we discuss the
most prevalent disease comorbidities in AD and their impact on
the clinical management of AD patients.

ALZHEIMER’S DISEASE AND DIABETES

According to the World Health Organization, type 2 diabetes
(T2D) is the most prevalent metabolic disease affecting 422
million people worldwide. Hyperglycemia and insulin resistance
are characteristic features of the disease. Numerous lines of
evidence support the association between T2D and AD. T2D is a
well-established risk factor for AD, and AD is sometimes referred
to as diabetes type 3 (Kandimalla et al., 2017; de la Monte, 2019).
Substantial evidence from epidemiological studies indicates T2D
is associated with an increased risk of AD in several populations.
A systematic review of 14 longitudinal studies revealed a high risk
of AD and vascular dementia among T2D patients (Biessels et al.,
2006). This study suggested that vascular disease complications,
alterations in insulin, glucose, and amyloid metabolism may
underlie the association between both diseases (Biessels et al.,
2006). Another study found a significantly lower cognitive
performance among diabetic patients compared to healthy
controls after 4 years follow-up period (Fontbonne et al., 2001).
This study found a 2-3-fold increase in developing dementia in
diabetes patients. Similarly, a cross-sectional study found that
subjects with T2D performed worse in all cognitive domains
than those with normal glucose metabolism (Geijselaers et al.,
2017). Consistent with these findings, a recent meta-analysis of
144 prospective studies identified a 1.25-1.9-fold increase for
cognitive impairment and dementia in patients with diabetes
(Xue et al., 2019).

TABLE 1 | Epidemiological studies investigating the association between AD,
dementia, cognitive impairment, and diabetes.

Study Study

design

Main results

Alzheimer’s disease

Janson et al. Cohort Diabetes or impaired fasting glucose was

(2004) study present in 81% of AD patients

Cheng et al. (2012) Meta- Diabetes associated with a higher risk of
analysis AD

Dementia

Fontbonne et al. Cohort Diabetes associated with a 2-3-fold

(2001) study increase risk of dementia

Biessels et al. Systematic The incidence of dementia was higher in

(2006) review diabetes compared to non-diabetic

patients
Cognitive impairment and dementia

Rawlings et al. Cohort Diabetes in midlife was associated with a
(2014) study 19% greater cognitive decline in 20 years
Geijselaers et al. Cross- Diabetes associated with cognitive decline
(2017) sectional
Zheng et al. (2018) Cohort Diabetes and HbAc1 levels associated
study with cognitive decline in 10 years follow
up. Prediabetes associated with an
increased risk of dementia
Xue et al. (2019) Meta- Diabetes associated with a 1.25-1.9-fold
analysis increase in cognitive impairment and
dementia
Marseglia et al. Cohort Diabetes and prediabetes associated with
(2019) study accelerated cognitive impairment

Glycated hemoglobin levels are an indicator of diabetes used
by most clinicians. In this regard, a study identified significant
longitudinal associations between hemoglobin Alc (HbAcl)
levels, diabetes status, and accelerated cognitive decline over 10
years of follow-up (Zheng et al., 2018). Patients with prediabetes
also displayed an increased risk for dementia, suggesting
that even early alterations in glucose metabolism can trigger
neurodegeneration. In support of these findings, a population-
based cohort study showed that diabetes and prediabetes are
associated with accelerated cognitive decline (Marseglia et al.,
2019). A prospective cohort study found that diabetes in midlife
was associated with more significant cognitive decline over 20
years compared to non-diabetic patients (Rawlings et al., 2014).
In another study, 81% of AD patients exhibited impaired fasting
glucose and diabetes (Janson et al., 2004), thereby demonstrating
the high prevalence of diabetes among AD patients. The same
study also identified islet amyloid, a pathological hallmark of
diabetes, in AD patients compared to normal subjects. More
extensive studies have corroborated these results. For example,
a meta-analysis of 19 studies, including over 6,000 subjects with
diabetes, showed that individuals with diabetes had a higher risk
for AD than healthy controls (Cheng et al., 2012). Contrary
to these findings, several studies have reported no association
between diabetes and AD (Hassing et al., 2002; MacKnight et al.,
2002; Akomolafe et al., 2006). A summary of the main findings
of epidemiological studies addressing the relationship between
diabetes and AD and cognitive decline is presented in Table 1.
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Despite the numerous lines of evidence linking T2D and
AD, this association’s underlying mechanism remains poorly
understood. Several mechanisms for this linkage have been
postulated, including impaired glucose metabolism, vascular
abnormalities, impaired insulin signaling, amyloidosis, and
inflammation (Chatterjee and Mudher, 2018). For example,
HbAcl, a measure of average blood glucose level, has been
positively associated with the increased risk of cognitive decline
and dementia in several studies (Yaffe et al., 2006; Rawlings et al.,
2017; Zheng et al., 2018). Decreased brain glucose metabolism
has been documented in subjects with MCI and T2D compared to
those with MCI but not T2D suggesting that T2D may accelerate
cognitive impairment (Li W. et al, 2016). In the context of
vascular abnormalities, patients with T2D had a higher risk of
cerebral amyloid angiopathy (Peila et al,, 2002), a condition
associated with brain infarcts and AD (Merlini et al., 2016;
Noguchi-Shinohara et al., 2017).

Another potential mechanism linking AD and T2D is
hyperglycemia. One notable example was illustrated using
a murine model of AD wherein the induction of acute
hyperglycemia increased amyloid beta in hippocampal interstitial
fluid in young animals and prominent amyloid beta plaques in
aged mice (Macauley et al., 2015). Nonetheless, more mechanistic
studies are needed to determine whether these results can be
recapitulated in humans.

Impaired insulin signaling is one of the most supported
hypotheses linking T2D with cognitive decline and dementia.
Alterations in the phosphatidylinositol 3-kinase and protein
kinase B/Akt PI3K-AKT pathway in both T2D and AD patients
have been observed by numerous studies suggesting this pathway
may play a critical role in the development of AD among T2D
patients (Liu et al.,, 2011; Gabbouj et al., 2019; Santiago et al.,
2019). For example, decreased activity of several components
of the PI3K-AKT pathway was found in the frontal cortex
of both T2D and AD patients postmortem (Liu et al., 2011).
Another study identified increased levels of insulin-like growth
factor receptor (IGF-1R) and decreased levels of insulin receptor
binding protein-2 (IGBP-2) in the temporal cortex of AD patients
(Moloney et al., 2010). These findings provided evidence for the
presence of insulin resistance in the brain of AD patients.

Amyloidosis is also a common shared pathological feature
in T2D and AD. Accumulation of amylin polypeptide in
pancreatic islets is present in 95% of T2D patients, and it
has been demonstrated to impair islet function (Cooper et al.,
1987). Furthermore, both amyloid B and amylin accumulate
in tissues in response to innate immune responses or bacterial
infections (Miklossy and McGeer, 2016). These findings support
the hypothesis that T2D, like AD, may result from a protein
misfolding mechanism (Mukherjee et al., 2015).

The immune system has been shown to play a pivotal role
in the development of AD and T2D. Increased proinflammatory
cytokines in both diseases is one of the most common findings
identified in numerous studies. For instance, elevated cytokines
and chemokines have been found in T2D (Boni-Schnetzler et al.,
2008) and AD patients (Lai et al., 2017). Furthermore, increased
levels of peripheral inflammatory markers are associated
with disease progression in AD (Italiani et al, 2018). The

proinflammatory cytokine tumor necrosis factor (TNF) is known
to trigger insulin resistance (Hotamisligil et al, 1993) and
exacerbate the accumulation of amyloid beta in AD models
(Blasko et al., 1999; Liao et al., 2004). Therefore, targeting TNF
signaling is being investigated as a potential therapeutic for AD
(Decourt et al., 2017).

Diseases that share common dysregulated pathways are likely
to share some of the same therapeutic targets. In this regard,
drugs commonly prescribed for treating T2D have shown
some promise in AD patients. Antidiabetic medications such
as metformin and glucagon-like peptide 1 receptor agonists
(GLP-1) have been investigated as potential AD therapies. For
example, long-term and high dose metformin use was associated
with a lower risk of incident AD in T2D patients (Sluggett
et al., 2020). Similarly, a meta-analysis of 14 studies showed
the use of metformin was associated with a reduced risk of
dementia in T2D patients (Campbell et al., 2018). A small pilot
study showed metformin associated with improved executive
function, memory, and attention in a group of non-diabetic
patients with MCI and AD (Koenig et al., 2017). Contrary to
these findings, the potential neuroprotective effect of metformin
has been challenged by other investigations. For instance, a
population-based case-control study, including more than 7,000
individuals, found that long-term use of metformin associated
with a greater risk of developing AD (Imfeld et al, 2012).
Likewise, a cohort study including 4,651 elderly patients with
T2D found that metformin’s long-term usage increased the risk
of developing PD, AD, and vascular dementia (Kuan et al,
2017). Therefore, additional larger prospective and randomized
controlled trials are required to evaluate metformin as a potential
drug for preventing AD.

Another promising group of antidiabetic drugs, the dual
glucagon-like peptide and glucose-dependent insulinotropic
peptide  (GLP-1/GIP) receptor agonists, have shown
neuroprotective effects in animal models of AD (Holscher,
2018; Zhang and Holscher, 2020). Exendin-4 (exenatide), a
GLP-1 receptor agonist, has been shown to improve motor
symptoms in PD clinical trials (Aviles-Olmos et al, 2013;
Athauda et al., 2017). Recently, a double-blinded placebo-
controlled trial found that exenatide was safe and well-tolerated
in AD patients and lowered AB42 levels in extracellular vesicles
(Mullins et al, 2019). However, exenatide treatment did
not produce significant changes in cognitive measures and
biomarkers in CSF. Notwithstanding, it is essential to note
that the study evaluated a small number of subjects (N = 21)
from a single center for 18 months. The small sample size
and the early termination of the trial may explain the negative
outcomes. A randomized placebo-controlled trial with 38
AD patients showed that liraglutide, another GLP-1 agonist,
increased the blood-brain glucose transport capacity in the
AD treated group compared to placebo (Gejl et al, 2017).
This finding is promising in light of the several studies that
suggest that reduction in the glucose transporters in the brain
and impaired glucose metabolism may be early pathogenic
events that exacerbate neurodegeneration in AD (Guo et al,
2005; Liu et al, 2008, 2009; Winkler et al.,, 2015). Future
evaluation in more extensive and well-characterized clinical
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TABLE 2 | Studies investigating the association between cardiovascular risk
factors, dementia and AD.

TABLE 3 | Epidemiological studies investigating the association between AD,
dementia, cognitive impairment and cardiovascular disease.

Study Study design Main results Study Study design Main results

Alzheimer’s disease Alzheimer’s disease

Petrovitch et al. Longitudinal Elevated blood pressure in Hofman et al. Population-based Atherosclerosis associated with a
(2000) cohort study midlife associated with the (1997) study higher risk for AD and vascular

development of neuritic plaques
and neurofibrillary tangles in AD

Khachaturian et al.
(2006)

Population-based
cohort study

Use of antihypertensive drugs
associated with a lower
incidence of AD

Dementia

Guo et al. (1999) Community-based

cohort study

Use of antihypertensive drugs
associated with a decreased risk
for dementia

van Dik et al.
(2004)

Community-based
cohort study

Hypertension associated with
severe white matter lesions in

non-demented individuals
Peila et al. (2006) Population-based

cohort study

Use of antihypertensive drugs
associated with a reduced risk
for dementia and cognitive
decline in men

trials will be valuable to determine their therapeutic potential
for AD.

ALZHEIMER’S DISEASE AND
CARDIOVASCULAR DISEASE

Cardiovascular risk factors have long been recognized as
closely related to the development of AD. The impact of
cardiovascular risk factors in AD has been documented at
clinical and pathological levels (Table 2). The first studies that
recognized a potential link between cardiovascular disease and
AD correlated the presence of brain infarcts with greater
cognitive decline and dementia compared to those without
brain lesions (Snowdon et al., 1997). Concurrent cerebrovascular
disease was documented to be more commonly observed in AD
than in other neurodegenerative diseases (Toledo et al., 2013).

ALZHEIMER’S DISEASE AND STROKE

Cardiovascular diseases, including stroke, atrial fibrillation, and
coronary heart disease, have been linked to AD. Lacunar strokes,
also known as silent brain infarcts, are the most common type
of ischemic stroke and results from the occlusion of blood
vessels responsible for supplying deep brain structures. Several
studies have shown that lacunar strokes greatly increase the
risk of cognitive decline and AD. An earlier prospective study
showed that the presence of silent brain infarcts at baseline
more than doubled the risk of dementia (Vermeer et al., 2003).
Similarly, silent brain infarcts are associated with brain atrophy
and increased risk of cognitive impairment and dementia (Thong
et al, 2013). These findings have been supported by larger
studies. For example, a meta-analysis of 7 cohort studies and

Bunch et al. (2010)

Inaba et al. (2011)

Zhou et al. (2015)
Dementia

Vermeer et al.
(2003)

Newman et al.
(2005)

van Oijen et al.
(2007)

lkram et al. (2008)

Deckers et al.
(2017)

Prospective cohort
study

Cohort study

Meta-analysis

Cohort study

Longitudinal
cohort study

Population-based,
prospective cohort
study
Population-based
cohort study

Meta-analysis

Cognitive impairment

Ott et al. (1997)

Knecht et al.
(2008)

Roberts et al.
(2010)

Marzona et al.
(2012)

Thong et al. (2013)

Cross-sectional,
population-based
study

Cross-sectional

Population-based
cohort study

Randomized
controlled trial

Cohort study

dementia
Atrial fibrillation associated with
senile, vascular, and Alzheimer’s
dementia

White matter lesions associated
with cognitive decline and AD

Stroke increased the risk of AD

The presence of silent brain
infarcts more than double the risk
of dementia

Coronary heart disease and
peripheral artery disease
associated with an increased risk
for dementia

Atherosclerosis associated with an
increased risk for dementia

Men who suffered from myocardial
infarction had an increased risk of
dementia

Coronary heart disease associated
with an increased risk for cognitive
impairment and dementia

Atrial fibrillation associated with
cognitive impairment and dementia

Atrial fibrillation associated with
cognitive impairment and
hippocampal atrophy

Coronary heart disease associated
positively with non-amnestic mild
cognitive impairment

Atrial fibrillation associated with an
increased risk of cognitive decline
in the absence of overt stroke
Silent brain infarcts associated with
cognitive impairment

2 nested case-control studies showed that stroke increased risk
for AD (Zhou et al., 2015). Furthermore, white matter lesions,
characteristic of ischemic stroke, are associated with cognitive
decline and AD (Prins et al., 2004; Inaba et al., 2011). Another
study found that increased fibrinogen associated with a greater
increased in dementia in older subjects with white matter
lesions (Hainsworth et al., 2017). This study suggested that
some degree of blood-brain barrier dysfunction in older people
may be related to risk for dementia. The main results from
epidemiological studies investigating the association between AD
and cardiovascular disease are presented in Table 3.

Frontiers in Aging Neuroscience | www.frontiersin.org

February 2021 | Volume 13 | Article 631770


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Santiago and Potashkin

Comorbidities in Alzheimer’s Disease

ALZHEIMER’S DISEASE AND ATRIAL
FIBRILLATION

Similarly, atrial fibrillation is another cardiovascular disease
associated with an increased risk for AD. Atrial fibrillation is
characterized by an irregular often rapid heart rate resulting
in poor blood flow. This condition could lead to blood clots,
stroke, heart failure, and other cardiovascular diseases. A
diagnosis of atrial fibrillation correlated positively with cognitive
impairment and dementia, with a stronger association in women,
in a large cross-sectional, population-based study (Hainsworth
et al, 2017). Interestingly, the association was stronger for
AD with cerebrovascular disease than for vascular dementia
(Ott et al., 1997). A meta-analysis of 14 studies identified a
positive association between atrial fibrillation and dementia
(Kwok et al, 2011). However, further analysis with patient
stratification showed the association was significant in studies
focusing solely on stroke (Kwok et al., 2011). Nevertheless, even
in the absence of stroke, atrial fibrillation has been associated with
cognitive decline and hippocampal atrophy (Knecht et al., 2008).
These results were confirmed by other large studies wherein
cognitive and functional decline was positively associated with
atrial fibrillation in the absence of overt stroke (Bunch et al., 2010;
Marzona et al., 2012).

The underlying mechanism by which atrial fibrillation
is linked to AD is unknown. It has been proposed that
cerebral hypoperfusion and low cardiac output resulting from
atrial fibrillation cause damage to the nerve cells contributing
to neurodegeneration in AD (de Bruijn and Ikram, 2014).
However, it remains unknown whether atrial fibrillation
contributes to neurofibrillary tangles and amyloid plaques,
pathological hallmarks of AD. One study found that atrial
fibrillation is associated with large ischemic lesions but not AD
neuropathology (Dublin et al., 2014). The same study, however,
documented that neuropathological changes associated with AD
were more common in people with permanent atrial fibrillation
(Dublin et al., 2014). Therefore, the evidence linking atrial
fibrillation with AD neuropathology is scarce and more studies
are needed to understand the underlying mechanism. The main
results from epidemiological studies investigating the association
between AD and atrial fibrillation are presented in Table 3.

ALZHEIMER’S DISEASE AND CORONARY
HEART DISEASE

Coronary heart disease (CHD) is another condition within the
cardiovascular disease spectrum that has been implicated in AD.
CHD is the most common heart disease and one of the leading
causes of death worldwide. There is evidence that CHD increases
the risk of cognitive impairment and dementia but there are some
discrepancies among the studies. For example, a longitudinal
cohort study revealed that the incidence of dementia was higher
in subjects with CHD, particularly in those with peripheral
arterial disease, compared to normal subjects (Newman et al.,
2005). This result remained significant after the exclusion of
vascular dementia (Newman et al., 2005). A population-based

cohort study found a positive association between CHD and
non-amnestic MCI but not amnestic MCI (Roberts et al., 2010).
Nevertheless, some studies have found no association between
CHD and AD or dementia. A population-based case-control
study including 557 dementia cases suggested that coronary
artery bypass grafting was not associated with dementia or AD
(Knopman et al., 2005). Similarly, a larger population-based
study including 3,734 Japanese-American men failed to find a
significant association between coronary artery bypass surgery
and permanent cognitive impairment (Petrovitch et al., 1998).
Several factors including sample size, methods, patient selection,
population genetics and environmental factors may explain the
differences among the studies.

The association between CHD and AD has been reinforced by
larger epidemiological studies. For instance, a larger population-
based cohort showed that men with unrecognized myocardial
infarction had an increased risk of dementia (Ikram et al., 2008).
A meta-analysis of 10 prospective cohort studies showed that
CHD increased the risk of cognitive impairment and dementia
(Deckers et al., 2017). Consistent with these findings, a more
recent and larger meta-analysis including 16 CHD studies
(1,309,483 individuals), and seven heart failure studies (1,958,702
individuals), showed a 27 and 60% increased risk of dementia
among CDH and heart failure patients, respectively (Wolters
etal., 2018).

Although  there are some  discrepancies among
epidemiological studies, most of the studies suggest CHD is a
risk factor for cognitive impairment and dementia. Interestingly,
atherosclerosis has been suggested as the underlying mechanism
linking CHD to dementia. For example, neuropathological
examination in 1,000 subjects revealed that more than 77%
of AD subjects had apparent circle of Willis atherosclerosis
(Yarchoan et al., 2012). In addition to intracranial vessels,
atherosclerosis in extracranial vessels has been linked to
AD. For instance, subjects with severe carotid and femoral
atherosclerosis showed a 3-fold increase risk of dementia
(Hofman et al, 1997). This positive association was even
stronger in subjects with both atherosclerosis and apolipoprotein
epsilon 4 (APOEe4) genotype (Hofman et al., 1997). Another
prospective cohort study also found a positive association
between atherosclerosis and dementia but failed to identify
differences among APOEe genotypes (van Oijen et al., 2007).
The linkage between atherosclerosis and AD may be related
to alterations in cholesterol homeostasis and inflammatory
processes. Elevated serum cholesterol levels and inflammation
are two main determinants in the pathogenesis of atherosclerosis
and these are intimately associated with AD (Notkola et al,
1998; Casserly and Topol, 2004; Liu et al., 2020). A summary
of the main findings of epidemiological studies addressing the
relationship between AD and CHD is presented in Table 3.

ALZHEIMER’S DISEASE AND
CARDIOVASCULAR RISK FACTORS

In addition to cardiovascular diseases per se, risk factors
for  cardiovascular  diseases  including  hypertension,
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hypercholesterolemia, and obesity have been associated with an
increased risk for AD. For example, non-demented individuals
with hypertension had a higher risk of severe white matter
lesions compared to healthy subjects (van Dijk et al., 2004).
Moreover, in a longitudinal study with 36 years of follow up,
elevated systolic blood pressure in mid-life is associated with
the development of neuritic plaques and neurofibrillary tangles,
characteristic of AD (Petrovitch et al., 2000).

Given the link between hypertension and cognitive decline,
antihypertensive drugs have been investigated as potential
therapeutics for dementia. Most of the longitudinal studies have
found an inverse relationship between the use of antihypertensive
drugs and dementia. For example, a longitudinal study including
1,810 individuals showed that non-demented subjects taking
antihypertensive drugs had a lower risk of dementia (Guo
et al., 1999). Similarly, the use of any antihypertensive drug
was associated with a lower incidence of AD (Khachaturian
et al,, 2006). Further analysis revealed that the use of potassium-
sparing diuretics is associated with a greater reduction in the risk
of AD (Khachaturian et al., 2006). Interestingly, another study
revealed that for each year of antihypertensive treatment there
was a reduction in the incidence rate of dementia compared to
subjects never treated with antihypertensive drugs (Peila et al.,
2006). Nonetheless, some studies showed no benefit in the use
of antihypertensive drugs for cognitive decline and dementia
(Morris et al,, 2001; Lindsay et al., 2002; Yasar et al., 2005).

ALZHEIMER’S DISEASE AND
DEPRESSION

A history of depression has been associated with an increased
risk of developing AD later in life. Depression is very common
among the elderly and it is characterized by the loss of appetite,
sleep disturbances, loss of energy, and fatigue, among many
other symptoms (Ownby et al., 2006). Depression is linked to
cognitive impairment and overall functional capacity in AD
patients (Espiritu et al., 2001). Both depression and AD have
a great impact on the quality of life and daily activities of
patients. For example, a diagnosis of depression and biomarkers
for AD is associated with a decline in driving performance on
a road test suggesting patients with these conditions present
with significant challenges when driving (Babulal et al., 2018).
Earlier epidemiological studies suggested a positive association
between depression and AD (Kokmen et al., 1991; Speck et al.,
1995). Indeed, a case-control study claimed that depression may
appear 10 years before the onset of dementia (Speck et al., 1995).
These results were further supported by a later case-control study
that found that the first signs of depression may appear 25
years earlier before the onset of dementia (Green et al., 2003).
Collectively, these earlier studies suggested depression may be
one of the earliest signs of dementia. Nevertheless, other case-
control studies did not find a significant association between both
diseases (French et al., 1985; Broe et al., 1990).

Likewise, cohort studies identified a significant association
between depression and a greater risk of dementia. A
retrospective cohort study including 19,000 patients supported

TABLE 4 | Studies investigating the association between depression, dementia,

and AD.

Study

Study design

Main results

Alzheimer’s disease

Kokmen et al.
(1991)

Devanand et al.
(1996)

Green et al. (2003)

Population-based
case-control study

Prospective
longitudinal study

Cross-sectional,

Episodic depression associated
positively with AD

Depressed mood moderately
increased the risk for AD

Depression symptoms may

case-control study occur 25 years before the onset

of AD

Ownby et al. Systematic review, Depression associated with an
(2006) meta-analysis increased risk of AD
Dementia

Speck et al. (1995) Case-control Depression may occur 10 years

study before the onset of dementia
Buntinx et al. Retrospective Old age depression may be a
(1996) cohort study predictor of subsequent

dementia

the hypothesis that depression is a predictor of future dementia
(Buntinx et al., 1996). Similarly, another study showed a positive
association between depressed mood and risk for dementia
(Devanand et al., 1996). Furthermore, a systematic review and
meta-analysis of both case controls and cohort studies identified
a positive association between depression and increased risk for
AD (Ownby et al, 2006). Of note, this study indicated that
depression, rather than a prodromal symptom, may be a risk
factor for AD. The main results from epidemiological studies
investigating the association between AD and depression are
presented in Table 4.

The mechanisms underlying the association between
depression and AD are not well-understood. Very few studies
have identified shared genetic risk factors between both diseases
including APOEe (Stewart et al., 2001) and complement receptor
1 (CR1) (Hamilton et al., 2012), however, there are some
discrepancies (Zubenko et al., 1996; Mauricio et al., 2000).
Recently, a larger genome-wide association study did not
identify shared genetic variants between depression and AD
(Gibson et al., 2017). These findings suggest that the underlying
mechanism explaining the association between depression and
AD may not be explained by shared genetic factors.

Another potential mechanism linking both depression and
AD may be related to inflammation and vascular disease. In
this regard, higher levels of TNF and apoptotic signaling ligand
FAS have been documented in patients with depression and
heart disease (Parissis et al., 2004). Moreover, the upregulation
of proinflammatory cytokines associated with depression,
atherosclerosis, and subsequent coronary heart disease in women
(Suarez et al, 2004). The connection between depression
and inflammation has been further reinforced by the finding
that treatment with antidepressants resulted in the alteration
of pro and anti-inflammatory cytokines (Castanon et al.,
2002). Conversely, treatment with anti-inflammatory drugs and
cytokine inhibitors have elicited antidepressant effects (Kohler
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etal., 2016). Collectively, these results suggest that inflammatory
processes may be intimately related to the development of
depression and the use of anti-inflammatories may be a potential
therapeutic strategy against depression.

ALZHEIMER’S DISEASE AND THE GUT
MICROBIOME

The human gastrointestinal tract is home to trillions of
microorganisms collectively called the gut microbiome.
Dysbiosis of the human gut microbiome has been linked
to numerous diseases including respiratory, metabolic,
autoimmune, and neurodegenerative diseases (Lynch and
Pedersen, 2016; Dinan and Cryan, 2017). This is not surprising
since the gut microbiome influences not only nutrient
metabolism but it is also intimately related to the immune
system and brain development. Normal flora contributes to
the production of neuroactive molecules including serotonin,
GABA, acetylcholine, histamine, tryptophan, and catecholamines
(Dinan and Cryan, 2017). For example, alterations in tryptophan
metabolism through the kynurenine pathway have been linked
to AD (Giil et al,, 2017). Because the gut microbiome is known
to play a role in autoimmunity, neuroinflammation, and
neurogenesis in the brain, a gut-brain axis of neurodegeneration
has been implicated in the pathogenesis of AD and other
neurodegenerative diseases (Fung et al, 2017). Biochemical
studies showed that Escherichia coli can produce amyloid
fibers and regulate amyloidosis (Chapman et al., 2002). Also,
disturbances to the microbiome homeostasis by drugs and
diet may increase pathogen susceptibility and inflammation.
For example, a systematic review suggested that antibiotic use
was associated with severe dementia (van der Maaden et al,
2015). Interestingly, a randomized double-blind and controlled
clinical trial showed the efficacy of probiotic treatment in
improving cognitive function in AD patients (Akbari et al,
2016). Nevertheless, because of the small sample size used in this
trial, further studies are needed to verify these findings.

Accumulating evidence from epidemiological studies suggests
that inflammatory bowel disease (IBD) is associated with an
increased risk of dementia. A population-based study including
32,298 patients with irritable bowel syndrome showed an
increased risk of dementia in patients older than 50 years (Chen
et al., 2016). Furthermore, a cohort study of 1,742 patients with
IBD showed a significant positive association between IBD and
subsequent development of dementia (Zhang et al., 2020). These
findings are supported by a recent meta-analysis that found a
positive association between IBD and subsequent development
of AD (Fu et al., 2020).

Crohn’s disease is another gastrointestinal disease that has
been implicated in AD. One study identified a common genetic
factor between Crohn’s’ disease and AD. A genetic variant near
the IPMK gene, associated with Crohn’s disease (O’Donnell et al.,
2019), was found to increase the risk of AD (Yokoyama et al.,
2016). The genetic overlap between these diseases and AD is not
substantial and thus unlikely to explain the comorbidity between
AD and inflammatory gut diseases. The exact mechanisms by

TABLE 5 | Studies investigating the association between the gut microbiome,
dementia and AD.

Study Study design Main results

Alzheimer’s disease

Akbari et al. (2016) Randomized Probiotic treatment improved
double-blind cognitive function in AD patients

controlled trial

Yokoyama et al. Genome-wide A genetic variant near IMPK is

(2016) association study shared between Crohn’s disease
and AD

Giil et al. (2017) Case-control Plasma levels of several
kynurenines were lower in AD
compared to controls

Fu et al. (2020) Systematic review, Inflammatory bowel disease

meta-analysis associated with an increased risk

for AD

Dementia

van der Maaden
etal. (2015)

Chen et al. (2016)

Systematic review The use of antibiotics may be

associated with dementia

Population-based Inflammatory bowel disease

study associated with an increased risk
for dementia
Zhang et al. (2020) Longitudinal Inflammatory bowel disease

associated with an increased risk
for dementia

cohort study

which gastrointestinal diseases are linked to AD are unknown,
but the consensus among the studies suggest that disruption
in the gut microbiome can lead to the production of toxic
metabolites that can infiltrate through the blood-brain barrier
and cause widespread neuroinflammation. The main results
from the studies investigating the association between AD and
gastrointestinal diseases are presented in Table 5.

BIOINFORMATIC APPROACHES TO
UNDERSTANDING COMORBIDITIES IN AD

Bioinformatic-based studies have laid the groundwork for
the discovery of dysregulated biological pathways, therapeutic
targets, and biomarkers, in neurodegenerative diseases (Santiago
et al., 2017). Network biology approaches have been useful
in identifying shared and unique pathways between AD and
other diseases. In the context of diabetes, network analysis
of transcriptomic data from AD and T2D brains revealed a
central role for autophagy in the molecular linking of both
diseases (Caberlotto et al., 2019). Another study using blood
transcriptomic data showed that shared networks between MCI
and T2D were related to inflammation whereas those networks
shared between advanced AD and T2D were associated with
the impairment in insulin signaling and defective cardiovascular
system (Santiago et al., 2019).

In regards to cardiovascular and gut-related diseases,
some bioinformatic studies have explored the connection
with dementia. For example, one study showed that genes
associated with AD such as apolipoprotein E (APOE), alpha 2
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macroglobulin (A2M), paraoxonase 2 (PON2), and microtubule-
associated protein 4 (MAP4), were closely related to genes
associated with cardiovascular disease, including catechol-O-
methyltransferase (COMT), cystathionine beta synthase (CBS),
and WNK lysine deficient protein kinase 1 (WNK1) suggesting
both diseases are linked through shared molecular networks
(Ray et al., 2008). Weighted gene coexpression network analysis
of proteomic data from over 400 postmortem brains with
AD identified 23 shared proteins between AD and cerebral
atherosclerosis and suggested that cerebral atherosclerosis
contributed to dementia risk through decreased synaptic
signaling and regulation and increased myelination (https://doi.
0rg/10.1101/793349). In the context of gastrointestinal diseases,
an integrative meta-analysis of 3 microarrays from patients with
Crohn’s disease identified ELAV-like RNA binding protein 1
(ELAVL1) and APP as the most significantly, upregulated and
downregulated, respectively, in the blood of patients with Crohn’s
disease (Li et al., 2020). Interestingly, both genes have been
linked to AD. For instance, APP is central to the pathogenesis
of AD (O’Brien and Wong, 2011) and mutations in APP
are known to cause familial AD (Weggen and Beher, 2012).
Understanding APP metabolism and processing has been key to
better understand the pathogenesis of AD (O’Brien and Wong,
2011). ELAVLI has been reported in AD, and its alteration may
be related to APP processing (Amadio et al,, 2009). To the
best of our knowledge, bioinformatic-based studies exploring
the association between inflammatory bowel disease and AD are
not currently available. Future studies investigating the shared
molecular networks between inflammatory bowel disease and
AD will be important for identifying potential mechanisms and
therapeutic targets.

CONCLUSIONS

Several comorbidities associated with AD may be involved in
the disease pathogenesis and progression and thus, may have
important clinical implications in the management of patients.
For example, disease comorbidities like T2D and depression
are associated with poor prognosis in AD patients (Li J. Q.
et al, 2016). Therefore, it is important to carefully address
the presence of comorbid diseases in AD in order to provide
personalized treatment.

Despite the substantial evidence provided by epidemiological
studies regarding the linkage between AD and some of
its comorbidities, the precise mechanism explaining their
coexistence with AD is still poorly understood. Epidemiological
studies are useful in providing the basis for understanding
disease risk factors and comorbidities but causal relationships
are more difficult to disentangle. Because of the shared
genetics, environmental factors, and strong competing risk of
death, the mechanisms underlying the association between AD,
dementia, and other diseases remain a challenging task for
scientists and clinicians. Integrative bioinformatic approaches
combining epidemiological, genetic, transcriptomic, proteomic,
and metabolomic data may be key to better understand
comorbidities in AD (Santiago and Potashkin, 2014).

Inflammation appears to be a central mechanism linking
AD with other chronic diseases, however, it remains unclear
whether inflammation plays a causative role or it is a
consequence of neurodegeneration (Pugazhenthi et al., 2017).
Most of the research indicates a bidirectional association between
inflammation and AD (Newcombe et al., 2018). Several studies
have suggested that neuroinflammation is fundamental in the
pathogenesis of AD and contributes as much as do A plaques
and NFT (Heneka et al., 2015). Furthermore, the presence of AD
pathological features in cognitively normal individuals suggest
that multiple factors are required for the progression to AD
(29876101). Neuroinflammation has been proposed as one of the
earliest events preceding AD (20160456). For example, elevated
levels of inflammatory cytokines IL-18, TNFa, and IFNy have
been shown to increase AP production in AD cellular models
(Blasko et al., 1999; Sutinen et al., 2012). These inflammatory
cytokines activate microglia, the resident phagocytes of the brain,
which aid in the clearance of AR (Paresce et al., 1996; Bamberger
etal., 2003). In this context, persistent neuroinflammation results
in a decrease in the microglia phagocytic capacity leading to the
accumulation of toxic Ap (Krabbe et al., 2013). These studies
reinforce the hypothesis that neuroinflammation may be an
initial trigger in the neurodegenerative cascade in AD.

While some genetic factors are strongly connected with
the development of late-onset AD, genetics alone does not
explain the vast majority of the AD cases. The fact that
many of the comorbidities associated with AD are related to
dysregulated metabolic pathways implies that lifestyle factors
play a role in the disease pathogenesis. In this regard, lifestyle
modifications including exercise and diet may interact with
genetic susceptibility genes and improve cognitive abilities in AD
patients (Liang et al., 2018; Jensen et al., 2019). For example,
physical exercise elicited a greater positive effect in cognitive
function in AD patients who were APOEe carriers compared to
non-carriers (Jensen et al., 2019). Moreover, APOEe carriers with
a sedentary lifestyle showed a greater amyloid beta deposition
compared to non-carriers (Head et al., 2012).

In the context of diet, adherence to a Mediterranean diet
has been associated with a decreased risk for AD (van den
Brink et al., 2019). Similar to physical exercise, genetic-diet
interactions have been documented in AD patients. For example,
a Mediterranean diet showed beneficial effects in cognitive
function in AD patients that were carriers of several genetic
variants in genes including CRI, CLU, and PICALM but not
in APOEe carriers (Martinez-Lapiscina et al., 2014). Also, a
ketogenic diet has been investigated as a potential therapeutic
strategy in AD patients. Several clinical trials on ketogenic diets
have shown promising results in improving cognitive function
in AD patients (Henderson et al., 2009; Taylor et al., 2018).
Interestingly, APOEke carriers were less responsive to a ketogenic
diet compared to non-carriers (Reger et al., 2004). Collectively,
these results illustrate the close interaction between genetic and
environmental factors in modifying an individual disease risk
for AD. While some lifestyle modifications such as exercise
and diet, may be beneficial for AD patients, other factors
including comorbidities and genetic profiles should be taken into
consideration when evaluating treatments.
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