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Abstract
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder of the central nervous system (CNS) leading to mental 
deterioration and devastation, and eventually a fatal outcome. AD affects mostly the elderly. AD is frequently accompanied by 
hypercholesterolemia, hypertension, atherosclerosis, and diabetes mellitus, and these are significant risk factors of AD. Other 
conditions triggered by the progression of AD include psychosis, sleep disorders, epilepsy, and depression. One important 
comorbidity is Down’s syndrome, which directly contributes to the severity and rapid progression of AD. The development 
of new therapeutic strategies for AD includes the repurposing of drugs currently used for the treatment of comorbidities. A 
better understanding of the influence of comorbidities on the pathogenesis of AD, and the medications used in its treatment, 
might allow better control of disease progression, and more effective pharmacotherapy.
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Introduction

The most common type of senile dementia is Alzheimer’ s 
disease (AD). This incurable neurodegenerative disorder, 
characterized by a progressive decline of cognitive func‑
tion, eventually leads to death. It mostly affects people 
above the age of 65 years [1]. Official reports indicate that 
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50 million people worldwide are affected by AD and other 
types of dementia, and this number is expected to triple by 
2050 [2]. AD is now most common in Western Europe and 
the US; however, a rapid increase in morbidity is predicted 
in low and middle‑income countries in the near future, 
especially African countries and India [2, 3].

According to the novel guidelines of the National Insti‑
tute on Aging and Alzheimer’s Association (NIA‑AA) [4], 
the term Alzheimer’s disease refers to patients with diag‑
nosed Aβ plaques and tau deposits, detected in vivo by 
abnormal biomarkers of Aβ, and pathologic tau or post‑
mortem examination. In contrast, the recommended termi‑
nology for patients with clinical symptoms of dementia, 
but not proved by any biomarkers characteristic of AD is 
Alzheimer’s clinical syndrome, while the term for the pres‑
ence of AD‑specific biomarkers is Alzheimer’s continuum. 
The NIA‑AA also developed the concept of Alzheimer’s 
pathologic change, which refers to an early stage of the 
Alzheimer’s continuum, defined in vivo by an abnormal 
Aβ biomarker without a pathologic tau biomarker [4].

The main risk factor for AD is advanced age [5]. It is 
believed that the development of the disease is strongly 
driven by Down’s syndrome, diabetes mellitus type 2, 
heart disease, hypertension, obesity, and inflammation 
processes [1]. Genetic mutations appears to be a primary 
cause of early‑onset AD, especially the familial form, 
where the first symptoms occur before 65 years of age. Of 
these, autosomal dominant inherited gene mutations, such 
as amyloid precursor protein (APP), presenilin 1 (PSEN1), 
and presenilin 2 (PSEN2), which promote Aβ production, 
appear to have the greatest impact on AD development [6].

The presence of variant 4 of apolipoprotein E is a well‑
documented risk factor for late‑onset AD, and one that 
constitutes nearly 25–50% of all AD cases [6, 7]. Double 
allele 4 ApoE increases the risk of AD 12‑fold in women 
and tenfold in men [8]. In addition, the recent studies indi‑
cate that smoking, pesticides, and heavy metal pollution 
may also have a general impact on human mental health 
[5].

The development AD is complicated. Many hypotheses 
of AD pathomechanism have been proposed, with the three 
most widely documented being dysfunction of choliner‑
gic neurotransmission, aggregation of β‑amyloid protein 
(β‑amyloid cascade), and hyperphosphorylation of tau pro‑
tein [9, 10]. The cholinergic hypothesis suggests that AD 
may arise in response to insufficient acetylcholine produc‑
tion and the decline of neuronal sensitivity to acetylcholine 
[9]. Following on from this hypothesis, reversible acetylcho‑
linesterase inhibitors are widely used in the therapy of AD, 
with a therapeutic effect being achieved in mild to moderate 
stages [9]. Nowadays, three reversible AChE inhibitors are 
approved for the use in the therapy of AD: donepezil, riv‑
astigmine, and galantamine [11–16].

AD can also be treated with memantine, a noncompetitive 
antagonist of the N‑methyl‑D‑aspartate (NMDA) receptor 
[17]. It has been reported that an excessive level of gluta‑
mate in synapses is linked with cytotoxicity and participates 
in pathological processes characteristic for AD. Memantine 
is often used in therapy of moderate to severe stages of AD 
[17]. Another interesting possible treatment is aducanumab, 
a human monoclonal antibody acting against the epitope 
found on Aβ. Very promising results have been obtained 
after the third phase of clinical trials (NCT02477800) based 
on a group of people with mild AD. If the FDA approved 
the drug in June 2021, aducanumab would be the first to act 
directly on Aβ [18, 19].

The second hypothesis, the β‑amyloid cascade, is 
regarded as the most common cause of AD [20]. It has been 
reported that the development of AD is associated with the 
deposition of plaques in grey matter caused by β‑amyloid 
aggregation and subsequent polymerization to insoluble 
fibrils [21]. This β‑amyloid plaque formation has been attrib‑
uted to the activity of the Aβ40 and Aβ42 because they are 
more susceptible to conformation changes and fibrillogen‑
esis [20]. Since 1992, when the amyloid hypothesis was for‑
mulated, all efforts to create successful antiamyloid therapy 
were disappointing. Nevertheless, Aβ remains a known fea‑
ture of AD, and antiamyloid therapy is one of the main future 
strategies to combat AD [22–25]. One promising strategy 
involves the use of γ‑secretase and β‑secretase inhibitors 
and modulators. Several BACE‑1 inhibitors (verubecestat, 
atabecestat, elenbecestat, umibecestat, and lanabecestat), 
and γ‑secretase inhibitors (semagacestat and avagacestat) 
and modulators (tarenflurbil) have been developed recently 
and have reached phase II/III clinical trials [22]. Alterna‑
tively, multitarget therapeutic strategies have been proposed 
in which molecules act on several pathomechanisms simul‑
taneously; two such groups of molecules are dual AChEI/
BACE‑1, and AChEI/GSK‑3β inhibitors, and these are being 
extensively studied [25]. Another promising strategy is the 
use of monoclonal antibodies to develop active and passive 
immunization against Aβ42 [12, 20, 21, 26–29].

The pathogenesis of AD is associated with the formation 
of neurofibrillary tangles (NFTs) [30]. Hyperphosphoryla‑
tion of the tau protein leads to microtubule destabilization 
and the dissociation of tau from tubulin. The dissociated and 
hyperphosphorylated tau aggregates and forms neurotoxic 
tangles, which are deposited in the intracellular neuronal 
space. These NFTs destabilize the microtubules and eventu‑
ally lead to neuronal cell death. Therefore, one therapeutic 
goal may be to target excessive tau hyperphosphorylation or 
aggregation processes [20, 30, 31].

AD is associated with multiple comorbidities and medical 
conditions [32, 33]. Some are associated with advanced age, 
while others or are triggered by various pathological condi‑
tions, such as hypercholesterolemia, hypertension, diabetes 
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mellitus type 2, atherosclerosis, psychosis, depression, epi‑
lepsy, sleep disturbance, and Down’s syndrome [33]. Some 
conditions observed in AD patients such as pneumonia, 
urinary incontinence, osteoarthritis, and osteoporosis, and 
visual and hearing impairment, result from the progression 
of neurodegeneration [34].

This paper reviews the most common comorbidities 
known to be correlated with advanced age and triggered by 
AD. Its aim is to clarify and summarize the relationship 
between the comorbidities and the pathogenesis of AD. It 
also presents some of the medications used in the treatment 
of comorbidities which may be repurposed into new thera‑
peutic strategies for AD; in addition, the paper summarizes 
their influence on the cognitive and behavioral symptoms of 
AD based on the novel in vitro/in vivo studies and clinical 
trials [34].

Comorbidities in Alzheimer’s disease

Neurodegenerative disorders, such as AD are associated with 
multiple diseases. The comorbidities affecting people with 
AD can be regarded as either risk factors for AD, or condi‑
tions arising as a consequence of the developing pathologi‑
cal processes. The close relationship between pathological 
changes in AD and its comorbidities has been the subject of 
many studies. Understanding the mechanism of AD develop‑
ment and the influence of comorbidities on its pathogenesis 

may be crucial for creating an effective and complex phar‑
macotherapy for patients with AD Fig. 1.

Comorbidities associated with age

The most relevant risk factor of Alzheimer’s disease is age. 
AD mostly affects people above 65 years old, and so many 
patients also suffer from other diseases, such as diabetes 
mellitus type 2, hypercholesterolemia, atherosclerosis, and 
hypertension. It is well known that all the mentioned disor‑
ders are proved risk factors for AD, and it is supposed that 
they may trigger or accelerate Aβ and NFT formation and 
aggregation.

Diabetes mellitus type 2

Diabetes mellitus is a major health problem. It is estimated 
that 422 million people have diabetes worldwide, of whom, 
90% suffer from diabetes mellitus type 2 (T2DM). The high‑
est increase in the morbidity is observed in developed coun‑
tries. It is believed that T2DM is currently one of the fastest 
growing chronic disorders worldwide [35].

T2DM is a chronic metabolic disorder characterized by 
persistent hyperglycemia caused by impaired insulin secre‑
tion or tissue insulin insensitivity to peripheral actions of 
insulin, or both [36]. Persistent hyperglycemia can cause 
organ failure, leading to the development of microvascular 
(retinopathy, nephropathy, and neuropathy) and macrovas‑
cular complications, increasing the risk of cardiovascular 

Fig. 1  Influence of diabetes 
mellitus type 2 on the pathogen‑
esis of Alzheimer’s disease
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diseases. T2DM frequently coexists with other lifestyle dis‑
eases, such as hypercholesterolemia and hypertension [37]. 
Although some genetic factors are believed to exist, the main 
environmental risk factors are associated with an unhealthy 
lifestyle such as an unhealthy diet and physical inactivity 
leading to overweight and obesity [36, 37].

T2DM is a major risk factor for AD, and it is well doc‑
umented that a high level of glucose and the presence of 
insulin resistance contribute to increased morbidity. Studies 
suggest that AD might be considered as the third type of dia‑
betes [38]. As such, the relationship between AD and T2DM 
has been the subject of a number of studies. The insulin 
resistance associated with T2DM is thought to also play an 
essential role in the development of AD [39]. Not only does 
insulin maintain glucose homeostasis, affecting food intake, 
and glucose economy, it also protects neurons from degener‑
ation, regulates the function of synapses, and directly influ‑
ences the cognitive functions of the brain [36]. Insulin is also 
involved in β‑amyloid production. The recent studies show 
that insulin can modulate the levels of β‑amyloid by enhanc‑
ing its production, and influencing the activity of BACE‑1 
and insulin‑degrading enzyme (IDE), which degrades both 
insulin and β‑amyloid [38]. Insulin resistance results in the 
maintenance of a high glucose level; such hyperglycemia in 
the course of T2DM results in the downregulation of insulin 
receptors in the brain and the accumulation of β‑amyloid 
[38–41].

The main source of energy for the brain and neurons is 
glucose. Two transporters play a key role in glucose neu‑
ronal transport: GLUT1 (glucose transporter 1) and GLUT3 
(glucose transporter 3). The recent studies suggest that insu‑
lin resistance might reduce the expression of GLUT3 and 
GLUT1 transporters on the neuronal membrane, as their 
localization and action are inversely related to glucose con‑
centration; as such, insulin resistance may weaken neuronal 
glucose transport [42]. Such glucose transport disruption 
leads to impaired glucose metabolism, which results in the 
inhibition of choline acetyltransferase and a decreased level 
of acetylcholine in the synaptic cleft. Consequently, cho‑
linesterase activity increases, which further decreases ace‑
tylcholine levels. This impairment of glucose uptake and 
metabolism is therefore regarded as a cause of neurodegen‑
eration in AD [43].

The brain tissue of AD patients is characterized by sig‑
nificantly lower amounts of GLUT1 and GLUT3 trans‑
porters (25–30%) [42]. The expression of these two trans‑
porters is directly regulated by HIF‑1 (hypoxia‑inducible 
factor 1), which consists of two subunits: HIF‑1α and 
HIF‑1β. In AD, the expression of HIF‑1, especially subunit 
α, is decreased [44], which may result in a decreased level 
of GLUT1 and GLUT3 transporters [42]. The cause of this 
downregulation is still not understood, although it is pos‑
sible that it may be associated with the excessive oxidative 

stress and neuroinflammation accompanying AD [31]. In 
addition, impaired glucose uptake has been found to lead 
to hyperphosphorylation of tau protein by downregulation 
of tau O‑GlcNAcylation [41]. Hypometabolism of glucose 
is considered an important factor in the pathogenesis of 
AD [41, 43].

Persistent hyperglycemia in the course of T2DM sig‑
nificantly increases the level of oxidative stress in the 
brain: the brains of AD patients are more susceptible to 
oxidative damage due to high oxygen levels and reduced 
antioxidants. Reactive‑oxygen species activate neuroin‑
flammation processes and accelerate β‑amyloid and tau 
pathologies [45–47].

Since AD may be related to diabetes mellitus at the 
molecular level, in vitro/in vivo studies and clinical tri‑
als with drugs dedicated to T2DM could lead to prom‑
ising results for future AD therapy [48]. Metformin, a 
biguanide used as an oral therapy for T2DM, has been 
shown in in vitro animal studies to increase Aβ clearance 
and reduce tau phosphorylation when given at doses sig‑
nificantly lower than used to treat type 2 diabetes mellitus. 
It is believed that the drug increases peripheral glucose 
uptake and regulates glucose metabolism by the activation 
of AMP‑activated protein kinase (AMPK) [49]. However, 
the efficacy of metformin was proved only in an insulin‑
resistant neuron model [48, 49]. An ongoing clinical trial 
(phase II/phase III) of long‑acting metformin in the pre‑
vention of Alzheimer’s disease, sponsored by Columbia 
University, (NCT04098666) may bring interesting results 
for future prevention strategy against AD.

Thiazolidinediones (TZDs), agonists of peroxisome 
proliferator‑activated receptor γ (PPAR‑γ), have also been 
advanced to clinical trials of AD [49]. Rosiglitazone and 
pioglitazone are used in the treatment of T2DM, resulting 
in reduced glucose levels and thus improved insulin sen‑
sitivity and lipid metabolism [49]. Moreover, TZDs also 
stimulate the expression of peroxisome proliferator‑acti‑
vated receptor‑γ co‑activator 1 α (PGC‑1α) which partici‑
pate in mitochondrial energy metabolism and antioxidant 
production [49]. PGC‑1α expression has been found to be 
reduced in the brain tissue of patients with AD. First, a 
small clinical trial of pioglitazone on patients with mild‑
to‑moderate AD revealed improvement in memory and 
cognition with reduced TNF‑α [50]. However, no signifi‑
cant clinical efficacy was observed in phase II of a dou‑
ble‑blind, placebo‑controlled randomized controlled trial 
(NCT00982202) of pioglitazone in the therapy of AD [50]. 
A phase III clinical trial of rosiglitazone (NCT00550420), 
conducted after several promising studies with animal 
models of AD, has demonstrated some beneficial effects, 
such as reduced Aβ oligomers and inflammation with gen‑
eral cognitive improvement [51]. Unfortunately, the trial 
was terminated due to the results of the preliminary study 
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and the presence of adverse effects, especially peripheral 
edema [51].

Several animal studies and clinical trials have examined 
the protective role of insulin against AD. In vitro and animal 
models have found insulin to be associated with increased 
Aβ oligomer clearance, decreased Aβ expression and vari‑
ous neuroprotective effects against Aβ [48, 49]. Enhanced 
insulin signaling protects synapses from binding by toxic 
Aβ oligomers; the stimulation of the insulin receptor may 
also mitigate such binding by downregulation [52]. Clini‑
cal trials with insulin have focused on the application of 
intranasal insulin in the treatment of mild AD and amnestic 
mild cognitive impairment (aMCI) [53]. This specific route 
of administration allows the bypass of the BBB; this is an 
important consideration as the transport of insulin to the 
brain occurs by an active transport mechanism which is often 
disrupted in the course of AD [53]. Moreover, the intranasal 
route significantly lowers the possibility of adverse effects 
in peripheral tissue [50, 54]. However, two clinical trials 
on 12‑month treatment with intranasal Humulin® R U‑100 
(NCT01767909) and six‑month treatment with intranasal 
glulisine (NCT02503501), completed in 2020, demonstrated 
no cognitive or functional benefits [53].

Liraglutide, a glucagon‑like peptide‑1 (GLP‑1) analog, 
has also been evaluated for the use in the treatment of AD 
[49]. In vitro tests and animal studies of liraglutide revealed 
reduced levels of cerebral Aβ oligomers, normalized synap‑
tic plasticity, and cerebral glucose uptake; it was also found 
to have neuroprotective and anti‑inflammatory properties. 
Also, liraglutide appeared to stimulate neurogenesis [49]. A 
phase II (NCT01843075) clinical trial of liraglutide (ELAD 
study), currently ongoing, may indicate novel disease‑mod‑
ifying therapies for AD [55].

Many studies have confirmed a link between T2DM and 
AD [43, 56]. Hyperglycemia and insulin resistance acceler‑
ate brain damage in AD by inducing production and accumu‑
lation of amyloid β as well as enhancing hyperphosphoryla‑
tion of tau protein [40], thus exacerbating the course of AD 
and its symptoms. It appears that control of the blood sugar 
level might be crucial in the therapy of AD.

Hypercholesterolemia and atherosclerosis

Hypercholesterolemia is a frequently observed disorder 
among seniors [57] which is exacerbated by genetic predis‑
positions and environmental factors such as excessive lipid 
intake and sedentary lifestyle. The condition is an important 
risk factor in AD [58–61].

Several genes are related to hypercholesterolemia and 
the progression of AD. The most significant is the ApoE4 
genotype, which contributes to the development of late‑onset 
and sporadic AD [7]. ApoE is responsible for lipoprotein 
metabolism and the transport of cholesterol to neurons. 

Many studies indicate that ApoE4 promotes the aggregation 
of Aβ and the creation of neurofibrillary tangles [62, 63].

Hypercholesterolemia and the disruption of cholesterol 
metabolism play an important role in the pathology of AD, 
affecting Aβ formation, hyperphosphorylation of tau pro‑
tein, disruption of cholinergic signaling, and neuroinflam‑
mation [63]. Under physiological conditions, cholesterol in 
the bloodstream is unable to cross the blood–brain barrier 
(BBB); hence, brain cholesterol is synthesized de novo by 
astrocytes and oligodendrocytes in situ [63]. In addition, 
essential polyunsaturated fatty acids (PUFAs) must be pro‑
vided from food. An increased supply of PUFAs contributes 
to excessive brain synthesis of cholesterol, indicating that 
excessive dietary cholesterol intake directly influences the 
cholesterol economy of the brain [63–65].

The presence of increased cholesterol level in the brain 
has been found to enhance the permeability of the BBB [59]. 
Such dysfunction not only allows peripheral cholesterol to 
enter the brain but also other molecules that may damage 
the BBB. Hence, it appears that the proper function of the 
BBB might play an essential role in the progression of AD 
[63–65].

The mechanism of stimulation of Aβ production and 
accumulation by cholesterol has remains unknown. Choles‑
terol oxidation produces oxysterols, which play a role in the 
pathomechanism by crossing the BBB [63]. It is believed 
that oxysterols directly influence APP metabolism by influ‑
encing BACE‑1 and γ‑secretase to create toxic forms of 
β‑amyloid [63]. Moreover, an increased level of oxysterols 
increases the formation of toxic, insoluble aggregates of Aβ 
from nontoxic soluble monomers [63–65].

An increased plasma cholesterol level also impairs cho‑
linergic neurotransmission [64]. According to recent animal 
studies, the presence of an elevated level of oxysterols is 
thought to directly decrease the number of cholinergic neu‑
rons, which reduces acetylcholine levels in the brain [64]. 
In addition, an indirect pathway is also believed to exist; 
this results in the reduced activity of postsynaptic nicotinic 
and muscarinic receptors, as well as adrenergic receptors, 
which are capable of modulating the activity of cholinergic 
receptors [62–64].

The presence of an excessive number of oxysterols in 
the brain results in the production of high levels of oxida‑
tive stress and reactive oxygen species (ROS) which dis‑
rupt the oxidant–antioxidant balance [65]. This condition 
results in oxidative damage of cerebral tissue and activates 
microglia. These activated microglia contribute to chronic 
neuroinflammation by releasing cytokines and chemokines, 
such as tumor necrosis factor α (TNFα), interleukin 1 (IL‑1), 
interleukin 6 (IL‑6), and C‑reactive protein (CRP) [64, 65].

Hypercholesterolemia clearly has a strong impact on the 
progression of AD, and maintaining cholesterol homeosta‑
sis is believed to play an important role in controlling the 
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course of AD [62]. Currently, the results of studies of the 
use of statins in AD are inconsistent, and further research is 
needed [62, 63, 66].

Atherosclerosis is a disease that causes the deposition of 
plaques consisting of fat, cholesterol, or calcium among oth‑
ers, inside the arteries. This results in their walls thickening, 
which reduces the lumen and impairs the blood flow [67]. It 
has been suggested that intracranial and carotid atheroscle‑
rosis may be a possible factor in the pathomechanism of AD 
[68]. Vascular changes in the course of atherosclerosis result 
in hypoperfusion and hypoxia. Factors in plasma and from 
the endothelium stimulate arterial wall muscles to vasocon‑
strict, resulting in a reduction in blood flow [68]. This results 
in the secretion of hypoxia‑inducible factor (HIF), which 
binds with the hypoxia‑responsive element (HRE) on the 
BACE‑1 promoter region and stimulates the expression of 
BACE‑1 mRNA [68], thus causing excessive production of 
amyloid β and formation of plaques.

Chronic hypoperfusion, caused by atherosclerosis, leads 
to neuronal death, β‑amyloid accumulation, and white mat‑
ter damage [67], and the pathology of AD, especially the 
β‑amyloid cascade, is known to promote intracranial athero‑
sclerosis. In addition, the inflammation and oxidative stress 
generated in the course of atherosclerosis also hasten the 
course of AD [67]: pathological changes in the endothelium, 
such as vasoconstriction, reduce blood flow, and disrupt the 
blood supply to neurons, which impairs neuronal function 
[67, 68].

The ApoE4 genotype is a well known and documented 
risk factor for AD, and has a multidirectional impact on 
its pathogenesis [7]. ApoE4 causes dysregulation of lipids 
and lipoproteins, especially low‑density lipoprotein (LDL) 
and cholesterol, and decreases glucose metabolism [6]. It 
also decreases Aβ clearance and reduces neuronal trans‑
mission [68]. ApoE4 also increases neuroinflammation 
and mitochondrial dysfunction, which enhances oxidative 
stress, blood–brain barrier breakdown and the leakage of 
blood‑derived toxic proteins into the brain; it also reduces 
the length of small vessels, leading to neuronal damage [7]. 
Aβ accumulation and plaque formation are directly associ‑
ated with the activity of ApoE4. Histopathological studies of 
brains of patients with AD show the presence of ApoE4 in 
β‑amyloid plaques [6], and ApoE4 and Aβ have been found 
to share common site binding receptors that interact with 
each other [7]. In addition, ApoE4 is less effective in the 
clearance of Aβ than other isoforms, which significantly 
increases the risk of plaque formation and Aβ aggregation 
[6, 7, 68–74].

Statins represent the primary therapy used in the treat‑
ment of hypercholesterolemia and atherosclerosis [58]. 
Besides lowering cholesterol levels, statins offer a range of 
pleiotropic effects including beneficial antioxidant proper‑
ties, improvement of endothelial function with increased 

nitric oxide bioavailability and anti‑inflammatory proper‑
ties, and stabilization of atherosclerotic plaques by reducing 
plaque lipids and thrombogenicity; these are believed to have 
a protective impact on dementia [58]. The positive influ‑
ence of statins on dementia has been evaluated for decades 
in in vitro studies, animal models, and randomized trials; 
however, the results have been inconclusive [75–78]. It has 
been supposed that the ability of statins to reduce the risk 
of dementia is associated with their ability to cross the BBB 
and their molecular charge [77].

In vitro studies and those based on animal models indi‑
cate that hypercholesterolemia significantly increases Aβ 
deposition by promoting APP cleavage by γ‑ and β‑secretase 
[49]. As statins effectively lower cholesterol levels, it was 
assumed that they may prevent dementia in long‑term use. 
A randomized controlled trial in adult humans using sim‑
vastatin and pravastatin (NCT00939822) demonstrated an 
clear reduction of major vascular risk [75, 76]. However, 
an updated Cochrane review of double‑blind, randomized, 
placebo‑controlled trials where statins were administered 
for at least 12 months found them not to prevent dementia 
or cognitive decline in individuals at high vascular risk in 
late life [77, 78]. In contrast, a novel meta‑analyses, includ‑
ing 55 observational studies from the last 20 years indicated 
that hydrophilic and lipophilic statins possess the potential 
to reduce dementia risk [79, 80].

Hypertension

Chronic hypertension is a major vascular risk factor contrib‑
uting to dementia, including AD [81]. It affects one billion 
people worldwide. Recent studies have shown that control‑
ling blood pressure (BP) in midlife significantly reduces the 
risk of cognitive impairment [81–83].

Long‑term hypertension has a multidirectional influ‑
ence on the development of AD. First, it contributes to 
intracranial and subcranial atherosclerosis, which results in 
lacunar infracts, micro‑bleeding, white matter lesions and 
brain atrophy [84]. These lesions are directly responsible 
for increased metabolism of APP and decreased vascular 
clearance of Aβ [85]. One consequence of hypertension is 
brain hypoperfusion and hypoxia, resulting in impairment 
of cerebrovascular activity [86]. Disruption of cerebrovascu‑
lar functions elevates oxidative stress, which impairs vessel 
dilation by reducing the production and bioavailability of 
nitric oxide (NO) and increasing that of the vasoconstric‑
tion factor endothelin 1 [84]. An imbalance between dila‑
tory and constriction factors impairs cerebral blood flow 
and promotes thrombogenesis and atherosclerosis [84]. 
Hypertension causes stiffness of arteries and hypertrophic 
remodeling of vessels, which also leads to oxidative stress 
[83]. An excessive level of ROS causes neuroinflammation 
via the activation of microglia and production of cytokines, 
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especially TNF‑α and IL‑6 [84]. These proinflammatory 
cytokines damage neurovascular coupling and deteriorate 
BBB functioning, which is related to β‑amyloid deposition, 
formation of neurofibrillary tangles, and synaptic dysfunc‑
tion [84–87].

Another important role in the development of AD associ‑
ated with hypertension appears to be played by angiotensin 
II. Various studies indicate that angiotensin II influences 
plaque composition, and increased Aβ deposition via β‑ and 
γ‑secretase and decreased Aβ clearance. Angiotensin II has 
also been directly implicated in brain hypoperfusion and 
cerebrovascular pathology [88].

Antihypertensive treatment becomes clinically relevant in 
the prophylaxis of AD [87]. Randomized trials have shown 
antihypertensive drugs to have a positive influence on the 
cognitive processes of patients with AD by exerting a pro‑
tective effect on cerebral blood vessels [88]. This prevents 
ischemic damage to the grey matter regions essential for 
cognitive function [88, 89]. The Systolic Hypertension in 
Europe clinical trial evaluated the risk of vascular demen‑
tia in patients with diagnosed hypertension; the findings 
indicate that lowering blood pressure at least 20 mmHg 
below 150 mmHg reduces the incidence of dementia by 
50% [78]. Several classes of antihypertensive drugs, e.g., 
calcium channel blockers (CCBs) and angiotensin‑related 
compounds, have been considered as potential medication 
in AD [49]. Nilvadipine, a dihydropyridine calcium channel 
blocker, has been extensively studied for AD. In vitro and 
in vivo animal studies with nilvadipine revealed increased 
Aβ clearance, improved regional cerebral blood flow, and 
inhibited cerebral artery vasoconstriction [49]. Moreover, 
nilvadipine‑treated mice demonstrated improved learning 
and memory abilities as compared to the nontreated group 
[49, 90, 91]. A large phase III clinical trial (NCT02017340) 
of nilvadipine as treatment for AD (NILVAD) revealed 
reduced blood pressure, improved cerebral blood flow in 
the hippocampus, and decreased cognitive decline. However, 
the findings suggest no benefits of nilvadipine as treatment 
of mild to moderate AD [92–94]. In vitro studies using the 
antihypertensive drug amlodipine according to in vitro stud‑
ies inhibited Aβ production, but did not affect β‑amyloid 
clearance [91]. The combination of amlodipine with losar‑
tan, atorvastatin, and exercise will be assessed in the phase 
III clinical trial: “Risk reduction for Alzheimer’s disease 
(rrAD)” (NCT02913664). This trial will evaluate the inde‑
pendent and cumulative effects of these pharmacological 
agents upon blood pressure, cholesterol control, and exercise 
training on neurocognitive function. The results of this clini‑
cal trial may have a significant impact on AD risk reduction 
[95].

Two classes of antihypertensive drugs related to angioten‑
sin, viz. angiotensin‑converting enzyme inhibitors (ACE‑I) 
and angiotensin receptor blockers (ARBs), were proposed as 

candidates for decreasing incidents of all types of dementia 
[91]. Ramipril, an antihypertensive angiotensin‑converting 
enzyme inhibitor was found to inhibit ACE activity in cer‑
ebrospinal fluid (CSF) and improve blood pressure in a 
recently‑completed phase IV clinical trial (NCT00980785). 
However, ramipril at a dose of 5 mg/day did not influence 
Aβ1‑42 level in CSF nor arterial function or cognition [96]. 
Epidemiological data found ARBs to demonstrate a stronger 
association with decreased dementia risk compared to ACE‑I 
[97]. The ongoing phase II of SARTAN‑AD clinical trial 
(NCT02085265) is designed to compare the effect of ACE‑I 
perindopril with telmisartan, an angiotensin receptor blocker 
on brain atrophy in patients with mild to moderate AD. Also, 
a phase II double‑blind placebo‑control randomized clinical 
trial (NCT02646982) is also underway to evaluate the effect 
of candesartan on AD and related biomarkers. Future results 
will assess how blocking the effect of angiotensin II using 
candesartan affects cognitive functions in AD.

Alzheimer’s disease as a consequence of other 
diseases

Down’s syndrome

Down’s syndrome (DS) is a complex disorder arising from 
the trisomy of chromosome 21. It affects approximately 1 
per 800 births [98, 99]. It was first described by John Lang‑
don Down in 1866, and trisomy was later confirmed in 1959. 
The condition is a prevailing cause of mental retardation 
and a risk factor for AD. More than 50% of people with DS 
aged 40–50 years old develop AD [100], whereas this value 
is nearly 75% in the general population of people age above 
60 [101–105].

The pathogenesis of the development of AD in people 
with DS includes β‑amyloid deposition, tau hyperphospho‑
rylation, neurofibrillary tangles, neuroinflammation, neu‑
ronal damage and loss, oxidative stress, and the disruption of 
synapses signaling [106]. The main cause of DS‑dependent 
early‑onset AD is the triplication of the APP genes lying on 
chromosome 21. Increased expression of APP gene leads 
to excessive production and accumulation of β‑amyloid 
[107]. The disruption of the Aβ metabolism triggers other 
pathologies, including a deposition of neurofibrillary tangles 
and neuroinflammation [108]. The overexpression of APP 
gene also leads to increased release of cytokines, especially 
interleukin 1 (IL‑1) and tumor necrosis factor α (TNF‑α) 
[106]. The presence of high cytokine levels promotes neu‑
roinflammation and microglial activation, which have a dev‑
astating influence on neurons and neuronal signaling [106, 
107, 109–111].

It has been reported that in individuals with DS, mutation 
of several genes plays an important role in the development 
of AD [112]. One of them, SOD1 (superoxide dismutase 1), 
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is responsible for maintaining the oxidative balance. The 
overexpression of SOD1 leads to an imbalance between oxi‑
dative factors and antioxidants, which contributes to neuro‑
inflammation and increased Aβ production [112]. Also, the 
recent studies have shown that polymorphism of β‑secretase 
(BACE‑1) has a significant influence on the development 
of familial AD [113–115]. Mitochondrial dysfunction is 
frequently observed in people with DS. Disruption of mito‑
chondrial processes, especially the mitochondrial respiratory 
chain, stimulates the production of ROS, which promotes the 
pathogenesis of AD and neuronal apoptosis. Mitochondrial 
dysfunction is believed to be directly responsible for cog‑
nitive decline because the resulting energy deficits disrupt 
cholinergic neurotransmission [98, 99, 112, 116–119]. Two 
cohort studies of AD in DS patients are currently recruiting 
participants (NCT04149197, NCT03901261), and this may 
shed light on the development of dementia in DS patients.

Metabolic studies using brain imaging with fluorodeox‑
yglucose positron emission tomography (FDG‑PET) have 
revealed brain glucose hypometabolism in adults with DS 
and dementia [120]. Reduced glucose metabolism leads to 
enhanced Aβ and NFT accumulation, resulting in neuronal 
loss and synaptic dysfunction. The disruption of the glucose 
metabolism in the brain accelerates pathologies characteris‑
tic for AD [108, 120, 121].

Trisomy of chromosome 21 is associated with congenital 
disorders that may contribute to the development of AD. 
People with DS are frequently affected by congenital heart 
diseases, hypothyroidism, hyperlipidemia and hypercho‑
lesterolemia, obesity, and insulin resistance [119]. Lipid 
metabolism has a particularly strong impact on β‑amyloid 
accumulation [112]. Individuals with DS have higher LDL, 
triglyceride (TG), total cholesterol, and lower high‑density 
lipoprotein (HDL) levels as compared to those without DS, 
and this poses a risk factor of AD [116]. Interestingly, the 
recent studies found that Aβ production is correlated with 
plasma cholesterol level [122]. HDL has the ability to inhibit 
Aβ production and accumulation, and HDL directly influ‑
ences the clearance of β‑amyloid and can reduce oxidative 
stress [123]. Consequently, researchers have observed a link 
between a low HDL level and memory decline. However, 
studies on congenital disorders associated with DS and 
their impact on the development of AD should be contin‑
ued [122–124].

Comorbidities triggered by Alzheimer’s disease

Neuropathological changes in the course of AD, including 
neurofibrillary tangles, Aβ deposits and brain atrophy, may 
simultaneously lead to the development of seizures, mental 
disorders, and sleep difficulties, which often affect people 
with AD. The occurrence of additional mental diseases 
accelerates and exacerbates the progression of dementia. 

Also, the occurrence of mental disorders in the course of 
AD significantly hinders successful therapy. Understanding 
the mechanism underlying the development of seizures, and 
mental and sleep disorders in the course of AD may provide 
information on how to treat and care for patients with AD.

Psychosis

Psychotic symptoms affect 40–60% of people with AD and 
mostly appear between the early and moderate stages of the 
disease [125]. The occurrence of neuropsychiatric symptoms 
distress patients and their caregivers and are often a reason 
for hospitalization. Moreover, studies have shown a correla‑
tion between psychosis in individuals with AD, increased 
mortality, and accelerated development of the disease [126]. 
Besides, the heritability of psychosis in AD and localized 
genes which is probably associated with AD and psychosis 
has been also confirmed [125–127].

Psychotic symptoms are defined by delusions, hallucina‑
tions, aggression, and agitation [128]. Delusions are mani‑
fested by infidelity, persecution, a sense of abandonment, 
and perceiving dead relatives as alive. Of various types of 
hallucinations, visual, and auditory hallucinations occur 
most frequently [129, 130]. Psychotic symptoms result 
from the neurodegeneration of the frontal lobes, visual cor‑
tex, and limbic regions of the brain [130]. Such damage is 
caused by many factors, particularly by excessive aggrega‑
tion of β‑amyloid and NFTs, which leads to atrophy [128]. 
Recent studies have demonstrated that phosphorylated tau 
protein plays a key role in women with psychosis in AD and 
α‑synuclein in men. [129]. Although these gender differ‑
ences have been clinically validated, the precise mechanism 
remains unclear. Even so, decreased cholinergic neurotrans‑
mission, significant reduction of a serotonin (5‑HT) level, 
and increased dopaminergic neurotransmission have been 
linked with psychotic symptoms in patients with AD [128, 
129, 131].

The treatment of psychosis in AD involves the adminis‑
tration of well‑known antipsychotic drugs especially atypical 
antipsychotics, such as aripiprazole, olanzapine, quetiapine, 
and risperidone [128, 131]. Moreover, several animal models 
have shown atypical antipsychotics to have protective effects, 
including preventing apoptosis and enhancing neurogenesis 
in the dentate gyrus. In particular, olanzapine improved 
cognition by inhibiting the cholinergic receptor M2 and the 
serotonergic receptors 5HT3 and 5HT6 [49]. Unfortunately, 
a randomized controlled trial of olanzapine in patients with 
AD without evident psychobehavioral symptoms showed 
significant impairment of cognition as compared to placebo 
[132]. Similar results were obtained by clinical trial: “The 
CATIE‑Alzheimer’s Disease Trial” (NCT00015548). Olan‑
zapine, quetiapine, and risperidone, a second‑generation 
antipsychotics, showed significant worsening of cognitive 
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function as compared to placebo in multiple cognitive meas‑
urements over 36 weeks. Atypical antipsychotics exacerbate 
cognitive functions by blocking the dopamine D2 receptors 
in the mesocortical pathway, which connects the ventral teg‑
mentum to the prefrontal cortex [133]. Therefore, the risk of 
cognitive impairment using atypical antipsychotics to treat 
patients with AD for psychobehavioral symptoms should be 
carefully considered [134].

Depression

Depression is one of the most frequent psychiatric disorders, 
being observed in nearly 50% of people with AD [135]. It 
has been confirmed that depression is directly correlated 
with the accelerated progression of AD. One of the charac‑
teristic features of AD is the neurodegeneration of the locus 
coeruleus (LC), the main norepinephrine (NE) nucleus in 
the brain [136]. The LC is vulnerable to tau pathology, 
and NFTs can be detected early before in other brain areas, 
often at the beginning of neurodegeneration [137]. As the 
LC plays an important role in the regulation of mood, atten‑
tion, stress, motivation, and arousal, LC degeneration has 
been proposed as main cause of neuropsychiatric symp‑
toms as depression, anxiety and sleep disorders [136]. It 
is believed that depression and AD follow similar neuro‑
pathological pathways [135]. The recent studies on mice 
indicate that injection of Aβ1‑42 into the hippocampus 
leads to the occurrence of depressive‑like symptoms; this 
has been associated with the occurrence of Aβ plaques and 
neurofibrillary tangles of tau protein in the hippocampus 
[138]. It has been proposed that the transneuronal spread 
of neurotoxic Aβ and tau into the limbic system triggers 
depression [138–140]. Another important cause of depres‑
sive behavior in patients with AD includes the presence of 
increased levels of glutamate and glutamine in the synaptic 
cleft [141]. A high level of glutamate is toxic for neurons 
and may lead to neuronal death [141]. Under physiologi‑
cal conditions in nerve terminals, glutamate is transported 
to the synaptic cleft by a vesicular glutamate transporter 
and released by exocytosis or directly from cytosol through 
plasma membrane proteins. The release of glutamate to the 
synaptic cleft is ATP and  Ca2+ dependent. Extracellular glu‑
tamate binds to the receptor on the postsynaptic membrane 
of a neuron or is taken up by astrocytes. In an astroglial cell, 
glutamate is converted into glutamine by glutaminase; this is 
released to the extracellular compartment and then taken up 
by neurons and reconverted to glutamate inside the neuron. 
This glutamate–glutamine cycle is essential for preserving 
appropriate glutamate levels [142]. and its dysfunction may 
lead to an increased level of glutamate, resulting in neuronal 
failure [142, 143]. The exact mechanism of glutamate on the 
development of depression in patients with AD has not been 
fully clarified. However, it is hypothesized that a high level 

of glutamate observed in the hippocampus is crucial in the 
pathogenesis of depression in people with AD [141, 144]. In 
addition, other neurotransmitters also demonstrate disrupted 
levels in both depression and AD [144].

Changes in serotonergic neurotransmission play impor‑
tant roles in the pathomechanism of depression [145]. 
Patients with AD and with diagnosed depression demon‑
strate a decreased level of serotonin (5‑HT) in the cortex 
and hippocampal 5‑HT1A receptors [145]. In addition, 
studies have shown a significant decrease in dopamine and 
noradrenaline levels in patients diagnosed with AD and 
depression [144]. Cholinergic neurotransmission is also 
involved in the development of depression: a dramatically 
low level of acetylcholine (ACh) induces depression and 
anxiety in AD [144].

Neuroinflammation may be a cause of depression in 
AD [138]. Activated microglia produce proinflammatory 
cytokines such as interleukin 1β (IL‑1β) and tumor necrosis 
factor α (TNF‑α). Several studies have found high levels of 
IL‑1β and TNF‑α to be associated with depression symp‑
toms and reduced plasticity of synapses [138].

The treatment of depression in AD patients often involves 
the use of selective serotonin reuptake inhibitors (SSRI) 
because they are well tolerated and have beneficial thera‑
peutic effects [131, 146]. In animal models, SSRIs including 
citalopram, fluoxetine, paroxetine, and sertraline have shown 
to decrease Aβ levels, probably by inhibition of intracel‑
lular APP translation [145]. Moreover, chronic use of SSRI 
enhanced cognitive abilities, including hippocampal func‑
tions [145], this effect may be associated with the regula‑
tion of GSK‑3β by serotonin [147]. Fluoxetine and parox‑
etine also increased brain‑derived growth factor levels [49]. 
However, a clinical trial of citalopram (NCT00898807) in 
patients with probable AD and clinically significant agitation 
showed reduced agitation and caregiver distress [148]. How‑
ever, the presence of serious cognitive and cardiac adverse 
effects limit citalopram in the therapy of psychobehavioral 
symptoms [148].

A well‑known mood stabilizer, lithium carbonate, often 
used in the therapy of bipolar disorder has been suggested to 
have antidementia properties [149]. Lithium carbonate inhib‑
its GSK‑3β, which is associated with decreased tau phospho‑
rylation [147]. According to studies performed in vitro and 
on animal models, lithium decreased β‑amyloid production, 
tau phosphorylation, and prevented apoptosis by inhibiting 
membrane depolarization and cytochrome c release [49]. 
The results from the clinical trial (NCT01055392) with lith‑
ium as a disease‑modifying agent in AD showed a significant 
decrease of phosphorylated tau and an increase of Aβ1‑42 
in CSF [149]. Moreover, long‑term use of lithium weakens 
cognitive and functional impairment in patients with AD and 
amnestic mild cognitive impairment [149, 150]. Currently, 
ongoing clinical trials (NCT03185208) involving lithium 
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as a possible treatment to prevent cognitive impairment in 
elders may elucidate the exact mechanism of lithium antide‑
mentia properties.

Sleep disorders

Sleep and circadian disturbances appear frequently in the 
course of AD. Approximately, 40% of people with AD have 
sleep disorders [151]. The most common being early morn‑
ing awakenings, nighttime insomnia, daytime sleepiness, and 
napping during day time [152]. This sleep disturbance con‑
tributes to restlessness, confusion, and evening agitation in 
patients with AD and distresses their caregivers. Excessive 
daytime sleepiness may also lead to an increased probability 
of injury and hospitalization [151, 152].

Changes in sleep architecture and abnormalities in 
sleep–wake patterns are common in AD [152]. The most 
specific change is a quantitative reduction in the rapid eye 
movement stage (REM). Sleep disturbances have been asso‑
ciated with amyloid‑β accumulation and neurofibrillary tan‑
gles influencing the secretion of neurotransmitters related 
to the sleep–wake cycle: hypocretins and melatonin [153]. 
Hypocretin 1 and 2 are secreted by the hypothalamus and 
are responsible for the stabilization of sleep–wake states and 
quality of sleep. β‑amyloid accumulation directly decreases 
secretion of hypocretins, causing sleep disturbance [153]. 
Melatonin is a crucial hormone in the regulation of sleep in 
circadian rhythms [153]. It is produced in the pineal gland 
and has several physiological functions. Apart from the 
regulation of sleep–wake patterns, melatonin also supports 
the immune system and has an antioxidative effect. Also, 
melatonin has antiamyloidogenic properties; it regulates 
APP metabolism, reduces β‑amyloid levels, and has antiag‑
gregating properties [153]. A decreased level of melatonin 
in cerebrospinal fluid (CSF) can be seen as early as in the 
preclinical stage of AD. A low level of melatonin disrupts 
circadian rhythms, causing nighttime insomnia, daytime 
sleeping, and permanent restlessness and weakness [154]. 
The severity of sleep disturbance is directly correlated with 
the severity of cognitive impairment in AD [152–154].

Sleep disorders in patients with AD are typically treated 
with the administration of common drugs, such as mela‑
tonin, benzodiazepines, Z‑hypnotics (zolpidem derivatives), 
sedating antidepressants, and antipsychotics [154].

Sleep‑related breathing disorders (SRBDs) are also most 
frequent in patients with AD [153]. SRBDs cause hypoxia, 
which is responsible for cognitive impairment. Obstructive 
sleep apnea and hypopnea reduce the REM stage [154], 
causing frequent awakenings during nighttime. Nocturnal 
continuous positive airway pressure (CPAP) is the most 
successful treatment for sleep‑related breathing disorders 
in patients with AD [153, 154].

Epilepsy

One of the most common neurological diseases whose inci‑
dence increases with age is epilepsy. According to World 
Health Organization (WHO) estimates, it affects 50 million 
people worldwide [155]. The most noticeable clinical mani‑
festation is recurrent epileptic seizures, caused by an exces‑
sive and abnormal discharge of neurons, resulting in a depo‑
larization wave called paroxysmal depolarizing shift [155].

An epileptic seizure is regarded as an important comor‑
bidity of AD, with AD patients demonstrating a greater 
prevalence of epileptic episodes than non‑AD individuals 
[156]. However, studies about epilepsy prevalence in AD 
individuals are not consistent and vary (1.5–64%) [157] 
depending on the study nature (prospective/retrospective) 
[158]. Epileptic seizures have been observed at the early 
stage of AD and MCI, but patients with advanced AD are 
exposed to higher epilepsy risk [159]. It seems that the 
male sex predisposes to a higher risk of epilepsy among AD 
patients. The exact relationship has not been elucidated yet, 
but it is probably related to the protective role of estrogens 
in epileptogenesis [155]. Moreover, it has been proposed that 
seizures may contribute to earlier cognitive decline and more 
rapid neurodegeneration progression [160].

Diagnosing epilepsy in individuals with dementia is 
challenging because confirmation of epilepsy especially, 
nonconvulsive focal seizure, may be difficult to differenti‑
ate from ordinary fluctuations in the course of AD [161]. 
Periodic worsening of the condition in patients with AD, 
associated with hallucinations, confusion, consciousness, 
and attention disturbance, can mask focal, nonconvulsive 
seizures [160]. Moreover, epilepsy diagnosis requires con‑
firmation of a history of epileptic seizures, which is difficult 
to achieve in demented patients. According to International 
League Against Epilepsy (ILAE) guidelines, epilepsy can 
be confirmed if the patient has had one or two unrelated 
epileptic seizures, but EEG (electroencephalography) must 
show interictal epileptiform discharges (IEDs) [162]. In AD 
patients, IEDs are mostly localized in the temporal lobe and 
frontotemporal area, and its prevalence in AD individuals 
ranges from 20 to 60% [155]. Several studies have tried to 
evaluate the dominant type of seizure in AD [155]. Accord‑
ing to the results, both focal and generalized seizure occurs 
in AD patients. However, focal seizures appear to dominate, 
regardless of the secondary generalization [155]. Focal sei‑
zures mostly affect the temporal lobe and limbic structure, 
i.e., the hippocampus [155, 159].

Among patients with AD, the burden of epilepsy develop‑
ment is significantly higher for those with the inherited form 
of AD, which is associated with autosomal‑dominant muta‑
tion of specific genes encoding the APP protein, PSEN1 
and PSEN2 [158]. The prevalence of epilepsy was 60% 
in patients with APP duplication and 45% for those with 
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PSEN1 mutation. Mutation of PSEN2 has a lower risk of 
epilepsy (about 30%). In case of Down’s Syndrome, where 
three copies of the APP gene exist due to trisomy, epilepsy 
is observed in 84% of cases [155, 157].

The link between AD and epilepsy is complex and 
involves various mechanisms. Epilepsy and AD are consid‑
ered to share similar pathological hallmarks and processes, 
e.g., Aβ accumulation, tau protein, GSK3β, and neuroin‑
flammation, which mutually affect each other and promote 
aggravation of the pathologies [155].

Aβ deposition has been proposed as an important fac‑
tor in epileptogenesis in patients with AD [163]. The exact 
mechanism has not been fully elucidated. Aβ has multidi‑
mensional effects on the synapses, neuronal circuits, and 
neuronal transmission. Several human APP mutant AD 
mouse models [163, 164] indicate that pathological Aβ lev‑
els induce neuronal hyperexcitability, manifested by noncon‑
vulsive epileptiform activity in the hippocampus, cortical 
areas, and abnormal membrane depolarization in cortical 
pyramidal cells [158, 163, 164]. Moreover, excessive lev‑
els of Aβ impair synaptic plasticity and disrupt excitatory 
synaptic transmission [157]. The compensation mechanisms 
activated in response to epileptic seizures may influence nor‑
mal synaptic and neuronal functions in cortical and limbic 
areas of the brain which are crucial for learning and memory 
[159]. This proposed mechanism, involving Aβ, may be a 
link between epilepsy and cognitive impairment [155]. A 
2018 observational, prospective study about the possible role 
of amyloid β pathology in AD, and late‑onset epilepsy of 
unknown origin (LOEU) [165] showed a significant relation‑
ship between late‑onset epilepsy and CSF Aβ with progres‑
sion to AD [166]. Moreover, pathological levels of Aβ1‑42 
in CSF in patients with stable cognitive functions suggest 
that Aβ1‑42 may be an important link between AD neurode‑
generation and epileptogenesis [165]. Cognitive functions in 
patients with late‑onset epilepsy should be carefully moni‑
tored to provide quick diagnosis and treatment.

Pathological tau protein accumulation and NFTs have 
been implicated in cases of epilepsy in individuals with 
AD [167]. Since hyperphosphorylated tau protein has been 
observed in patients with diagnosed epilepsy, several mecha‑
nisms have been proposed to elucidate the role of tau in 
epileptogenesis [167]. The hypothesis that hyperphospho‑
rylated tau is related to neuronal hyperexcitability [159] has 
been confirmed in an animal model using antisense oligonu‑
cleotides [158]. Reduced tau levels exert protective effects 
on cognitive function and epileptiform activity. In addition, 
hyperphosphorylated tau protein induces significant abnor‑
malities in neuronal connectivity and synaptic plasticity, 
resulting in a higher seizure risk [168]. Studies based on 
the overexpressing human mutated tau mice revealed a 
significant increase in glutamate level and dysfunction of 
NMDA receptors (NMDAR), resulting in excitotoxicity 

[155]. NMDAR overactivation promotes neuronal dam‑
age and excessive tau phosphorylation which contribute to 
cognitive impairment [160, 167]. The mechanisms linking 
tau pathology with epilepsy and AD are still the subjects of 
extensive study.

The proline‑directed kinase GSK3β may play a role epi‑
leptogenesis and neuronal hyperexcitability [167]. GSK3β 
is located in the axons of the CNS and is mainly responsible 
for tau phosphorylation. Increased GSK3β activity results 
in abnormal tau phosphorylation and NFT accumulation 
[167]. Moreover, GSK3β can modulate cellular apoptosis 
pathways and decrease the levels of transcription factors, 
such as HSF1 (heat shock transcription factor 1) which mod‑
ulate the cellular response to stress. Several studies have 
demonstrated a relationship between overexpression and 
activation of GSK3β, and cognitive impairment [167]. Ani‑
mal tests with lithium [168], a well‑known GSK3β inhibitor, 
revealed a significant reduction of phosphorylated tau levels 
and neuronal damage prevention, as well as an improvement 
in cognitive functions in rats, including memory and spa‑
tial learning. The role of GSK3β in epileptogenesis results 
from its physiological functions, and is strongly related to 
tau protein activity [168]. Although GSK3β overexpression 
does not cause epilepsy, it significantly increases the neu‑
ronal susceptibility to seizures [167]. Consequently, GSK3β 
should be considered as an important part of the complex 
mechanism linking epilepsy and AD.

Neuroinflammation is an important factor in develop‑
ing neurodegenerative disorders. Several studies indicate 
that neuroinflammation plays a role in seizure development 
[158]. Generally, neuroinflammation includes an initiated 
immune response in CNS including activation of astro‑
cytes and microglia, releasing specific endothelial cells, 
cytokines, and signaling molecules. Neuroinflammation can 
be induced by various factors, i.e., brain injury, CNS infec‑
tions, neurodegenerative disorders, autoimmune processes, 
and toxic substances. Epileptic seizures may be caused by 
neuroinflammation, and pro‑inflammatory factors can often 
lead to seizures in patients with epilepsy [158]. Studies 
with patients affected by temporal lobe epilepsy using PET 
revealed many inflammatory markers compared to healthy 
individuals [155]. Animal studies have shown that prolonged 
and recurrent seizures provoke glia activation and abnor‑
mal production of prostaglandins, cytokines, such as IL‑1β, 
TNF‑α, IL‑6, and growth factors [155]. This may result in 
the disruption of the BBB and the involvement of peripheral 
immune cells. Moreover, released cytokines may upregu‑
late activation of NMDA receptors, resulting in excessive 
intracellular calcium influx leading to neuronal damage or 
apoptosis. Consequently, cytokines especially IL‑1β, may 
contribute to the development of epilepsy by inducing an 
imbalance between inhibitory and excitatory factors [155]. 
The activated microglia are also believed to play a role in 
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seizure development by inhibiting neurogenesis [155]. The 
important role played by neuroinflammation in developing 
both epilepsy and AD is supported by evidence from animal 
and human studies [158].

The treatment of epileptic seizures in patients with AD 
should be adjusted to the individual, taking into considera‑
tion the seizures reduction without cognitive aggravation 
[169]. Unfortunately, many antileptic drugs (AEDs) worsen 
cognitive functions in AD patients [158]. Generally, the 
first class of AEDs including, phenobarbital and phenytoin 
should be avoided due to their influence on cognitive func‑
tions and on sleepiness and osteomalacia [158]. Valproic 
acid and benzodiazepines are also associated with cogni‑
tive impairment. Carbamazepine also is associated with 
many adverse effects including arrhythmia, hyponatremia, 
and decrease of bone marrow functions. Gabapentin is safe 
from the pharmacological point of view because it shows 
no significant interactions [158]; however, it may be inef‑
fective in advanced AD. Levetiracetam and lamotrigine 
present improvements in neuropsychological symptoms 
and epileptic seizures [158, 169]. Moreover, the benefits 
of levetiracetam include a broad spectrum of action, lin‑
ear pharmacokinetics, renal secretion, and slight improve‑
ment in cognitive function [159]. Two clinical phase II 
(NCT04004702; NCT03489044) trials will evaluate the 
effects of levetiracetam in patients with AD and neuropsy‑
chiatric symptoms related to epilepsy. The results from these 
studies may confirm the beneficial effect of levetiracetam on 
AD individuals and clarify the molecular mechanisms link‑
ing epilepsy and other neuropsychiatric symptoms with AD.

Conclusion

The present paper presents the most common groups of 
comorbidities associated with AD: those related to age, 
those triggered by AD and those associated with Down’s 
syndrome. Age is the most relevant risk factor for AD [3]. 
Hence, age‑related comorbidities, such as hypertension, type 
2 diabetes mellitus (T2DM), atherosclerosis, and hypercho‑
lesterolemia are most common in patients with AD. All stud‑
ies provide information about the potential influence of these 
disorders on the pathogenesis of AD, particularly on Aβ and 
tau pathologies [33].

Since AD is considered the third type of diabetes mellitus, 
it is essential to maintain proper glucose levels [37]. Medica‑
tions used in the therapy of T2DM have been repurposed for 
AD therapy. In vitro and in vivo studies of several classes 
of drugs used in T2DM, viz. metformin, thiazolidinediones, 
intranasal insulin, and GLP‑1 analogs, improved cognitive 
function and reduced AD biomarkers in CSF [49, 50]. How‑
ever, clinical trials revealed no significant improvements in 
cognition or reduced progression in patients with mild to 

moderate AD and aMCI [51, 54, 55]. Nevertheless, ongoing 
clinical trials of long‑acting metformin in the prevention of 
AD (NCT04098666) may provide interesting results on how 
long‑term control of glucose levels can influence dementia 
progression.

Chronic hypertension is an important risk factor for 
dementia. Consequently, blood pressure control becomes 
relevant to the prevention and treatment of AD [81]. Sev‑
eral classes of antihypertensive medications have been 
studied as repurposing agents in the treatment of AD [49]. 
After very promising in vivo studies, nilvadipine, a repre‑
sentative of CCBs, was evaluated in NILVAD clinical trial 
(NCT02017340) [94]. Despite beneficial partial results, 
including improved hippocampal cerebral blood flow, 
reduced blood pressure, and decreased cognitive decline, 
final results exposed no clinically relevant benefits. The 
novel, ongoing clinical trial (NCT02913664), where patients 
will be treated with a combination of amlodipine, losartan, 
atorvastatin, and exercise may reveal important information 
on how blood pressure, cholesterol, and physical activity 
influence risk reduction of dementia.

Hypercholesterolemia has been implicated in increased 
risk for dementia and AD [59]. Statins are the main class of 
drugs used for treatment of hypercholesterolemia and ath‑
erosclerosis due to their ability to lower cholesterol levels 
and their pleiotropic effects, due to which, statins were pro‑
posed as repurposing medications in the treatment of AD 
[77]. However, clinical trials of dementia risk reduction by 
statins returned inconclusive results [75, 76]. Nevertheless, 
a meta‑analysis of over 50 observational studies from the last 
two decades indicates that statins offer beneficial effects in 
dementia risk reduction [80].

Adults with Down’s syndrome are at high risk of devel‑
oping AD [107]. The progression of pathological changes 
characteristic for AD associated with triplication of the APP 
gene and the disorders accompanying Down’s syndrome, 
require deeply thought decisions concerning pharmacother‑
apy and care [101].

Comorbidities triggered by AD are also important factors 
in therapy. The occurrence of psychobehavioral symptoms 
and epileptic seizures in the course of AD significantly com‑
plicates therapy and accelerates disease progression [126, 
159]. It is vital to establish a proper neurological and psy‑
chiatric diagnosis with quick initiating treatment control the 
progression of AD and provide a better quality of life for 
patients with AD [125]. The treatment of psychotic episodes 
in AD should be carefully considered and monitored because 
atypical antipsychotics may result in cognitive impairment 
[131].

In conclusion, the research strongly suggests that comor‑
bidities have an important influence on AD pathologies. 
Although the relationship between AD and its comorbidi‑
ties remains unclear, there is growing awareness and concern 
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about this issue. Even so, these conditions are still treated 
as independent disorders. Successful therapy of AD requires 
a new approach to its comorbidities and implementation of 
complex polypharmacotherapy.
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