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Abstract: Recent findings have improved our understanding of the multifactorial nature of AD.
While in early asymptomatic stages of AD, increased amyloid-f synthesis and tau hyperphosphory-
lation play a key role, while in the latter stages of the disease, numerous dysfunctions of homeostat-
ic mechanisms in neurons, glial cells, and cerebrovascular endothelium determine the rate of pro-
gression of clinical symptoms. The main driving forces of advanced neurodegeneration include in-
creased inflammatory reactions in neurons and glial cells, oxidative stress, deficiencies in neu-
rotrophic growth and regenerative capacity of neurons, brain insulin resistance with disturbed me-
tabolism in neurons, or reduction of the activity of the Wnt-f catenin pathway, which should inte-
grate the homeostatic mechanisms of brain tissue. In order to more effectively inhibit the progress of
neurodegeneration, combination therapies consisting of drugs that rectify several above-mentioned
dysfunctions should be used. It should be noted that many widely-used drugs from various pharma-
cological groups, "in addition" to the main therapeutic indications, have a beneficial effect on neu-
rodegeneration and may be introduced into clinical practice in combination therapy of AD. There is
hope that complex treatment will effectively inhibit the progression of AD and turn it into a slowly
progressing chronic disease. Moreover, as the mechanisms of bidirectional communication between
the brain and microbiota are better understood, it is expected that these pathways will be harnessed
to provide novel methods to enhance health and treat AD.

Keywords: Alzheimer’s disease, inflammation, oxidative stress, Wnt-f3 catenin pathway, combination therapy, brain insulin

resistance.

1. INTRODUCTION

One of the biggest problems of modern western societies
is the increasing number of senile dementia, particularly
Alzheimer’s disease (AD). An estimated 60-70% of all cases
of dementia are AD, which, according to the Alzheimer’s
Association and World Health Organization (WHO), affects
more than 55 million people worldwide. Unfortunately, it is
expected to increase twice by 2050 [1]. Globally each year,
over 10 million new cases of dementia are noticed. Current-
ly, AD and related dementias have elevated to one of the
world’s most pressing public health issues [2, 3]. AD is a
more complicated disease than we previously assumed; we
cannot prevent or stop it or even successfully cure it. Re-
searchers are exploring a wide range of processes that

*Address correspondence to this author at the Department of Psychiatry,
Wroctaw Medical University, 10 Ludwika Pasteura Str., 50-367 Wroctaw,
Poland; Tel:+48603880572; E-mail: jerzy.leszek@umed.wroc.pl

1875-6190/22

contribute to the disease, including neuroinflammation, im-
mune response, cell signaling, and communication, and also
the participation of infectious agents.

The leading view on the causes of AD is that the main
driving force behind this neurodegeneration is the overpro-
duction of amyloid-p (AB) protein and hyperphosphorylated
tau protein, which are prone to aggregation, form neurotoxic
oligomers and, finally, build protein aggregates: extracellular
- senile plaques (AP) or intracellular - tangles neurofibrillary
(P-tau) [3]. The lack of effective AD treatment and preven-
tion results mainly from our incomplete understanding of
AD mechanisms which are heterogeneous [4]. According to
the latest, widely accepted findings, it is believed that the
therapy that could inhibit neurodegeneration may be effec-
tive only in the case of early diagnosis (before the onset of
symptomatic symptoms. i.e., changes in behavior noticeable
by the physician) [5, 6]. The main research efforts, in recent
years, have been focused on attempts to reduce the genera-
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tion of AP and tau, increase their degradation, and inhibit the
aggregation of these proteins in the brain tissue. However,
drugs that reduce brain amyloid levels, as well as protease
inhibitors that cleave the gamma amyloid precursor protein
and beta-secretase, have shown very little effect on disease
progression and cognitive impairment in patients in many
clinical studies [7]. They do not modify the course of the
disease and are not universally beneficial because they pro-
vide mainly symptomatic relief [8]. Moreover, in family dis-
eases caused by amyloid precursor protein mutations with
increased generation of AP, the reduction of AP level turned
out to be ineffective. Besides all, many clinical trials, despite
promising pre-clinical studies, have failed to access full ther-
apeutic achievement in AD [9]. The aforementioned thera-
peutic hypotheses are being investigated in clinical trials, and
so far, none of them have proven to have expected clinical
effectiveness, including immunotherapy against AP, which
has not shown any benefits in AD patients [10, 11]. The re-
sults of these studies show that A still cannot be considered
the main driving force behind the pathomechanism of AD;
rather, it is one of the many contributors to disease progres-
sion. It seems that the amyloid hypothesis appears to be nec-
essary, but not sufficient, to cause AD, because AP acts pri-
marily as a trigger of other downstream processes, in particu-
lar tau aggregation, which mediate neurodegeneration [4, 7].
It is currently assumed that AD is a multifactorial disease in
which the role of the AR and P-tau proteins is as important as
many other factors contributing to the pathogenesis of the
disease, such as neuroinflammation, oxidative stress, and
faulty growth factors/trophic pathways. The interaction of all
of these factors determines the progression of this neuro-
degeneration. The main factors involved in the pathogenesis
of AD are listed in Fig. (1) (explanatory box) [12-23].

It is worth mentioning that among the risk factors of de-
mentia, there are agents common for cardiovascular disease
and dementia associated with metabolic syndrome (MetS).
Their coexistence accelerates the development of diabetes,
hypertension, vascular disease, and obesity. The pivotal role
in the relationship between particular components, or con-
nective with MetS diseases and central nervous system
(CNS) dysfunction, plays vascular disintegrate with increas-
ing blood-brain barrier (BBB) permeability for pro-
inflammatory factors [24]. These factors, activated by MetS
with insulin resistance, lead to neuronal and glial damage.
Some of the common activated molecular pathways included
altered brain insulin signaling, which induces neuroinflam-
matory cascade, leading to structural and cognitive impair-
ment of CNS [24, 25]. Thus, systemic inflammation (periph-
eral, low grade), characteristic for MetS, in the case of BBB
dysfunction, causes local inflammation resulting in CNS
damage (neurodegeneration) due to neuroinflammation [25].
The final effect of these pathogenic events is neurodegenera-
tive diseases, leading to dementia [26]. Many findings sug-
gest that the managing components of the metabolic syn-
drome, lifestyle modification, regular physical activity, and
dietary interventions, as well as social interventions, are log-
ical targets for contemporary and future trials [27]. Pharma-
cological therapy should be implemented for persons at high
risk for cardiovascular and cerebrovascular diseases and type
2 diabetes. Current management of metabolic syndrome in-
cludes reduction of obesity, insulin resistance, normalization
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of dyslipidemia, and hypertension control [28]. Among the
most often suggested pharmacological agents are those
which decrease insulin resistance (e.g., metformin), gluca-
gon-like peptide-1 receptor agonist, dipeptidyl peptidase-4-
inhibitors, alleviate dyslipidemia (fibrates, statins), and nor-
malize blood pressure, such as angiotensin-converting en-
zyme inhibitors (ACEI) and angiotensin receptor blockers
(ATRB) [27, 29].

2. CURRENT AD TREATMENT

Although considerable efforts have been made to develop
effective therapeutic agents for AD therapy, contemporary
pharmacotherapy of AD is substantially limited to cholines-
terase inhibitors and the N-methylo-D-aspartate antagonist
(NMDA)-memantine [30-32]. Table 1 shows the approved
therapy in the treatment of AD. Cholinesterase inhibitors
interfere with the neurotransmitters system (cholinergic, glu-
tamatergic), which has been associated with the course of
AD, especially slowing down the development of memory
impairment, cognitive dysfunctions, and deficits in behavior-
al domains [32]. This led to the development and approval
for use in mild to moderate stage of AD four cholinesterase
inhibitors (tacrine, donepezil, rivastigmine, galantamine),
which are sought to work by reducing the breakdown of the
neurotransmitter acetylcholine [33, 34]. Tacrine, the first
drug for the treatment of severe AD, is not recommended
nowadays because of its hepatotoxicity [33]. Galantamine is
characterised by a dual mechanism of action, which acts as a
competitive, reversible cholinesterase inhibitor and allosteri-
cally potentiates nicotinic acetylcholine receptors, having a
therapeutic benefit in AD [33, 35]. Cholinesterase inhibitors
increase the level of synaptic acetylcholine, enable this im-
portant neurotransmitter, associated with memory, to bind to
cholinergic receptors on the postsynaptic cells, and this cen-
tral inhibition mechanism may temporarily improve cogni-
tion [32, 33]. Benefits of treatment were also seen on
measures of activities of daily living and behavioral symp-
toms, like apathy; however, only one-third of the patients
showed a clinically essential benefit, meanwhile another
third demonstrated clinical worsening during the first 6
months of therapy; moreover, drop-out rates of 29% due to
adverse symptoms were noted [32]. Memantine (NMDA)
inhibits the effects of pathologically elevated tonic levels of
glutamate, which allows physiological transmission and im-
provement of cognitive function, including language,
memory, and praxis, as well as behavior and ability to per-
form everyday activities [33]. This drug is approved for
moderate to severe AD, while it is ineffective in mild AD
and does not modify disease progression according to recent
clinical trial evidence [34, 35]. In 2014, the US Food and
Drug Administration (FDA) approved another therapeutical
option, which is a combination of NMDAR antagonist -
memantine and ChEI - donepezil in fixed-dose combination
product for moderate and severe AD treatment to get the
benefits of targeting cholinergic as well as glutaminergic
mechanisms of AD [35].

Another approach in AD treatment is immunotherapy. It
involves two forms: active injection of AP42 antigenic pep-
tides (active immunotherapy, vaccines) or administering pre-
formed anti-Ap antibodies, such as monoclonal antibodies
(passive immunotherapy). Passive immunotherapy appears
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Fig. (1). Major factors and intracellular pathways involved in the progression of Alzheimer's disease. At the present stage of knowledge
about the pathomechanism of AD, it can be assumed that an important role in driving the pathomechanism of this disease is played by: 1 /
high level of inflammation in the brain tissue along with oxidative stress, 2 / deficits in growth signaling pathways and neuroprotective fac-
tors, and 3 / reduced Wnt pathway / catenin, which integrates multiple pathways of neuron-glia interaction. The above three dysfunctions can
be seen as a junction between many elements of the molecular pathomechanism of AD and are mainly responsible for disease progression.
Therefore, any future therapeutic strategies for AD must also effectively reduce the level of inflammatory responses in brain tissue, improve
neuronal signaling by growth factors, and enhance Wnt-catenin activity to near-physiological levels. (4 higher resolution/colour version of
this figure is available in the electronic copy of the article).

Explanatory box

Apoptosis - programmed cell death, strictly controlled and provoked by mediators such as caspases or TNF-a [12]. Physiological-
ly, essential to maintain the human body balance, although it might be related to many diseases. In AD, apoptosis is triggered by
AP or oxidative stress [13]. Pyroptosis - programmed cell death associated with an inflammatory process, mostly caused by mi-
crobial infections. It is characterized by NLRP3 inflammasome involved in, that promotes Caspase-1 with a massive proinflam-
matory cytokine release [14]. Neuronal pyroptosis may participate in neurodegenerative disease [15] including AD [16]. Par-
thanatos - process controlled by the accumulation of PAR and apoptosis-inducing factor (AIF) induced by genomic stress [17]. In
neurological diseases, it is initiated by mitochondrial dysfunction or changed gene expression [18]. Activation of PARP-1 might
be caused through AB-accumulation in astrocytes or microglia [18]. Oncosis (ischemic cell death) - accidental cell death charac-
terized by ATP depletion that followed cell injury [19]. Necrosis - unregulated, premature cell death pathway leading to autolysis
and loss of cell membrane integrity [20]. It is caused by infections or physical factors. Recent findings indicate that YAP-
dependent necrosis might occur much earlier than symptomatic AD, even before AR accumulation [21]. Necroptosis - a pro-
grammable form of necrosis induced with TNF-a [20]. This is an alternative solution for the immune system during virus infection

that bear caspase inhibitors [22]. Activated necroptosis was found in postomortem human AD brains, and inhibiting necroptosis

reduced neuronal loss in the mouse model of AD [23].
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Table 1.  Available, accepted drugs for Alzheimer's disease.
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Drug Mechanism of Action

Target Stage of AD

Donepezil, Rivastigmine, ) o
Acetylcholinesterase inhibitors

Acetylocholine (AchE) Early to moderate

Galantamine
N-methyl D-aspartate (NMDA
Memantine methyl P-aspa ‘a e ( ) N-methyl D-aspartate (NMDA) Moderate to severe
antagonist
Aducanumab Monoclonal antibody Extracellular amyloid-f plague Early

to be more successful than active vaccination [36]. On June
7, 2021, the FDA approved Aluhelm (aducanumab) for the
treatment of AD, the first new Alzheimer drug in 18 years
[37]. The decision was based on two clinical trial studies
carried out on Alzheimer patients, one showing that the drug
slows down cognitive decline and the other one showing that
it does not. Aducanumab, developed 20 years ago, is one of
the many monoclonal anti-Af antibodies that have been re-
cently explored. Monoclonal antibodies (mAbs) are derived
from humanized murine monoclonal antibodies and bind to a
single epitope given their monovalent affinity [36]. The
mechanism of action of anti-Ap antibodies is not fully un-
derstood. It is assumed, however, that anti-Af antibodies
pass through the BBB to the brain parenchyma and either
inhibit toxic oligomerization of AP or promote microglial
phagocytosis and clear AR plaques. It was also evidenced
that they reduce the production of pro-inflammatory cyto-
kines [38]. mAbs are amenable to dose and specificity modu-
lation, which is one of its advantages. Insufficient therapeu-
tic effects, low improvement in cognition, and some adverse
effects of antibodies against AP need to be addressed [39].
This strategy might be the future direction for researchers in
developing hybrid molecules that would affect the disease
course by simultaneously targeting more than one biological
cell pathway.

3. ALTERNATIVE POTENTIAL THERAPIES OF AD

Oxidative stress and inflammation, as very important is-
sues of AD, are the aim of alternative therapies, including
both antioxidants and anti-inflammatory agents as potentially
modifiable protective factors [11, 32, 40, 41]. Several mark-
ers of oxidative stress have been shown to be increased in
AD together with impaired antioxidant potentials of the sys-
tem observed in the brain, cerebrospinal fluid (CSF), and
blood [41]. The therapeutic possibilities of universally rec-
ognized antioxidants like vitamin C and E, coenzyme Q 10,
alpha-lipoic acid, omega-3 fatty acids, and selenium have
been evaluated in clinical trials, which revealed the failure of
clinical efficacy in AD [41, 42].

Nutritional supplements combining vitamins and lipids,
which have been shown to be lower in AD patients and
which, simultaneously, exhibit persuasive antioxidants and
anti-inflammatory properties, have been the subject of a se-
quence investigation for the treatment of AD [41, 42]. Ade-
quate nutrition plays an important role in the maintenance of
cognitive function, particularly during aging and malnutri-

tion, being amongst the risk factors for the development of
mild cognitive impairment (MCI) and AD [43]. Special at-
tention has been given to Ginkgo biloba, which has been the
subject of intense investigations, both preclinical and clini-
cal, as a drug capable of slowing down cognitive decline in
AD patients, but the overall data remain inconclusive [44].

3.1. Multifunctional Drugs for Alzheimer's Disease

Nowadays, we have many new potential therapeutic
agents to use in the treatment of AD (Table 2). It is well
known that late-onset AD, the so-called sporadic form, is a
multifactorial neurodegenerative disease in which many ge-
netic and epigenetic risk factors are involved [45, 46]. Brain
tissue cells, neurons, astrocytes, and microglia, as well as
brain microvascular cells and BBB, are involved in the
pathomechanism of the disease, and leukocytes, including
lymphocytes, which penetrate brain tissue through BBB bar-
riers, showing reduced tightness in AD, are also often pre-
sent. At the subcellular level, the pathogenesis of AD in-
volves the dysregulation of multiple cellular pathways that
influence each other to form a very complex orchestra of
factors, ultimately leading to neuronal death and neuro-
degeneration [47]. In addition to the relatively well-known
pathways of AP and P-tau formation, the following factors
contribute to the pathomechanism of AD: oligomerization
and fibrillization, also abnormalities of chaperones in un-
folded protein response failure of the ubiquitin-proteasomal
protein degradation (UPR) system, disturbances in Wnt-f/
catenin signaling pathways, structural and functional damage
to the mitochondria along with disturbances in the cellular
balance of free radicals, abnormalities in the regulation of
autophagy and apoptosis pathways, abnormal reactivation of
the cell cycle in neurons, activation of a low degree of neu-
roinflammatory reactions, as well as abnormalities in the
structure and function of synapses [48].

Rifampicin is an example of a multi-functional drug that
affects many different factors/mechanisms of AD pathogene-
sis. This antibiotic has been used for over 40 years to treat
tuberculosis and Mycobacterium avium complex (MAC),
legionellosis, and leprosy in humans, and its pharmacokinet-
ics, side effects, toxicity, and drug interactions are well un-
derstood. Orally administered rifampicin to Tg2576 mice
(AD model) inhibited the formation of AP as well as the tau
oligomer, decreased tau hyperphosphorylation, improved
autophage-lysosomal function in neurons, reduced microglial
activation in a dose-dependent manner, prevented synapse
loss, and significantly improved memory in mice treated
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Table 2. New potential drugs in AD.
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Drug Mechanism of Action

Target Type and Therapeutic Purpose

Rifampicin (semisynthetic antibiotic derived from
Amycolatopsis rifamycinica)

Multifunctional

Inhibition oligomerization of amyloid-f, tau,
and a-synuclein

Rasagiline (selective, irreversible monoamine oxidase
B (MAO B) inhibitor

Multifunctional (neuroprotective, neurotrophic
and anti-apoptotic) olism

Improvement of frontostriatal glucose metab-

Mastinib (selective phenylaminothiazole-type tyrosine
kinase inhibitor)

Anti-neuroinflammatory

Activation of the immune system via mast
cells and microglia

Metformin (biguanide)

Multifunctional (activation of the AMP-activated
protein kinase (AMPK), reduced inflamma-
tion,excitotixity and mitochondrial dysfunction)

Increases generation of both intracellular
and extracellular AP species

Neurotrophic growth factors
(nerve growth factor, brain-derived neurotrophic
factor, glial cell-derived neurotrophic factor, insulin
and glucagon-like peptide-1)

Multifunctional (anti-inflammatory activity)

Improvement of neuronal homeostasis

Activation Wnt/catenin pathway
(lithium chloride/sodium sele-
nate/rosiglitazone/pioglitazone)

Multifunctional (anti-neuroinflammatory,
neuroprotective; symptomatic
cognitive enhancers)

Inhibition of the production/aggregation of
amyloid-f, tau phosphorylation

with 1 mg/day [49, 50]. In the study of lizuka ef al., rifam-
picin therapy in a dose of 450 mg/day for >12 months, be-
fore the onset of dementia, appeared to be able to stabilize or
improve hipometabolism in typical for the AD region and
was connected with a milder decline in the long-term follow-
up after completion of therapy [51]. It can be concluded that
rifampicin is a ready-to-use drug with great promise in the
prevention and treatment of mild stages of AD, in the latter
case as an adjuvant in combination with other anti-dementia
drugs.

Another example of combination treatment in a single
multifunctional agent is rasagiline, a selective, irreversible
monoamine oxidase B (MAO B) inhibitor, which has been
developed as an anti-Parkinson drug [52, 53]. In controlled
monotherapy and as an adjunct to L-dopa, it has shown that
anti-Parkinson activity [53] has a neuroprotective function in
neuronal cell cultures in response to various neurotoxins,
global ischemia, neurotrauma, head injury, efc. [54]. Rasa-
giline has positive effects on neuronal activity in frontalstria-
tal pathways with clinical benefit [55]. Its neuroprotective
effect can be explained by the preservation of mitochondrial
viability and the prevention of the opening of the mitochon-
drial permeability transition pores (MPTP), simultaneously
with the activation of the anti-apoptotic protein Bcl2 and the
downregulation of pro-apoptotic Bax proteins [54]. Rasa-
giline also exerts neurotrophic activity by stimulating alpha-
secretase to produce soluble neurotrophic APP-alpha (sAP-
Palpha), which is supported by PKC and MAP kinases.
Rasagiline's neuroprotective, neurotrophic, and anti-
apoptotic effects are independent of MAO inhibition [54].
Rasagiline is currently in the second phase of clinical trials
in patients with mild to moderate AD [52].

3.2. Neuroinflammation in Alzheimer’s Disease Progres-
sion

A common feature of AD pathology is a complex in-
flammatory component that could be a target for treatment.
Inflammation is associated directly with deficits in cognitive
function and with diseases that are risk factors for cognitive
decline. Interventions that reduce inflammation may improve
cognition [56, 57]. However, the results of numerous clinical
trials to date using first-line anti-inflammatory drugs to in-
hibit the progression of AD symptoms have failed. In the
Cochrane database, the results of numerous studies on this
topic have been clearly summarized as unambiguously indi-
cating that aspirin, steroids, and non-steroidal anti-
inflammatory drugs (NSAIDs) (also the selective cyclooxy-
genase-2 inhibitors) showed no significant benefit in the
treatment of AD [58]. Clinical trials on the effects of classi-
cal anti-inflammatory drugs belonging to the NSAIDs group
(e.g., diclofenac, naproxen, refecoxib), which could prevent
neuroinflammation, failed to produce any therapeutic benefit
dependent on treatment timing, dose-dependent, and agent
choice [59]. Miguel-Alvares et al. underscored the role of
NSAIDs in the prevention of AD [59]. Therefore, the use of
these drugs cannot be recommended for the treatment of AD
[58, 60].

It is widely accepted that the pathogenesis of neuro-
degenerative diseases is related to an underlying inflammato-
ry process in the affected areas of the CNS, known as "in-
flammation of the nervous system". Primary damage and
neurodegenerative processes lead to the release of endoge-
nous neurons, release of trophic factors and mediators of
inflammatory reactions, e.g., TGF-B, IFN-y as well as
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Fas/FasL and in response to neuronal cytokine signals, glial
cells, including microglia and astrocytes, are activated and
migrate to damaged neurons, to the inflammatory microfocus
[61]. Inflammatory reactions/pathways are common even in
classic non-inflammatory brain diseases such as neurodegen-
eration or trauma, including AD, Parkinson's disease, or
stroke. In these cases, inflammatory responses show more
subtle patterns than in the case of severe microglia and astro-
cyte stimulation in classic states of neuroinflammation.
However, these subtle neuronal signals are sufficient to
stimulate the migration of activated glial cells to local neu-
roinflammatory foci [62]. Concepts of direct protection of
neurons in neuroinflammatory diseases also require a more
subtle, preferably indirect modulation of inflammatory re-
sponses in neurons, rather than focusing on simple, potent
first-line anti-inflammatory drugs that have proven ineffec-
tive in inhibiting AD progression. Epidemiological evidence
and animal experimental studies, as well as first clinical tri-
als, show the benefit of immunomodulating therapy in clas-
sical non-inflammatory brain diseases [61].

An example of a drug that indirectly modulates inflam-
matory responses in neurons is masatinib, a selective inhibi-
tor of tyrosine kinases, in Phase III clinical trials for the
treatment of malignant melanoma, multiple myeloma, gas-
trointestinal and pancreatic cancer, and also in Phase II/III
clinical trials for the treatment of a number of neuroinflam-
matory diseases, among them also in AD. It has been well
established that the drug strongly inhibits inflammatory re-
sponses in mast cells [52]. Mast cells located on both sides
of the BBB play a significant role in sustaining the inflam-
matory network of the CNS [63, 64]. Acting both as sensors
and effectors in communication among nervous, vascular,
and immune systems [63], Masitinib mesilate is a selective
tyrosine kinase inhibitor that targets c-Kit, platelet-derived
growth factor receptors (PDGFR), and also Lyn, Fyn, and
the FAK pathway [52, 65]. By combined targeting of c-Kit
and Lyn, masitinib is particularly efficient in controlling the
survival, differentiation, and degranulation of mast cells, and
thus indirectly controlling the array of inflammatory and
vasoactive mediators the cells can release [65]. Masitinib
administered in combination with standard choliesterase in-
hibitors/memantine for 24 weeks led to significantly slower
cognitive decline in AD with an acceptable tolerance profile
and showed significant improvement in the ADAS-Cog and
MMSE cognitive tests [52, 65, 66]. Masitinib may be a
promising innovative treatment strategy for AD [65].

Metformin, at doses that lead to the activation of the
AMP-activated protein kinase (AMPK), significantly in-
creases the generation of both intracellular and extracellular
AR species. Furthermore, the effect of metformin on Af gen-
eration is mediated by transcriptional up-regulation of f-
secretase (BACE1), which results in an elevated protein level
and increased enzymatic activity [67]. Although insulin and
metformin have opposite effects on AP production, when
combined, metformin sensitizes/enhances the effect of insu-
lin in lowering A levels [67]. Literature data describe sig-
nificantly fewer neuritic plaques in the brains of diabetics
taking a combination of insulin and oral medications com-
pared to those taking a single medication (insulin or oral
medication) [68]. Combining metformin therapy with thia-
zolidinediones (glitazones), e.g., pioglitazone or rosiglita-
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zone, may also be beneficial. The complementary mecha-
nisms of action of metformin and thiazolidinediones signifi-
cantly increase cell sensitivity to insulin, inhibit inflammato-
ry responses, and reduce the risk of cardiovascular disease in
patients with type 2 diabetes [67]. Therefore, the Food and
Drug Administration (FDA) and European Medicines Agen-
cy (EMA) have approved the use of combined drugs contain-
ing metformin and rosiglitazone (Avandamet) and metformin
plus pioglitazone (Competact) for the treatment of diabetes
and prevention of vascular complications of the disease. Im-
portantly, literature data indicate a beneficial effect of rosig-
litazone and pioglitazone on the improvement of memory
and learning abilities in murine AD models [69]. Additional-
ly, it was found that in cultures of neuronal cells, the studied
glitazones inhibited the key pathways of AD pathomecha-
nism; rosiglitazone significantly decreased BACEI transcrip-
tion, thereby decreasing amyloidogenesis [69], and pioglita-
zone inhibited tau hyperphosphorylation and its oligomeriza-
tion [70]. Glitazones are agonists of peroxisome proliferator-
activated receptors (PPARY) and activation of PPARYy reduc-
es BACE! transcription and activity [67, 70]. It remains to
be determined if they will also be effective in suppressing
the stimulating effect of metformin on BACEI transcription
and activity in human brains. In this case, the indications for
the use of combination drugs containing metformin and
glitazones may be extended to the prevention and supportive
treatment of AD in patients without diabetes.

3.3. Insulin Resistance of the Brain in Alzheimer’s Dis-
ease

Brain insulin resistance is frequently found in AD pa-
tients [71], and numerous clinical studies have provided evi-
dence for the beneficial effect of insulin therapy on cogni-
tion, memory functions, daily activity, as well as on AP and
P-tau metabolism [71, 72]. In recent years, special attention
has been paid to the administration of insulin by the intrana-
sal route, as this method of drug administration increases the
concentration of insulin in the brain and cerebrospinal fluid
(CSF) and simultaneously does not significantly affect the
plasma insulin level, and therefore does not cause hypogly-
cemia, the main side effect with systemic insulin administra-
tion. Intranasal insulin administration has also been found to
positively affect regional vascular reactivity, causing vasodi-
lation in the anterior regions of the brain, especially in the
insular cortex, which regulates the performance of attention
tasks. Such an effect was found in healthy people and in pa-
tients with type 2 diabetes [73]. Importantly, it has been
shown that brain insulin resistance leads to a number of
changes in neuronal metabolism, which result in an increase
in the formation of A4, and an increase of tau phosphoryla-
tion [72, 74]. Conversely, hyperphosphorylated tau protein
leads to chronic insulin resistance, especially in those regions
of the brain where neurons initially express a lower expres-
sion of insulin signaling proteins (insulin receptor substrate
1; IRS-1, Akt); therefore, these brain regions are particularly
prone to developing insulin resistance and induced tau hy-
perphosphorylation [74]. This may explain the phenomenon
of the selective increase in P-tau accumulation and the for-
mation of neurofibrillary tangles in some regions of the
brain, occupied earlier by neurodegeneration processes. A4,
and P-tau, when produced in excess, inhibit the activity of
insulin signal transduction proteins and lead to the develop-
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ment of insulin resistance [69, 70, 75, 76]. In summary, brain
insulin resistance increases the production of Af and P-tau,
and in the case of normal insulin sensitivity, the primary
increase in A and P-tau formation disrupts the proteins of
the insulin signaling pathways, which induces insulin re-
sistance in neurons. In both cases, restoration of insulin sig-
naling can be effective. However, it should be emphasized
that the use of insulin in the treatment of AD requires regular
and long-term use, and there may be side effects of such pro-
longed therapy, including an increase in blood pressure and
hypoglycaemia [77]. An important challenge is to better op-
timize insulin dosing, especially in the case of intranasal
administration, where poorly controlled absorption of the
drug from the nasal cavity can lead to significant differences,
increasing the local concentration of insulin in the brain,
which could damage neurons and increase neurodegenera-
tion [77]. Additionally, one should be aware that insulin has
a growth-stimulating effect, and its long-term use may pro-
mote neoplastic proliferation in the brain tissue [77, 78].

3.4. Neurotrophic Growth Factor Substitution

A regular feature of neurodegenerative diseases, includ-
ing AD, is the dysfunction of the major trophic growth fac-
tors signaling in the brain tissue, i.e., nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), glial cell-
derived neurotrophic factor (GDNF), as well as insulin and
glucagon-like peptide-1 (GLP-1) [79, 80]. In the course of
neurodegeneration, a gradual decrease in the transcription of
mRNA proteins and growth factors, as well as a decrease in
the density of their receptors on brain neurons, has been de-
scribed [81]. Improvement in signaling by growth factors has
a pronounced neuroprotective effect in various animal mod-
els of AD [80]. It has been suggested that physiological, ba-
sal differences in the activity of growth factor signaling
pathways in different regions of the brain determine their
varying degrees of susceptibility to neurotoxic agents (such
as AP oligomers, oxidative stress, some metal ions, efc.).
This may explain regional differences in susceptibility to
neurodegenerative changes reported in autopsied brain tissue
in AD. For example, it has been documented that cholinergic
neurons in certain regions of the brain, such as the basal nu-
cleus, medial septum, and striatum, contain high levels of
both known NGF receptors, i.e., the NGF-specific tyrosine
kinase receptor, tropomyosin receptor kinase A (TrkA) and
the non-specific panneurotropin-p75 receptor [81]. This indi-
cates that the homeostasis of neurons in these brain regions
is largely dependent on NGF signaling. The decrease in
TrkA receptor expression found in AD [82] will lead to
trophic dysfunction in these areas of the brain, resulting in a
significant reduction in cholinergic signaling. The therapeu-
tic administration of growth factors causes significant inhibi-
tion of the disease progression, and the therapeutic effect is
long lasting. This may indicate that the dysfunction of
growth factor signaling pathways in the brain is one of the
important mechanisms of neurodegeneration and that im-
proved growth factor signaling could enhance regenerative
processes and restore their functions [80]. The administration
of growth factors to patients with AD is a very promising
therapeutic strategy; however, thus far, the main obstacle to
wide clinical application of this method of treatment is the
poor passage of NGF, BDNF, and GDNF through the brain's
barriers [79]. Therefore, technologies for the delivery of
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growth factor proteins in nanotechnological platforms (li-
pid/liposome and non-lipid nanostructures), as well as viral
transfer (adenoviruses, lentiviruses), are being intensively
developed [79]. Among the routes for the administration of
growth factors to the brain, the intranasal method is highly
anticipated; drugs applied to the posterior upper surface of
the nasal mucosa travel to the brain, bypassing the BBB.
Although this method requires some optimization work, it is
undoubtedly a good route of drug administration directly to
the brain. Unlike the aforementioned growth factors, insu-
lins, IGF-1, GLP-1, and GIP can cross the BBB, so they al-
ready offer a promising treatment strategy for AD [78]. The
main drawback and the biggest challenge, however, is the
way to effectively deliver the therapeutic agents from the
bloodstream across the BBB without inducing systemic ef-
fects. The advantage of such an approach is that it can im-
prove neuronal homeostasis, enhance neurodegenerative
abilities, and thus improve the functions of a range of patho-
logical processes observed in AD, not just one parameter
[78]. Administration of a growth factor significantly reduces
chronic inflammatory reactions in the brain tissue, reduces
the release of inflammatory cytokines from glial cells, re-
stores energy utilization by neurons, normalizes mitochon-
drial functions and increases the level of autophagy, reduces
apoptosis, and improves synaptic plasticity, memory and
cognitive functions [78]. With regard to the aforementioned
considerations, it can be assumed that improving the safety
of the neurotrophic factors administration in the near future
may have a critical effect on successful AD therapy.

3.5. Reactivation of the Wnt-B Catenin Pathway

The Wnt signaling pathways are a group of signal trans-
duction pathways that begin with Wnt proteins binding to
one of several frizzled family receptors and, in some cases, a
co-receptor, such as a lipoprotein receptor-related protein
(LRP-5/6) [83]. Wnt signals have several unique properties,
including a short range of action. That is why Wnts predom-
inantly mediate signaling locally between neighboring cells.
In addition, Wnt signals give shape to tissues as cells are
proliferating. This is a consequence of the ability of Wnt
signaling to confer polarity and asymmetry to cells. The Wnt
signaling pathway is a highly evolutionarily conserved path-
way that regulates crucial aspects of cell fate determination,
cell migration, cell polarity, neural patterning, neurogenesis
and synaptogenesis, organogenesis during embryonic devel-
opment [84]. Wnt ligands are a large family of secreted gly-
coproteins that are cysteine-rich and highly hydrophobic. In
vertebrates, there are 19 different Wnt proteins whose ex-
pression is spatially and temporally regulated during devel-
opment. Three Wnt signaling pathways have been character-
ized: the canonical Wnt- B catenin pathway, the noncanoni-
cal planar cell polarity (PCP) pathway, and the noncanonical
Wnt/Calcium pathway [85]. The canonical Wnt pathway
leads to the regulation of gene transcription of more than 50
Wnht-targeted genes. The noncanonical planar cell polarity
pathway regulates actin fibril assembly of the cytoskeleton
that is responsible for the shape of the cell. The noncanonical
Wnht/calcium pathway regulates calcium inside the cell.

Wnt signaling has been implicated in axonal pathfinding,
dendritogenesis, synapse formation, synaptic plasticity, and
maintenance [86, 87]. In the canonical pathway, the Wnt
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ligands bind the transmembrane receptor (Frizzled) and the
co-receptor LRPS/LRP6. This binding causes inactivation of
the B-catenin destruction complex, formed by the proteins
Axin, tumor suppressor adenomatous polyposis coli gene
product (APC), Casein Kinase 1 (CK1), and GSK-3p. This
inactivation prevents B-catenin phosphorylation by the de-
struction complex, and its proteasomal degradation and (-
catenin migrate into the nucleus where it activates specific
transcription factors and stimulates the transcription of > 50
Wnt target genes involved in cell proliferation, survival, dif-
ferentiation, neurogenesis, and inflammation [87]. Instead, in
the absence of the Wnt ligands, the B-catenin is constantly
phosphorylated by CK-1 and glycogen synthase kinase 3
beta (GSK-3p), which promotes its ubiquitination and degra-
dation through the proteasomal machinery, preventing in this
way B-catenin regulation of transcription. GSK-3f is a cru-
cial regulator of the canonical Wnt signaling involved in the
regulation of neuronal polarity apoptosis and inflammation
[87]. GSK-3p dysregulation has been associated with several
pathological conditions, including obesity, diabetes mellitus,
carcinogenesis, and neurodegenerative disorders [87]. The
non-canonical, so-called planar cell polarity (PCP) Wnt
pathway does not engage, which leads to transcriptional
changes caused by c-Jun N-terminal kinase (JNK) activation
and subsequent Jun phosphorylation and also to actin fila-
ments remodeling by activated Rho-associated protein kinase
(ROCK) [86]. A fine balance of canonical and non-canonical
Wnt signaling is required for maintaining mature synapses,
especially axonal pathfinding, dendritogenesis, synapse for-
mation, synaptic plasticity, and dendritic spine maintenance
[86]. Decreased levels of canonical Wnt signaling with the
concomitant activation of the non-canonical PCP pathway
leads to actin filament disorganization and synapse disas-
sembly. The other non-canonical - the Wnt/Ca®" pathway -
enhances Ca”" release from intracellular stores and activation
of calcium/calmodulin-dependent protein kinase type II
(CaMKII) and PKC, leading to transcriptional changes and
actin remodeling. Wnt activation pathways participate in
early LTP phases promoting AMPA receptor (AMPAR) re-
cruitment to the synapses and also in the late phase of LTP
maintaining basal N-methyl-D-aspartate receptor (NMDAR)
currents. Altogether, these studies demonstrate that canonical
and non-canonical Wnt signaling are important pathways
maintaining mature synapse function [86].

Wnt canonical signaling dysfunction plays a key role in
the development of neurodegenerative diseases [88]. Studies
have shown that dysregulated Wnt-f catenin signaling plays
an important role in the pathogenesis of AD. In AD, the Wnt
canonical pathway is significantly reduced, mainly by the
potent Wnt antagonist, extracellular DKK1 protein (Dick-
kopfl), which interacts with the LRP5/6 co-receptor prevent-
ing it from binding (together with the Frizzled receptor) to
the Wnt ligand. This results in reduced transcription of Wnt
target genes as well as an increase in GSK-3f activity, which
further promotes inflammation and apoptosis, contributing to
disease progression. In neuronal cell cultures, the addition of
AB rapidly elevated Dkk! expression in hippocampal neu-
rons, resulting in reduced canonical Wnt signaling concomi-
tant elevation of Wnt/PCP pathway and synapse loss [89].
Most of the collected data indicate that AB-induced inhibi-
tion of Wnt signaling by DKK1 contributes to synaptic and
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cognitive deficits in AD [86]. From previous studies, it can
be concluded that AP enhances the activity of GSK-3p, and,
conversely, GSK-3f increased the inactivation of the Wnt
canonical pathway and the formation of neurofibrillary tan-
gles by phosphorylation of B-catenin and tau [90]. Instead,
the activation of the canonical Wnt pathway suppresses
GSK-3f and reduces AD pathology by preserving cells from
AP and tau toxicity. Hence, it would be suggested that restor-
ing the Wnt canonical pathway to normal levels has a neuro-
protective effect. The Wnt canonical pathway was shown to
play a role in modulating both innate and adaptive immune
responses during inflammation [87, 91-94]. This evidence
indicates that the Wnt-f-catenin pathway can exert its anti-
inflammatory activity through the inhibition of the nuclear
factor kappa B (NF-kB) pathway, by promoting the expres-
sion of anti-inflammatory genes such as peroxisome prolifer-
ator-activated receptor y (PPARY), and through the negative
regulation of immune cells differentiation and maturation
(Fig. 2). In the context of neuroinflammation, GSK3-B repre-
sents the main player, since it can regulate the interaction
between these signaling networks involving NF-xB, PPARYy,
and B-catenin [95]. This suggests that activation of the Wnt-f3
catenin pathway to inhibit GSK3p activity may be a promis-
ing therapeutic strategy to reduce the inflammatory response
in neurodegenerative diseases.

Therefore, activating Wnt signaling by administering ex-
ogenous Wnt agonists may be a promising therapeutic strat-
egy against the development of neurodegenerative diseases
[96]. Currently, drugs activating the Wnt-f catenin pathway
for potential use in the treatment of AD are the following:
lithium chloride, sodium selenate, glitazones rosiglitazone,
and pioglitazone. Lithium chloride (LiCl) is an established
therapeutic option for the treatment of bipolar disorder and
major depression. Lithium has also been considered a neuro-
protective agent and a candidate drug in some neurodegener-
ative diseases, including the treatment of AD. It activates the
Wnt-B catenin signaling pathways and thus corrects several
homeostatic mechanisms involved in the neurotrophic re-
sponse, autophagy, oxidative stress, inflammation, and mito-
chondrial function. Lithium salts also strongly inhibit GSK-
3B [97, 98]. Rosiglitazone and pioglitazone are currently
used in diabetology as drugs increasing the sensitivity of
cells to insulin, and, as agonists of PPAR-y receptors, they
exert an anti-inflammatory effect. Also, as recently proven,
they stimulate the activity of the Wnt-p catenin pathway [97,
98] and, probably, in this way, inhibit the activity of GSK-3
beta, hyperphosphorylation, and oligomerization of the tau
protein [98]. Interestingly, it was also found that selenium
salts used chronically in the diet inhibit AD development by
stimulating the Wnt-§ catenin pathway [99]. In triple trans-
genic AD mice models (3 x Tg-AD), animals were treated
with sodium selenate in drinking water for 10 months before
the detection of hippocampal pathology. Sodium selenate
could be a future new drug for AD treatment [99].

It should be noted that strong activation of the Wnt-f
catenin pathway could enhance cell proliferation, which al-
ternatively may stimulate potential neoplastic growth. How-
ever, numerous experimental studies in animals show that to
enhance tumor growth, much higher activation of the Wnt
pathway is needed than that proposed for substituting reacti-
vation of this pathway in neurodegeneration [86]. Another
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Fig. (2). Activation of the Wnt-f catenin pathway. Drugs that activate the Wnt-f catenin pathway will meet the criteria of multitargeted drugs

for treatment of neurodegeneration.

experimental study on animals has shown that in tumors that
may be dependent on the excessive activity of the Wnt-
catenin pathway (colon cancer, breast cancer, T-lympho-
blastic leukemia), additional important mutations are neces-
sary to reveal the pro-proliferative effect (4PC, PTEN) [86].
Therefore, it can be assumed that the Wnt signaling stimula-
tion proposed for AD treatment could provide a viable ap-
proach for the treatment of neurodegenerative diseases with-
out increasing the incidence of cancer [86]. In our view, it is
very likely that drugs activating the Wnt-$ catenin pathway
will meet the criteria of multitargeted drugs for the treatment
of neurodegeneration.

4. POSSIBLE FUTURE TARGETS IN AD THERAPY

AD has long been considered the disease of only CNS
without the important influence of periphery. Early human
studies suggested that altering microbiota with beneficial
bacteria or probiotics can lead to changes in brain function,
including cognitive functions [100]. Recently, the identifica-
tion of gastrointestinal microorganisms with metagenomics
and metabolomics methods increased our ability to examine
more subtle interactions between host and microbiome [101].
The gut provides the largest physical interface between the
environment (including the microbiome) and the body. This
bidirectional information flow between the microbiota and
the brain suggests that brain development, function, mood,
and cognition may be influenced by our gastrointestinal con-
tents. We should underline that, with age, microbiota, with
bacteria being its major component, can induce autoimmune
and widespread neuroinflammation disorders such as AD
[100]. Our experiences and review of literature allow us to
examine other, relatively less often, until recently, consid-
ered fields of possible pathology with serious and perhaps

predominant influence on the development of pathophysio-
logical changes in the brain of AD patients. Our research
leads us to expect that, as the mechanisms of this bidirec-
tional communication between the brain and microbiota are
better understood, these pathways will be harnessed to pro-
vide a novel method to enhance health and treat AD.

An association between poor oral health status and over-
all health has been debated for over 30 years. Intensively-
studied periodontal disease (periodontitis, PD) is an oral in-
fectious and chronic inflammatory disease of the periodonti-
um that leads to periodontal ligament loss, destruction of
alveolar bone, and of other structures that support the teeth.
Finally, periodontitis results in tooth loss [102]. Oral in-
flammation and dysbiosis of oral microbiota are thought to
be linked to several systemic diseases and conditions, includ-
ing atherosclerosis, diabetes mellitus, and respiratory condi-
tions [50]. Currently, PD is suspected to be involved also in
the pathogenesis of AD. Infection results in local inflamma-
tion, leading to systemic inflammation as well as neuroin-
flammation. This, in turn, causes neurodegeneration and the
senescence of the immune cells preceding the clinical mani-
festations [103]. Possible explanation for the association
between PD and AD is the stimulation of chronic pro-
inflammatory status in older adults. The close anatomical
relationship between the oral cavity and the brain enables the
translocation of oral pathogens to the brain, leading to local
immune response [104, 105]. Recently published data
showed that Porphyromonas gingivalis, mainly involved in
PD, and its toxins were identified in the brain of AD patients.
Thereby, P. gingivalis from the oral cavity may directly in-
fect the brain, increasing the production of AB1-42 and lead-
ing to neurodegeneration and AD [106]. Perhaps not only P.
gingivalis but also other periopathogens involved in dysbio-
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sis of the oral microbiome may be linked to the exacerbation
of the innate immune response and increased pro-
inflammatory markers. The unrelenting progression of AD
requires complex treatment and management efforts. Identi-
fying patients with MCI or early stages of AD who have PD
and/or innate immune deficits would be promising. This may
be the basis for new interventions in AD. Opportunities for
facing the challenges of AD therapy appear to come from
recent progress in knowledge and methodological advances
in the design, synthesis, and targeting of brain mRNA and
microRNA with synthesis antisense oligonucleotides (ASOs)
[107]. Several types of ASOs allow for the utilization of dif-
ferent mechanisms of posttranscriptional regulation and offer
better effects than alternative therapeutics [108].

CONCLUSION

Recent studies have shown that many drugs used in clini-
cal practice to treat various diseases can also inhibit the main
mechanisms driving the progression of neurodegeneration. In
this review, we focused on four pathways as contributors to
neurodegeneration in AD, in which those drugs could be
applied. The majority of these drugs have been used in medi-
cine for years, so their pharmacokinetics, toxicity, and side
effects, as well as their therapeutic dose range, are well un-
derstood. As a result, they can be relatively quickly intro-
duced in the treatment of AD. Proposed drug combinations
should include the following: drugs that reduce inflammation
and oxidative stress, drugs that increase the sensitivity of
neurons to insulin, drugs that improve the regenerative ca-
pacity of neurons, and drugs that restore Wnt-f3 catenin sig-
naling in coordinating the homeostatic responses of brain
tissue cells. The examples in this article suggest that the
choice of such drugs seems to be large enough to develop at
least some possible therapeutic strategies for AD. The chal-
lenge for modern medicine is to turn AD into a very slowly
progressive chronic disease, and the implementation of indi-
vidually tailored combination therapies will certainly im-
prove the possibility of treating AD patients. To sum up, it is
fair to say that the absence of disease-modifying treatments
for Alzheimer’s is due to the amyloid hypothesis, a misguid-
ed hypothesis of Alzheimer’s disease etiology, which has
dominated Alzheimer’s research, drug development, and
clinical trials for 30 years. Reducing amyloid is not the same
thing as mitigating symptoms of dementia. Dealing with
Alzheimer's disease in a more integrated way has come of
age, and future research should take advantage of such an
integrative view.

LIST OF ABBREVIATIONS

ACEI = Angiotensin-converting Enzyme Inhibitors
AD = Alzheimer's Disease

AMPAR = AMPA Receptor

APC = Adenomatous Polyposis Coli Gene Product
ATRB = Angiotensin Receptor Blockers

AB = Amyloid-f

BACEIl = P-secretase 1

BBB = Blood-brain Barrier
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BDNF = Brain-derived Neurotrophic Factor

CaMKII = Calcium/calmodulin-dependent Protein Ki-
nase type II

CK1 = Casein Kinase 1

CNS = Central Nervous System

CSF = Cerebrospinal Fluid

EMA = European Medicines Agency

FDA = Food and Drug Administration

GDNF = QGlial Cell-derived Neurotrophic Factor

GLP-1 = Insulin and Glucagon-like Peptide-1

GSK-38 = Glycogen Synthase Kinase 3 beta

IFNy = Interferon Gamma

IRS-1 = Insulin Receptor Substrate 1

INK = c-Jun N-terminal Kinase

LiCl = Lithium Chloride

LRP = Lipoprotein Receptor-related Protein

MAC = Mycobacteriumavium Complex

MAOB = Monoamine Oxidase B

MCI = Mild Cognitive Impairment

MetS = Metabolic Syndrome

MPTP = Mitochondrial Permeability Transition Pores

NF-«xB = Nuclear Factor Kappa B

NGF = Nerve Growth Factor

NMDA = N-methylo-D-aspartate

NMDAR = N-methyl-D-aspartate receptor

NSAIDs = Non-steroidal Anti-inflammatory Drugs

PCP = Planar Cell Polarity

PD = Periodontal Disease

PDGFR = Platelet-derived Growth Factor Receptor

PPARYy = Peroxisome Proliferator-activated Receptor y

ROCK = Rho-associated Protein Kinase

sAPPalpha = Soluble Neurotrophic APP-alpha

TGF-B = Transforming Growth Factor 3

TrkA = Tropomyosin Receptor Kinase A

UPR = Ubiquitin-proteasomal Protein

WHO = World Health Organization
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