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Abstract: Alzheimer’s disease is a progressive and deadly neurodegenerative disorder and one of
the most common causes of dementia globally. Current, insufficiently sensitive and specific meth-
ods of early diagnosing and monitoring this disease prompt a search for new tools. Numerous litera-
ture data have indicated that the pathogenesis of Alzheimer’s disease (AD) is not limited to the neu-
ronal compartment but involves various immunological mechanisms. Neuroinflammation has been
recognized as a very important process in AD pathology. It seems to play pleiotropic roles, both
neuroprotective and neurodegenerative, in the development of cognitive impairment depending on
the stage of the disease. Mounting evidence demonstrates that inflammatory proteins could be con-
sidered biomarkers of disease progression. Therefore, the present review summarizes the role of
some  inflammatory  molecules  and  their  potential  utility  in  detecting  and  monitoring  dementia
severity. This paper also provides a valuable insight into new mechanisms leading to the develop-
ment of dementia, which might be useful in discovering possible anti-inflammatory treatment.

Keywords: Neuroinflammation, Alzheimer’s disease, dementia disorders, biomarkers, neurodegeneration, chemokines, inter-
leukins.

1. INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of
dementia in the world. It is an untreatable and progressive
neurodegenerative disease. AD develops mainly in individu-
als over the age of 65. Every year, we observe an increasing
number of new cases correlated with the aging society [1]. It
is estimated that 50 million people worldwide suffer from de-
mentia, and this number will triple by 2050 [2]. The highest
number of cases are reported in North America and Western
Europe. In the USA, AD is the sixth leading cause of death
[3]. The disorder imposes an enormous burden not only on
affected individuals  but  also on their  relatives,  caregivers,
and healthcare systems. Despite significant advances in the
diagnosis of neurodegenerative disorders, there are still no
specific biomarkers that reflect the molecular mechanism un-
derlying AD. Therefore, it is crucial to find new biomarkers
that can help detect AD earlier in the course of the disease
and potentially contribute to the discovery of treatment.

AD is a chronic disorder in which pathological processes
begin at least 20 years prior to disease onset [3]. The etiolo-
gy of AD is heterogeneous and not fully understood. It is as-
sumed  that  genetic  and  environmental  factors  may  play  a
role in the pathogenesis of the disease. However, genetic cas-
es constitute less than 5% of AD cases overall, with several
gene mutations associated with the  disease.  In  early-onset
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Alzheimer's disease (EOAD), we can identify mutations in
three genes: presenilin 1, presenilin 2, and amyloid precur-
sor  protein  (APP)  [4],  whereas  sporadic,  late-onset  AD
(LOAD) is associated with the APOE ε4 gene [5]. The histo-
pathological hallmarks of AD include the gradual formation
of extracellular plaques composed of amyloid β and neuro-
fibrillary  tangles  (NFTs)  formed  by  hyperphosphorylated
tau. They cause neuronal and synaptic loss [6]. The most tox-
ic molecules involved in AD pathology are insoluble pep-
tides  of  amyloid-beta  1-42  (Aβ-42),  which  can  be  recog-
nized as unfamiliar by the immune system, triggering the in-
flammatory response. They are formed by proteolytic pro-
cessing of amyloid precursor protein by several secretases
[7].  The accumulation and aggregation of Aβ-42 initiate a
cascade of pathological processes, including neuroinflamma-
tion, which leads to CNS (Central Nervous System) cell da-
mage [8, 9]. However, several mechanisms are involved in
Aβ  removal  from the  brain,  such  as  transport  through  the
blood-brain  barrier  (BBB),  microglia,  enzymatic  degrada-
tion, and retention by CSF into the circulatory and lymphat-
ic system [10]. Disturbances in these processes can result in
increased amyloid accumulation. Amyloid-beta may also be
implicated in  tau hyperphosphorylation by modulating the
activity of kinases or phosphatases.

Another hallmark of AD is neurofibrillary tangles con-
nected with hyperphosphorylated tau [11]. Tau is a protein
responsible for stabilizing microtubules in neurons. A dec-
line in tau attachment to microtubules results in synaptic dys-
function. Moreover, tau is a subject of many post-translation-
al  modifications,  such  as  acetylation,  glycation,  nitration,
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and phosphorylation, particularly important in AD patholo-
gy [12]. The imbalance between tau kinase and phosphatase
activity results in increased tau phosphorylation and intracel-
lular tau aggregation, leading to the creation of NFTs in AD
patients. Finally, formed NFTs cause the weakening of sy-
naptic plasticity [13, 14], leading to the damage of neuronal
cells.

In the current review, we summarize recent studies in-
vestigating  the  role  of  various  inflammatory  molecules  in
AD pathology. Furthermore, advances in understanding po-
tentially novel mechanisms leading to AD and key genetic
polymorphisms of inflammatory molecules associated with
enhanced AD risk are described.

2. MECHANISMS OF NEUROINFLAMMATION

Mechanisms underlying AD neuroinflammation are still
not fully understood, although they have been investigated
for  over  20  years.  Numerous  genetic  and  immunological
analyses  have  shown a  significant  connection  between in-
flammation and AD pathology (Fig. 1) [15].

Krstic et al. presented a new perspective on inflamma-
tion related to late-onset AD, which illustrates the evolution
of AD pathology. According to Krstic, a healthy brain reacts
with elevated APP synthesis in normal conditions following
exposure to inflammation. This results in the aggregation of
its products. Moreover, in LOAD, tau hyperphosphorylation
and mislocalization are observed. Typically, microglia and
astrocytes are responsible for eliminating unnecessary aggre-
gates [16, 17]. Pathological processes in the brain may lead
to microglia overactivity and enhanced synthesis of pro-in-
flammatory cytokines without protecting normal microglia.
Consequently, neurons are more prone to neurotoxic degra-
dation and formation of plaques, thus increasing the pro-in-
flammatory  response  [17].  It  is  suggested  that  one  of  the
mechanisms  of  neuroinflammation  may  be  related  to  the
presence  of  antigen  CD14  on  microglia  and  LPS
(Lipopolysaccharide), which coordinate with toll-like recep-
tor 4 (TLR-4). This receptor is an important signaling pro-
tein capable of inducing microglial activation, which initi-
ates the production of proinflammatory cytokines [17]. Fur-
thermore, LPS may be associated with enhanced β- and γ-
secretase  activity,  resulting  in  increased  accumulation  of
Aβ1-42. These relationships indicate a link between amyloido-
genesis and neuroinflammation, although exact mechanisms
behind  this  process  are  still  not  fully  known  [18,  19].  As
mentioned above, the key contributors of the neuroinflamma-
tory reaction are microglia and astrocytes, which, when acti-
vated,  release  inflammatory  molecules,  such  as  cytokines
and chemokines, and regulate the intensity and duration of
the immune response.

Microglia are macrophages of brain tissue that play a pri-
marily protective function [20]. During brain development,
they are responsible for eliminating the surplus of synaptic
connections, while in a fully-developed, adult brain, they en-
gage in synaptic plasticity regulation and remodeling of neu-
ronal circuits [21]. Microglia can be transformed into their

activated form by a number of triggers, such as injury, pro-
inflammatory cytokines, or loss of ion homeostasis. In this
state,  microglia  are  capable  of  releasing  cytotoxic  factors,
free radicals, and proinflammatory cytokines, such as TN-
F-α [22]. Two activation states are generally distinguished:
M1: classical activation state and M2: alternative phenotype.
Lipopolysaccharide (LPS), IFN-γ, or TNF-α result in classi-
cal  activation,  which  is  involved  in  defense  mechanisms
against  pathogens  by  secreting  pro-inflammatory  factors,
such  as  IL-1β,  TNF-α,  IL-6,  and  reactive  oxygen  species
[23]. On the contrary, the M2 phenotype is induced by IL-4
and IL-13, resulting in the release of neuroprotective factors,
e.g., TGF-β, IL-10, and IGF-1 [23]. Through balancing in-
flammation, M2 microglia are capable of improving the re-
modeling  and  repairing  of  brain  tissue.  The  M1-to-M2
switch can be  very rapid  [24,  25].  On the  other  hand,  mi-
croglia  are  also  implicated  in  the  development  of  some
pathological  states.  They  are  involved  in  binding  to  Aβ
plaques via several receptors, such as CD14, CD36, and toll--
like  receptors,  TLR4  and  TLR2,  which  activate  microglia
and stimulate the enhanced release of proinflammatory fac-
tors by microglia [15, 26]. Moreover, the activated microglia
around senile plaques, which generate the proinflammatory
environment, promote senile plaque formation [27, 28].

Similar  to  microglia,  astrocytes  can  also  be  activated,
which are expressed by increased release of glial fibrillary
acidic protein (GFAP). Despite their neuroprotective func-
tion, they can also create an inflammatory environment by
releasing a number of  proinflammatory cytokines,  such as
TNF-α,  IL-6,  or  IL-12 [29,  30].  It  is  suggested  that  astro-
cytes may accumulate in close proximity to plaques and amy-
loid  β,  thus  promoting  astrocytes  activation  [31].  Studies
have confirmed the presence of activated astrocytes in the
brains of animal models and AD patients [29, 32]. There are
possibly a few mechanisms of astrocyte involvement in neu-
roinflammation. One of them may be astrocyte activation by
NFκB releasing complement protein C3, which binds neuro-
nal C3aR. NFκB controls neuronal function and durability,
thus proving the role of astroglia in neuronal damage [33,
34].

Neutrophils are white blood cells that act at the first line
of early innate immunity throughout phagocytosis, releasing
neutrophil extracellular traps (NETs) and producing reactive
oxygen species [35]. Studies have revealed abnormal reac-
tions  of  neutrophils  in  AD  [36].  Research  conducted  on
mouse models of AD has demonstrated the presence of neu-
trophils near amyloid plaques and the overactivity of neu-
trophils  caused  by  amyloid.  Moreover,  inhibiting  neu-
trophils through blocking LFA-1 integrin in the early stages
of dementia improved memory in mice [37]. These discov-
eries may suggest that the overactivity of neutrophils has a
detrimental effect on the brain in AD. Stock et al. revealed
that neutrophil granulate proteins might act as either neuro-
protective or neurotoxic molecules. Considering their protec-
tive functions, CAP37, cathepsin G, and neutrophil elastase
may help in Aβ cleavage, resulting in plaque removal [38].
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Fig. (1). The mechanism of neuroinflammation in healthy and AD brains. (A higher resolution / colour version of this figure is available in
the electronic copy of the article).

3.  RELATIONSHIP  BETWEEN  THE  GUT  MICRO-
BIOTA AND AD

A new perspective on neuroinflammation is offered by
exploring the connection between gut microbiota and the ner-
vous system. The so-called “brain-gut axis” is discussed in a
large  number  of  new  studies  exploring  its  contribution  to
AD pathology [39]. Research on rodent AD models and AD
patients has demonstrated different compositions of the gut
microbiota in AD patients in comparison to healthy controls,
which is associated with the loss of epithelial barrier integri-
ty  and  chronic  systemic  and  intestinal  inflammation  [40,
41]. Moreover, the gut microbiota synthesizes LPS, bacterial
amyloid, and other toxins, which can alter physiological bar-
riers and can be associated with systemic inflammation. De-
spite differences in structure between CNS and gut amyloid,
the latter can also cause enhanced immune responses, result-
ing in neuronal amyloid aggregation [39, 42, 43]. Further-
more, LPS release from the gut microbiota, in particular, can
result in microglial activation, thus disturbing amyloid remo-
val and neurotoxicity [39]. A study by Kim et al. demonstrat-
ed that transplanting healthy mice microbiota into AD mod-
els alleviated glial activation and formation of Aβ plaques
and NFTs [40]. Furthermore, the abundant presence of sever-
al bacterial, pro-inflammatory taxa, belonging to Escherichi-
a/Shigella, positively correlated with elevated blood levels
of pro-inflammatory cytokines, such as cytokines IL-1β, NL-
RP3, and CXCL2 in amyloid-positive patients, and negative-
ly correlated with anti-inflammatory E.rectale [44]. Interest-

ingly, probiotic treatment resulted in a reduction in the lev-
els of IL1α, IL1β, IL2, IL12, IFNγ, and TNFα, and an in-
crease in the levels of IL4 and IL6, which are anti-inflamma-
tory cytokines [45].

4. POTENTIAL DIAGNOSTIC USEFULNESS OF IN-
FLAMMATORY PROTEINS IN AD PATHOLOGY

Inflammation  plays  a  pivotal  role  in  the  development
and  progression  of  AD.  Comprehensive  brain  imaging
studies have supported the relationship between potentiated
neuroinflammation and progression of MCI (Mild Cognitive
Impairment) and AD [46]. However, little is known about in-
flammation during the early stages of cognitive decline or
whether  it  differs  in  different  neurodegenerative  diseases.
Identifying inflammatory profiles in the cerebrospinal fluid
(CSF) and blood of patients may help find novel biomarkers
reflecting AD pathology and explore possible therapeutic tar-
gets.

Many proteomic studies have analyzed the direction of
changes, significance, and diagnostic usefulness of specific
inflammatory biomarkers in the pathology and progression
of AD [47]. CSF levels of selected inflammatory proteins al-
low for the discrimination of patients with dementia (MCI
and AD) from subjects without cognitive decline. Further-
more, CSF levels can be associated with amyloid and/or tau
pathology. A recent study has revealed that although the cor-
relations between neuropsychological performance and in-
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flammatory markers were weak, they were most apparent in
AD and cognitive tests [48]. It  is indicated that a panel of
specific  proteins  reflecting  different  pathological  mech-
anisms could be a valuable and potent tool for a more defini-
tive diagnosis of AD and a more precise classification of pa-
tients suffering from the disorder.

Current data have suggested the utility of machine learn-
ing tools to investigate novel biomarkers for AD. It is an arti-
ficial intelligence algorithm that chooses the best model to
decode available data [49]. It has been revealed that the spe-
cificity and sensitivity of diagnosis may be significantly en-
hanced by combining machine learning, numerous variables,
and novel biomarkers [50]. A recent comprehensive meta-a-
nalysis has demonstrated that naive Bayes and random for-
est models seem to be the best models for determining sus-
ceptibility to MCI and AD [50]. Abate et al.  revealed that
machine learning models use plasma levels of unfolded p53
(U-p532D3A8+),  MMSE  scale,  and  apolipoprotein  E  ep-
silon-4 (APOEε4), allowing AD prediction with nearly 87%
agreement with clinical diagnosis. Moreover, plasma levels
of unfolded p53 (U-p532D3A8+) could be a promising po-
tential blood biomarker for AD [51]. Another group of re-
searchers found that combining different methods of deep-
-learning convolutional neural networks (CNNs) with an au-
tomatic image interpretation system of FDG and florbetapir
tau PETcould accurately predict future cognitive decline in
patients with MCI with significantly higher prediction accu-

racy (84.2%) for conversion to AD in comparison to conven-
tional methods [52]. Studies have demonstrated encouraging
results  concerning  machine  learning  techniques  and  novel
biomarkers as a promising approach for AD prediction [50].

4.1. Changes in the Concentrations of Proinflammatory
Proteins in Dementia

Growing  evidence  from  comprehensive  proteomic
studies has suggested that increased concentrations of inflam-
matory proteins could be a useful biological marker of cogni-
tive decline severity. Measuring changes in the levels of se-
lected inflammatory proteins in CSF and blood may allow
for monitoring of disease progression (Table 1).

Cytokines are a large family of proteins, including inter-
leukins and chemokines, which are released following activa-
tion  by  infection,  inflammation,  or  damage  of  brain  cells.
They are a heterogeneous group of proteins that can act as
pro-and anti-inflammatory factors  [70].  One of  the largest
groups of proinflammatory proteins modulating inflammato-
ry response in the CNS is interleukins. A growing body of
evidence  indicates  that  assessing  cytokine  profiles  in  the
CSF and serum of patients with dementia could be a useful
diagnostic tool for monitoring disease progression. Studies
on mice and humans have identified several interleukins, in-
cluding IL-1, IL-6, TNF-α, which contribute to the progres-
sion of AD.

Table 1. Direction of changes in the concentrations of proinflammatory proteins in patients with dementia.

Protein Patients Controls CSF Serum Plasma Whole Blood Refs.

IL-1β AD=60 94 - ↑ - - [53]

IL-1β AD=58 31 - ↑ - - [54]

IL-1β AD=11 12 ↑ - - - [55]

IL-6 AD=2295 2498 - - - ↑ [56]

TNF-α AD=2433 1984 - - - ↑ [56]

TNF-α EOAD=22 50 - ↑ - - [57]

TNF-α LOAD=54 50 - ↑ - - [57]

TNF-α AD=32 17 ↑ - - - [58]

CCL2 AD=310 120 - - ↑ - [59]

CCL2 MCI=66 120 - - ↑ - [59]

CX3CL1 AD=42 20 ↑ - - ↑ [60]

CX3CL1 MCI=18 20 ↑ - - ↑ [60]

IL-15 AD=17 32 ↑ - - - [61]

IL-15 AD=57 508 ↑ - - - [62]

IL-15 MCI=256 508 ↑ - - - [62]

IL-4 MCI=21 20 - - ↑ - [63]

IL-10 AD=27 18 - ↑ - - [64]

IL-10 MCI=21 20 - - ↑ - [63]

CXCL-12 AD=30 30 - - ↓ - [65]

sTREM2 AD=66 100 ↑ - - - [66]

sTREM2 MCI=184 100 ↑ - - - [66]

YKL-40 AD=11 35 ↑ - - - [67]

HMGB1 MCI=12 12 - ↑ - - [68]

GPNMB AD=10 10 ↑ - - - [69]
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The contribution of IL-1, particularly IL-1β isoform, to
the  pathogenesis  of  AD  is  well  described  in  the  literature
[18, 23, 58]. During inflammation in the CNS, interleukin 1
is released by activated microglial cells. This is confirmed
by a study conducted by Griffin et al.,  in which increased
levels of IL-1 in the brain tissue, CSF, and serum of patients
with AD were found [71]. Studies by Griffin et al. revealed
that elevated expression of IL-1 is associated with tau phos-
phorylation and NFT formation through kinase MAPK-P38
activation and IL-1-driven cascades [71, 72]. A comparable
tendency in IL-1β has been described in patients with MCI
[54, 73]. However, CSF IL-1β levels are decreased in amnes-
tic MCI patients [74].

Mounting evidence indicates the significance of IL-6 in
the  development  of  inflammation  in  the  brains  of  AD pa-
tients [75-77]. IL-6 is a major proinflammatory cytokine, the
expression of which is increased in the brains of AD patients
[76]. This interleukin is released during microglia activation
caused  by  APP  amino  acids  and  is  found  near  amyloid
plaques  [78].  Various  cellular  models  have  demonstrated
that  IL-6  has  a  pleiotropic  effect.  By  way  of  illustration,
IL-6 contributed to the activation of APP expression in pri-
mary rat cortical neurons, whereas no effect was observed
on glial cells [79, 80]. It is suggested that higher levels of
IL-6 and IL-1β mRNA are associated with different expres-
sions.  The involvement of  IL-6 in neuroinflammation was
confirmed  by  treating  hippocampal  neurons  with  IL-6,
which resulted in the elevation of hyperphosphorylated tau
[81].  In  the  Mayo Clinic  Study  of  Aging,  a  greater  likeli-
hood of diagnosing MCI was connected with enhanced IL-6
levels [82]. Moreover, it seems that soluble receptor IL-6Rα
may also be a marker for early pathology in AD. Wang et al.
assessed a panel of 43 inflammatory proteins in the CSF of
patients  with  AD  and  subjective  cognitive  decline  (SCI).
The authors reported that  elevated levels of IL-6Rα in the
SCI of patients may be related to an undiagnosed psychologi-
cal stress reaction and may lead to the development of future
cognitive decline [83].

IL-15 is  a  pleiotropic  cytokine  expressed  in  astrocytes
and activated microglia. In a pro-inflammatory state, this cy-
tokine is responsible for T and B cell proliferation. Neverthe-
less, IL-15 may also act as a neuroprotective protein. It pro-
motes T cell recruitment in an injured brain, which is associ-
ated  with  neuroprotection  [84,  85],  but  its  specific  role  in
neurodegeneration  is  still  not  fully  understood.  However,
studies  have  demonstrated  a  close  connection  between
serum  IL-15  levels  and  dementia  [84].  Research  on  the
brains of AD patients has revealed markedly elevated IL-15
levels in the advanced stages of the disease [86]. Moreover,
analyses of the CSF of AD patients also revealed elevated
levels of IL-15 [58, 62, 83], which were correlated with age
of onset [61].

Anti-inflammatory cytokines are responsible for neutral-
izing and preventing inflammation. IL-4 has been described
as a cytokine,  which inhibits  the release of  TNF-α,  IL-1β,
and IL-6 by activated monocytes [87]. In AD, IL-4 induces
M2 microglia activation, in which microglia release anti-in-

flammatory  cytokines,  such  as  IL-10.  Higher  IL-4  levels
were observed in MCI and AD patients, although they were
negatively correlated with disease severity [63].  However,
Leung  et  al.  discovered  that  in  patients  with  AD showing
rapid cognitive decline, IL-4 levels were significantly elevat-
ed compared to patients with slow cognitive decline [88]. As
acetylcholinesterase is linked to amyloid deposits, studies in-
volving  treatment  with  Acetylcholinesterase  inhibitors
(AChEI)  were  conducted.  It  was  found  that  the  therapy
caused upregulation of IL-4 in AD patients [89, 90]. More-
over, treating mice with IL-4 was associated with both a dec-
line in Aβ aggregation and a reduction in tau phosphoryla-
tion [91, 92].

Il-10 is another anti-inflammatory cytokine found in the
M2 microglia activation state [23]. This cytokine is predomi-
nantly regarded as an inhibitor of the expression of several
inflammatory cytokines, such as IL-1β and TNF-α, as well
as  an  inhibitor  of  antigen  presentation  through  inhibiting
MHC II and CD80 on cells [93]. In mouse models of AD,
improvement in neurogenesis was linked with the upregula-
tion of IL-10 [94]. Research on gene polymorphism in the
IL-10 gene, which relates it to AD pathology, is currently un-
derway [95]. Studies examining the CSF and blood of AD
patients have demonstrated elevated levels of this cytokine
in comparison to non-demented controls [58, 63]. Moreover,
IL-10 plasma levels were negatively correlated with ventricu-
lar  and  brain  volume  obtained  using  neuroimaging  MRI
tests [88]. Additionally, CSF levels of Aβ42 and Aβ42/p/tau
ratio  were  negatively  correlated  with  IL-10  serum  levels
[64].

The physiological role of TNF-α (Tumor Necrosis Fac-
tor-α)  in  the  CNS  is  extensive,  which  includes  promoting
cell migration and proliferation, impacting synaptic plastici-
ty, and maintaining ion homeostasis. However, TNF-α is al-
so involved in neuropathology as it stimulates the activation
of  microglia  and  astrocytes  and  causes  synaptic  loss  [96].
Activated microglia and astrocytes are the main structures re-
leasing this protein [22]. Increased expression of TNF-α in
the brains of AD patients [97] and elevated levels of TNF-α
in body fluids of AD patients compared to healthy controls
have  been  evaluated  in  recent  articles  [56,  58,  98].  It  has
been  suggested  that  TNF-α  contributes  to  AD  pathology
through modulation of Aβ plaque formation and regulation
of the glial response by recruiting peripheral monocytes into
the brain [99, 100]. Furthermore, some studies have indicat-
ed a relationship between elevated CSF and serum concentra-
tions of TNF-α in EOAD and LOAD compared to non-de-
mented controls [57, 58].

Physiologically, chemokines expressed within the CNS
may play a role in initiating progenitor cell and neuronal mi-
gration during brain development and may function as troph-
ic factors for neurons. A close relationship between the ex-
pression of selected chemokines (e.g., CX3CL1, CXCL12,
CCL2)  and  the  influx  of  inflammatory  cells  into  the  CNS
has been demonstrated. Chemokines expressed in the CNS,
i.e., CX3CL1 and CXCL12, seem to be key players in the de-
velopment of inflammation present in the brains of AD pa-
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tients. Fractalkine (CX3CL1) seems to be a pivotal factor in
the development of dementing disorders, particularly in the
early stages of the disease [60]. Fractalkine and its CX3CR1
receptor are particularly interesting in the context of an asso-
ciation between AD and inflammation. CX3CL1 is engaged
in the communication between neurons and microglia cells
expressing  CX3CR1.  It  has  been  demonstrated  that  the
CX3CR1/CX3CL1  complex  modulates  neuronal  survival,
plaque load, and cognition [15]. Therefore, dysregulation of
the CXC3CL1 pathway exerts harmful effects on neurogene-
sis, synaptic plasticity as well as cognition [101, 102]. Dis-
turbance in the CX3CL1 signaling axis has been described
in  several  neurodegenerative  diseases,  including  AD,  al-
though its specific role has not been fully elucidated to date
[103-106].  Findings  from  investigations  involving  animal
models of AD confirmed that CX3CR1/CX3CL1 interaction
participates  in  the  clearance  of  amyloid  plaques  and  may
play a role in the intraneuronal accumulation of hyperphos-
phorylated tau [60]. CX3CL1 may be useful as an early bio-
marker in the diagnosis of cognitive disorders, particularly
MCI and AD. Furthermore, it is suggested that increased lev-
els of CX3CL1 may predict the risk of future dementia in in-
dividuals who are cognitively normal. The inclusion of CX3-
CL1 in the biomarker panel may improve the diagnostic per-
formance of established biomarkers (Aβ1-42, tau, pTau), par-
ticularly in patients with mild cognitive decline [60].

A very important chemokine in the process of neurore-
generation seems to be CXCL12, also known as stromal cel-
l-derived factor 1 (SDF1). Studies have revealed that mice
without CXCL12 died during the embryonic period due to
serious defects in nervous and hematopoietic systems [107].
Furthermore,  Trousse  et  al.  demonstrated  that  CXCL12
knockdown  mice  models  have  disturbed  memory  and  im-
paired  ability  to  learn  [108].  This  chemokine  binds  to  the
CXCR4  receptor,  being  the  only  chemokine  ligand  that
binds to this receptor [109]. It is not only expressed in pe-
ripheral blood but also in microglia, astrocytes, and neurons
[110]. Studies on transgenic mice have demonstrated altered
expression  of  CXCR4  near  NFT  [111].  Moreover,  it  has
been found that the brains of both AD patients and mice ex-
pressed decreased levels of CXCL12 in comparison to con-
trols [109, 112]. Furthermore, Janssens et al. reported that in-
jection of CXCL12 into brain ventricles of mice was associ-
ated with a decreased number of amyloid aggregates [109].
This  may contribute  to  reduced plasma and CSF levels  of
CXCL12 in patients with mild AD [65]. Interestingly, treat-
ing mouse models of AD with SDF1 resulted in a decrease
in the number and range of AB plaques [113], indicating a
protective role of this cytokine.

As CCL2, also known as monocyte chemoattractant pro-
tein-1 (MCP-1),  is  responsible for macrophage and mono-
cyte migration [114] and microglia activation during inflam-
mation, it is linked to aggregation of Aβ plaques during AD
pathology [115]. Research on AD brains has demonstrated
the overexpression of CCL2, particularly in microglia, astro-
cytes,  and  near  Aβ  plaques  [59,  115,  116].  Interestingly,
MCP-1  expression  is  also  regulated  by  amyloid  1-42,  as
proven in a study on cell cultures [117] and AD brains. The

expression  could  be  mediated  by  the  JNK-AP1  signaling
pathway  [118].  The  axis  between  CCL2  and  its  receptor,
CCR2, is linked to AD development through provoking the
inflammatory  cascade,  facilitating  the  migration  of
macrophages  to  the  brain,  and  regulating  other  cytokines
linked to inflammation [119]. Recent data have shown that
plasma  and  CSF  levels  of  CCL2  are  elevated  in  AD  and
MCI compared to controls, higher in AD patients than indivi-
duals  with  MCI,  and  correlated  with  disease  progression
[59,  120,  121].  Furthermore,  rapidity  of  cognitive  decline
was  described  in  prodromal  AD  patients  in  combination
with  CCL2  levels  [122].

CXCR3 is a chemokine receptor expressed not only in as-
trocytes  and  microglia,  both  in  the  activated  and  resting
states, but also in neurons [123, 124]. Studies have demons-
trated that lowering the expression of CXCR3 in transgenic
mice reduced the number of amyloid plaques and decreased
Aβ  protein  levels  [125].  As  CXCR3  binds  to  a  group  of
chemokines, including CXCL9, CXCL10, and CXCL11, sci-
entists have also decided to examine them. Elevated levels
of CXCL10 were found in MCI and AD patients compared
to controls. Furthermore, the chemokine was positively cor-
related with MMSE [126, 127]. In a study by Corrêa et al.,
the same observations were made between CXCL10 and Aβ
in AD patients, although the levels of this chemokine did not
differ between the groups [128].

4.2.  Genetic  Polymorphisms  of  Inflammatory  Proteins
and Risk of Dementia

Studies have demonstrated that not only monitoring of
changes in the concentrations of proteins associated with in-
flammation but also polymorphism in inflammation-related
genes may be important in the assessment of cognitive im-
pairment development. Advanced technologies for the analy-
sis of genetic polymorphism have identified numerous genet-
ic loci that affect AD. Moreover, it has been observed that
both  pro-  and  anti-inflammatory  molecules,  particularly
IL-1A, TNF-α, VEGF, IL-4, IL-10, and TGF-β1, are associ-
ated with a higher risk of AD [129]. Interestingly, the analy-
sis  of  numerous polymorphisms in different  ethnic groups
from different regions showed that the same genotype might
either increase or exert no impact on AD risk, depending on
the population. By way of illustration, IL-1A 889 C/T poly-
morphism seems to be a risk factor for Caucasians but not
Asians [130, 131]. It is suggested that polymorphism may in-
fluence  the  expression  of  cytokines  in  AD,  leading  to  in-
creased gene transcriptional activity and abundant proinflam-
matory cytokine release by microglia after stimulation [132,
133].  Investigations  of  the  relationship  between  polymor-
phisms in inflammatory molecules and AD risk could pro-
vide a deeper insight into the biological mechanisms of the
disease and may contribute to finding effective therapies.

Knowing that cytokines play an important role in neu-
roinflammation, researchers have started to investigate the
influence of gene polymorphisms on overall AD risk [129].
It  was  found  that  the  IL-1  beta  -511  C/T  genotype  was
linked to the risk of developing AD in the Caucasian popula-
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tion independent of the presence or absence of APOE4 allele
[134], similar to IL1B +3953 TT polymorphism, which was
also associated with a higher risk of AD [135]. TNF-α -308
A/G gene alterations, similar to IL-1, were found to be asso-
ciated  with  an  increased  risk  of  AD  but  only  in  the  East
Asian population, with no such association found in Euro-
pean or Middle Eastern subjects [136]. IL-4 polymorphism
was  also  studied,  and  it  was  revealed  that  −590  C/T  and
−1098 T/G alterations were associated with altered IL-4 tran-
scription, causing an increased risk of AD [137, 138].

Although gene alterations are commonly negatively cor-
related with disease, some of them act as protective agents.
A meta-analysis by Hua et al. demonstrated that −174 G/C
polymorphism occurring in IL-6 could display a protective
ability  in  the  Asian  population  [130].  Studies  on  IL-10
-1082A genotype in the Brazilian population revealed a de-
creased risk of AD compared to other examined genotypes
[139].

Recent genome-wide association studies (GWAS) have
established  that  TREM2  triggering  receptors  expressed  in
myeloid cells-2 and CD33, which have been proven to parti-
cipate in innate immune activation, are genes related to the
risk of AD. Recent investigations have linked TREM2 and
antigenCD33 dysfunction to the promotion of inflammation,
which leads to Aβ production, although further research is
needed.  To  confirm  GWAS  findings,  the  expression  of
CD33 mRNA was tested, and the results showed its elevated
expression in microglia [140]. Furthermore, it was found to
be  positively  correlated  with  the  number  of  plaques  and
Aβ1-42 levels [141]. In turn, TREM2 variants were linked
to accelerated brain atrophy compared to non-carriers [140].
Furthermore,  these  variants  may  alter  TREM2  receptors,
probably affecting Aβ clearance and, as a result, promoting
neurodegeneration  [140,  142].  Mouse  models  of  AD  with
TREM2 and CD33 deletions confirmed this hypothesis by
associating them with a microglial  impairment that causes
Aβ production [143, 144].

4.3. Biomarkers of Glial Activation

Glial  cells  are  non-neuronal  cells  located  within  the
whole nervous system (central and peripheral NS), provid-
ing structural and metabolic support for the neurons, main-
taining synaptic homeostasis, involving in neuronal repair,
and eliminating pathogens and dead CNS cells. Glial activa-
tion occurs as part of an altered immune response character-
ized by an enhanced inflammatory response during AD pro-
gression. Notably, a longitudinal TSPO-PET study revealed
diminished microglial activation over time in patients at the
MCI  stage  and  increased  activation  in  patients  at  the  AD
stage of dementia [145]. These results suggest that at the ear-
ly onset of dementia, microglial activation has beneficial ef-
fects, whereas it is rather detrimental in the later stages of
the disease. Well-known markers of glial activation seem to
be  TREM2  and  chitinase-3-like  protein  1  (CHI3L1),  also
known as YKL-40.

TREM2, when expressed in microglia, is thought to posi-
tively regulate neuroinflammation through plaque phagocyto-

sis. On the other hand, it can exert a negative effect in the lat-
er stages of the disease by inducing inflammatory responses.
It has been established that TREM2 is overexpressed in the
brains of AD patients [146]. Moreover, significantly higher
concentrations of soluble TREM2 have been observed in the
CSF of patients with AD. sTREM releases into CSF through
ADAM10 and ADAM17 cleavage. Additionally, significant-
ly elevated levels of TREM2 have been observed in the CSF
of early symptomatic AD patients [147-149]. A recent study
has found that CSF levels of sTREM2 are positively correlat-
ed with T-tau and P-tau concentrations, suggesting a role of
this  protein  in  the  neurodegenerative  process  of  AD
[147-150].

A crucial marker of glial activation is YKL-40, a glyco-
protein found in the astrocytes of healthy and AD patients'
brain tissues [151]. The overall role of YKL-40 in the physi-
ological state remains unknown. However, based on a num-
ber of studies, we can assume that in AD, pro-inflammatory
cytokines, such as TNF-α and IL-1β, may trigger YKL-40
expression  from  astrocytes  [152].  Furthermore,  based  on
studies using knockout mice, we can hypothesize the neuro-
protective role of this cytokine. These studies have revealed
more severe neuropathology and noticeable gliosis in knock-
out mice than wild-type controls [153, 154]. YKL-40 has a
few homologs, such as chitinase-3 like 3 (CHI3L3) and chiti-
nase-3 like 2 (CHI3L2), which are shown to increase mRNA
expression, and are found in the brains of AD mouse models
as well as the human AD brain [155]. Increased concentra-
tions of YKL-40 have been observed in fully developed AD
and, importantly, in the very early stages of the disease (pre-
clinical AD, very mild, and mild dementia) [67, 156]. The
correlation with elevated levels of total and phosphorylated
tau may indicate a pivotal role of this protein in AD patholo-
gy. Notably, it appears that YKL-40 may also be a prognos-
tic marker for monitoring disease progression in individuals
with and without cognitive impairment symptoms. Interest-
ingly, a recent study has demonstrated that higher levels of
YKL-40 are present only in AD with ongoing dementia and
correlated with increased astrogliosis [157]. Furthermore, el-
evated  concentrations  of  YKL-40  predicted  progression
from MCI to symptomatic AD and other types of dementia,
as measured by an annual assessment of MMSE during the
follow-up. Elevated YKL-40 concentrations in patients with-
out dementia are found to be associated with a higher risk of
developing AD dementia [62].  These findings indicate the
prognostic  value  of  YKL-40  as  a  potential  biomarker  for
AD.

4.4. Novel Biomarkers

High mobility group box-1 (HMGB1), a novel protein,
is considered a potential biomarker for AD. It is a nonhis-
tone, nuclear protein, part of the damage-associated molecu-
lar pattern (DAMP) expressed in many types of cells, includ-
ing  the  brain,  microglia,  and  neurons  [158].  It  has  been
proven that HMGB1 induces inflammation through binding
to RAGE and TLRs, which results in the production of proin-
flammatory cytokines [159]. Research on AD has revealed
that HMGB1 is involved in maintaining amyloid β 1-42 oli-
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gomer stability. Studies on brain tissue have demonstrated
that  AD  patients  have  elevated  levels  of  this  protein  than
controls. Moreover, a study used immunostaining to detect
HMGB1 in Aβ plaques, suggesting a tendency for this pro-
tein to accumulate in plaques [160]. Elevated serum levels
of HMGB1 in AD patients in comparison to controls were
found.  Moreover,  subjects  with  MCI  showed  even  higher
concentrations  in  comparison  to  patients  with  AD  [68],
which may indicate its crucial role in the early onset of the
disease.

Another factor of potential significance in AD patholo-
gy, which is also considered a possible biomarker, may be
glycoprotein non-metastatic melanoma protein B (GPNMB).
It is a type I transmembrane protein, firstly isolated from a
poorly metastatic melanoma cell line [161]. GPNMB is in-
volved in osteoclast differentiation and deterioration, and T--
cell activation. It acts as a negative regulator of macrophage
inflammatory responses [162, 163]. Studies using transgenic
mice have demonstrated GPNMB expression in neurons and
astrocytes. Nonetheless, its role in the brain is still not fully
known.  Overexpression  of  GPNMB  has  been  detected  in
some neurodegenerative disorders, such as Amyotrophic Lat-
eral Sclerosis (ALS) [164]. Moreover, Murata et al. showed
its potential neuroprotective function by improving memory
in overexpressed mice [165]. Satoh et al. demonstrated that
activated  microglia  accumulating  around  senile  plaques
caused elevated levels of this protein in AD brains [166]. Re-
cent studies have associated GPNMB only with activated mi-
croglia occurring during AD. Furthermore, analysis of im-
mortalized  microglia  cell  lines  produced  data,  associating
soluble Aβ with GPNMB expression. The same study con-
firmed these results as elevated levels of this protein were
not only found in the brains but also in the CSF of AD pa-
tients in comparison to controls [69]. However, a study con-
ducted by Aichholzer et al.  did not confirm these findings
[167].

The proteins  described in  this  paper  play an important
role not only in the pathogenesis of neurodegenerative dis-
eases but may also be useful for diagnostic purposes. Deter-
mination of  their  concentrations in CSF requires a  lumbar
puncture,  which  has  certain  medical  and  legal  limitations.
Since it is more invasive than drawing blood, it requires addi-
tional consent from the patient, which is regulated different-
ly in every country in which the patient is treated [168]. Vari-
ous branches of law generally contain provisions that regu-
late specific areas of social relations and protect the rights of
the parties to these relations. This also applies to the norms
of medical law, which, among other things, defines the rela-
tionship  between  medical  professionals  and  their  patients.
The regulation of these relations is manifested, inter alia, in
the indication of the rights of the patient and the correspond-
ing  duties  of  the  doctor  or  another  individual  performing
medical procedures. Therefore, it seems that the possibility
of determining some of the proteins described in this work
in the blood is very important not only for medical reasons
but is also associated with fewer legal restrictions. Consider-
ing the fact that the person's welfare can be endangered in
various  medical  activities,  they  are  often  subjected  to  de-

tailed regulation not  only by medical  but  also by criminal
law. This is particularly evident in the case of AD patients.
They are not  always able to consent  to additional  medical
procedures concerning them, including a lumbar puncture.
Therefore, the issues addressed in this paper regarding the
significance of inflammatory markers in the pathogenesis of
AD,  and  the  possibility  of  their  determination  in  blood,
which is less complicated to obtain than a lumbar puncture,
encompasses medical, economic as well as legal issues.

4.5. Other Molecules Associated with AD

Recent studies have suggested that it is not only proteins
that can be used in diagnosing and monitoring the disease.
Iron, copper, and zinc are important metals participating in
healthy  brain  processes.  However,  their  accumulation  and
homeostatic  imbalance may act  as  a  trigger  of  the  disease
and facilitate its progression. A recent analysis of the brains
of AD patients has revealed significant aggregation of these
metal ions [169]. The aforementioned molecules tend to ac-
cumulate near senile plaques and NFTs [170]. Interestingly,
they also have a significant association with the molecular
basis of AD. An excessive amount of copper is known to en-
hance APP expression and production of Aβ [171].  More-
over,  iron and copper  modulate  APP levels  by controlling
transcription and translation of APP genes [172]. Therefore,
a recent study has analyzed metal levels in the CSF of AD
patients. It was demonstrated that ferritin concentrations are
correlated with lower levels of Aβ 1-42. The discovery de-
monstrated that iron might be linked to amyloid deposition
and,  as  a  result,  stimulate  AD progression  [173].  Another
study revealed a correlation between higher iron and copper
levels, and elevated concentrations of the established mark-
ers of the disease, such as Aβ 1-42 and p-Tau [174]. These
findings confirmed the potential utility of metal ions as nov-
el biomarkers for AD or even as a therapeutic strategy [172].

5.  AVAILABLE  AND  POTENTIAL  TREATMENT
FOR AD

At the beginning of June 2021, the US Food and Drug
Administration (FDA) approved the first drug, Aduhelm (ad-
ucanumab), for the treatment of AD. It is a monoclonal anti-
body targeted amyloid β plaques immunization [175]. Unfor-
tunately, Aduhelm (aducanumab) is not a cure for the dis-
ease. Until this year, established drugs are only symptomat-
ic,  not  capable  of  halting  or  slowing  neurodegeneration.
Donepezil,  galantamine,  and  rivastigmine  work  as  cho-
linesterase inhibitors, while memantine is an antagonist of
the N-methyl-D-aspartate receptor [176]. Knowing how im-
portant  neuroinflammation  is,  researchers  have  started  to
consider new strategies regarding this issue, particularly us-
ing anti-inflammatory drugs [177]. Epidemiological studies
conducted in the last decades have demonstrated that the use
of  non-steroidal  anti-inflammatory  drugs  (NSAIDs)  could
protect individuals against AD. However, findings from clin-
ical trials concerning the effectiveness of anti-inflammatory
drugs in AD therapy are controversial and divergent [178].
However, research on a possible treatment for AD in various
fields is still being pursued with a particular focus on non-
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pharmacological approaches. Therefore,  plant extracts and
nutritional approaches to the treatment of the disease are be-
ing investigated. Garlic has an established role in the treat-
ment of different diseases, such as cardiovascular and gas-
trointestinal disorders and cancer [185-187]. Therefore, re-
searchers have started to examine the impact of “Aged Gar-
lic Extract” (AGE) and S-Allyl-L-Cysteine (SAC) in vitro
on AD models with positive outcomes [179, 180]. A recent
study on neuronal cells treated with AGE and SAC stimulat-
ed by reactive oxygen species (ROS) has demonstrated that
both substances may exert neuroprotective and neurorescue
effects, protecting neurons from ROS insults and maintain-
ing pre-synaptic proteins [182]. The same study showed the
benefits of pre-treatment with AGE, protecting around 80%
of neuronal cells from ROS [179]. Furthermore, another in
vitro  study  indicated  that  both  SAC  and  AGE  may  affect
Aβ, resulting in a decrease in the number of plaques in AD
model brains, although the specific mechanism has not yet
been fully  known [181,  182].  A different  substance  worth
mentioning is curcumin. It is a polyphenol found in turmer-
ic, a spice with a distinct yellow color that is widely used in
cooking [183]. Curcumin is known for its anti-inflammato-
ry,  antitumor,  and  antioxidant  properties  [184].  In
Alzheimer’s disease, research regarding curcumin in AD has
demonstrated that the compound has the ability to inhibit Aβ
and  tau  aggregation  in  vivo  [188].  Moreover,  a  study  by
Khanna et al. revealed that curcumin might have anti-inflam-
matory and neuroprotective effects [189]. The main pathway
by which curcumin work is believed to be through NFkB in-
hibition by preventing phosphorylation of IkB and consecu-
tive activation of NFkB [190]. Interestingly, this substance
is  capable  of  inhibiting  enzymes,  such  as  β-secretase
(BACE-1), which are responsible for APP cleavage [191].
The limitation of using curcumin is its poor bioavailability
due to its solubility in water. Thus, a new form of the subs-
tance,  a  polymeric  nanoparticle  encapsulated  curcumin
(NanoCurc™), has been developed [192]. A study by Ray et
al. demonstrated that the use of NanoCurc™ protected neu-
ronally differentiated human cells from oxidative stress. Fur-
thermore, cell cultures treated with NanoCurc™ displayed
elevated  levels  of  Neuron  Specific  Enolase  (NSE),  which
may suggest the protective role of the molecule on the neuro-
nal  phenotype.  On  the  other  hand,  animal  models  treated
with this molecule showed decreased levels of ROS, but al-
so  attenuated  activity  of  caspase-3  and  caspase-7  in  the
brain.  Interestingly,  it  also  exerted a  positive  effect  on al-
ready ROS insulted cells. These findings suggested the thera-
peutic application of NanoCurc™ in AD patients, particular-
ly considering its ability to cross the BBB [193].

Another interesting theory concerns music therapy as a
potential AD agent. Increasing evidence indicates that listen-
ing  to  music  may  improve  aspects  of  memory  in  patients
with dementia [194]. Although the exact mechanism has not
been fully elucidated, it is known that music interacts with
brain regions responsible for emotions and decision-making.
This  has  led  to  the  establishment  of  some  possible  mech-
anisms underlying this phenomenon, such as dopaminergic
pathway activation or sympathetic arousal [194]. A systemat-

ic review conducted by Garcia-Casares et al. confirmed the
beneficial influence of music therapy on cognition, emotion,
and behavior in AD patients [195]. Interestingly, this type of
therapy resulted in a marked improvement in memory and
orientation and alleviated depression and anxiety in AD pa-
tients  after  only  four  sessions  [196].  However,  further  re-
search is needed in this regard.

CONCLUSION

A growing number of scientific reports have demonstrat-
ed that neuroinflammation seems to be an important factor
in Alzheimer’s pathology, which influences amyloid deposi-
tion,  NFT  formation,  and  consequently  leads  to  neuronal
death.  During  this  process,  activated  microglia  and  astro-
cytes release pro- and anti-inflammatory cytokines that mod-
ulate inflammation in the CNS. In a healthy brain, they are
capable of eliminating abnormalities, whereas, in AD, their
over-activation cause elevated expression of cytokines, thus
inducing  neuroinflammation.  Investigation  of  these  cy-
tokines released by activated microglia might be helpful in
diagnosing the disease in the early stages due to anti-inflam-
matory M2 type microglia, which are involved in Aβ clear-
ance before they switch to a more damaging M1 phenotype.
Studies in recent years have highlighted the relationship be-
tween inflammation in the gut and brain and its association
to neuroinflammation in AD. Comprehension and recogni-
tion  of  the  mechanisms  of  inflammatory  molecule  release
might establish a panel of proteins that may potentially be
used as new biomarkers.  Considering that AD is a hetero-
genic disorder, it seems that a combination of multiple mark-
ers reflecting various pathomechanisms and different stages
of disease progression could be the most effective strategy.
These discoveries would improve the detectability of the dis-
ease and enable the discovery of possible anti-inflammatory
treatment. In this review, we described pivotal inflammatory
molecules with the inclusion of new and potential ones and
hypothesized their use as novel biomarkers for AD. Howev-
er, further studies are needed to fully understand the contri-
bution  of  neuroinflammation  to  AD  pathology  and  deter-
mine the clinical utility of these inflammatory markers in the
diagnosis, prognosis, and management of AD.

LIST OF ABBREVIATIONS

AChEI = Acetylcholinesterase Inhibitors
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ALS = Amyotrophic lateral sclerosis
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BBB = Blood Brain Barrier
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GWAS = Genome-wide Association Studies

HMGB1 = High Mobility Group Box-1
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LPS = Lipopolysaccharide
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NETs = Neutrophil Extracellular Traps

NFT = Neurofibrillary Tangle

NSAIDs = Non-Steroidal Anti-Inflammatory Drugs
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ROS = Reactive Oxygen Species
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