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Abstract: Alzheimer’s disease (AD) is a progressive neurodegenerative disorder; it is the most
common cause of dementia and has no treatment. It is characterized by two pathological hallmarks,
the extracellular deposits of amyloid beta (Aβ) and the intraneuronal deposits of Neurofibrillary
tangles (NFTs). Yet, those two hallmarks do not explain the full pathology seen with AD, suggesting
the involvement of other mechanisms. Neuroinflammation could offer another explanation for the
progression of the disease. This review provides an overview of recent advances on the role of
the immune cells’ microglia and astrocytes in neuroinflammation. In AD, microglia and astrocytes
become reactive by several mechanisms leading to the release of proinflammatory cytokines that
cause further neuronal damage. We then provide updates on neuroinflammation diagnostic markers
and investigational therapeutics currently in clinical trials to target neuroinflammation.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized
by cognitive dysfunction, memory impairment, and motor abnormalities, which could ulti-
mately affect speech, behavior, and visuospatial orientation [1,2]. AD is the most common
cause of dementia, accounting for 60 to 80% of the cases. It is characterized by two key
pathological hallmarks, namely the aggregation of extracellular amyloid-β peptides (Aβ)
and the build-up of aggregated neurofibrillary tangles (NFTs) throughout the brain [3,4],
which result in neuronal atrophy and synaptic loss leading to neurodegeneration [5].

Aging is the strongest risk factor for AD; the prevalence is expected at 10% for in-
dividuals over 65 and 40% for those over 80 years old [6,7]. Moreover, as the world’s
population ages, the frequency of AD increases, making AD a serious world healthcare
challenge [8]. There are more than 55 million AD cases worldwide, projected to triple to
152 million in 2050 [9,10]. Economically, AD is one of the major public health problems,
with a projected cost of USD 1.1 trillion by 2050 [11]. Accordingly, this rise in personal
and financial costs suggests the necessity of efficient preclinical diagnosis and therapeutic
management to prevent or halt the disease progression before the symptomatic onset [12].

At present, there is no treatment for AD. Current medications such as the cholinesterase
inhibitors donepezil, galantamine, and rivastigmine, and the NMDA antagonist meman-
tine provide symptomatic relief such as improving memory and ability to perform daily
functions without curing the disease [13,14]; and the recently approved immunotherapy
aducanumab, which is the only disease-modifying medication to treat AD by targeting
Aβ, continues to be under trials to determine and confirm its effectiveness over time to
improve memory and to hold the progression of cognitive decline [15]. While antipsychotic
medications often treat secondary symptoms, such as agitation, depression, and sleep
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disorders [16], none of these medications halt or stop the progressive neuronal loss that
leads to AD [17].

Despite decades of research, the exact etiology of AD is unknown [18,19]. However,
several investigators believe that environmental and genetic risk factors play a role in
AD manifestation by initiating a pathophysiologic cascade that, over decades, leads to
AD pathology and dementia [3,20]. Extensive research has shown that early-onset AD
(EOAD) is usually an autosomal dominant inherited disorder that represents about 1–2%
of all cases [21] and involves mutations in the gene’s amyloid precursor protein (APP),
presenilin 1 (PSEN1), or PSEN2. However, the majority of the cases of the sporadic type,
which represent more than 95% of AD cases [21–24], have been linked to comorbidities such
as insulin resistance, diabetes, hypertension, cerebrovascular and cardiovascular diseases,
epilepsy, poor diet, head injury, and stress among others [25,26].

While the extracellular deposits of Aβ and the intraneuronal deposits of NFTs are
the major pathological characteristics of AD [4], accumulating evidence supports that Aβ

and NFTs cascades alone cannot elucidate the pathogenesis of AD, which signifies the
involvement of other mechanisms in the AD pathological process [4]. Accordingly, a third
core pathology in AD has emerged, supported by extensive research demonstrating that
AD patients have a sustained inflammatory response in the brain suggesting the significant
role of neuroinflammation in AD [27–29].

2. Neuroinflammation in Alzheimer’s Disease

Neuroinflammation plays a critical role in AD onset, pathophysiology, and progres-
sion [30–33]. The term “neuroinflammation” indicates the presence of an inflammatory
response in the central nervous system (CNS) with the accumulation of glial cells, specifi-
cally the astrocytes and microglia, in response to an injury [31,34]. In the early stage of AD,
brain immune cells play a neuroprotective role [30]. However, as the disease progresses,
glial cells become activated, and the production of pro-inflammatory cytokines associated
with oxidative stress increases, ultimately leading to neuroinflammation and neurotoxic-
ity [31], which could further exacerbate Aβ and tau pathologies by various mechanisms.

Factors Affecting Neuroinflammation in Alzheimer’s Disease

Multiple factors drive the onset and progression of neuroinflammation in AD that
can be classified under internal and external factors. Internal factors that could potentiate
neuroinflammation in AD include sex, age, and genetic factors. Sex role in neuroinflamma-
tion is mainly due to changes in steroidal hormones and estrogen receptors [35]. Estrogen
receptors (ERs) were first linked to AD based on research showing that females are at a
higher risk of developing AD. Besides acting as sex hormone receptors, ERs have a role in
lipid and carbohydrate metabolism [36]. Furthermore, ERs signaling acts as a transcription
factor providing a neuroprotective effect [37]. Previous research showed that estrogens
could also regulate the formation and breakdown of Aβ [38]. Estrogen agonists possess a
neuroprotective effect by decreasing neuroinflammation via reducing microglial activation
and proinflammatory cytokines release, which is modulated through the activation of ERα
and ERβ [39]. ERs activation induces the expression of multiple neuroprotective genes,
such as 3-beta-hydroxysterol delta-24-reductase (DHCR24), which ultimately works by
reducing oxidative stress [40]. β-Estradiol treatment reduced cognitive impairment in mice
deficient in estrogen; this reduction was mediated by the suppression of the nuclear factor-
κB (NF-κB) signaling pathway [41]. Besides sex, aging [42], and genetic mutations such as
triggering receptor expressed on myeloid cells 2 (TREM2) R47H mutation [43] and ApoE4
mutation [44], all could negatively affect neuroinflammation possibly due to accumulating
misfolded proteins and increasing endoplasmic reticulum stress [45]. More details on the
role of TREM2 in neuroinflammation are described below under the microglia section.

With regard to external factors, many studies have shown that stress is highly corre-
lated with the exacerbation of AD through the activation of the hypothalamic-pituitary-
adrenal (HPA) axis and increased cortisol level [46]. Chronic stress in 6 and 9 month old
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APPswe/PS1dE9 mouse models of AD increased the brain levels of Aβ40 and Aβ42 in the
hippocampus, and reduced cognitive abilities, an effect alleviated by the glucocorticoid
receptors blocker, mifepristone [47]. The role of stress was also confirmed in a cohort study
with three mouse models, namely, the AD mouse model Tg2576 with the APPswe mutation,
the AD model PS19 harboring P301S mutant human tau, and a mouse model overexpress-
ing corticotropin-releasing factor. In Tg2576 mice, stress increased brain Aβ levels, reduced
microglial activation, and worsened cognitive abilities. In the PS19 mice, stress increased
tau hyperphosphorylation and aggregation. The observed effect of stress was linked to the
activation of the HPA axis as mice overexpressing corticotropin-releasing factors exhibited
higher hyperphosphorylated tau compared to their wild-type contro mice [48].

In addition to stress, heavy metal toxicity could increase neuroinflammation by acting
as catalytic agents for redox reactions, thus, increasing oxidative stress [49,50]; alternatively,
heavy metals could cause protein misfolding [51,52]. Similar to neuroinflammation, ox-
idative stress is a critical factor in the pathogenesis and progression of AD [53–56]. The
imbalance between the production of reactive oxygen (ROS) and nitrogen (RNS) species
and the antioxidant defenses results in protein oxidation and lipid peroxidation [57,58].
Studies have shown oxidative stress starts early in AD and is linked to Aβ. High levels of
Aβ were associated with elevated ROS and RNS in the AD hippocampus and cortex, while
low levels of Aβ in the cerebellum were associated with low oxidative stress markers [57].
Indeed, oxidative stress can be both a cause and a consequence of neuroinflammation [53].
ROS and RNS at normal physiological levels are vital in regulating numerous physiologi-
cal functions. However, in a chronic oxidative stress state, these reactive species tend to
be harmful by oxidizing lipids and proteins and can damage DNA [59]. Subsequently,
ROS and RNS mediate signaling pathways that result in the activation of astrocytes and
microglia [60]. Moreover, elevated levels of ROS and RNS are linked to high secretions
of proinflammatory cytokines such as interleukin-6 (IL-6), interleukin 1β (IL-1β), and
tumor necrosis factor-α (TNFα), interferons, and chemokines [59,61,62]. Such release of
proinflammatory cytokines triggers the microglia to produce plentiful amounts of ROS and
RNS, which lead to NF-κB activation [63,64], and, subsequently, the overexpression of nitric
oxide (NO), specifically NOX2, inducible nitric oxide synthase (iNOS), cyclooxygenase-2
(COX-2), and cytosolic phospholipase A2 [62].

Additional external factors that could induce neuroinflammation include metabolic
disorders such as obesity and diabetes [65] and the western diet [66,67]. The chronic
consumption of the western diet could cause obesity and gut microbiota dyshomeosta-
sis [68,69]. Long-term obesity and high-fat diet were associated with depression, anxiety,
and increased brain inflammatory markers [70]. In addition, the western diet has been
linked to microbiota alterations and endotoxins production, which have been linked to the
blood–brain barrier (BBB) disruption resulting in BBB leakage of blood toxins to the brain
and neuroinflammation [71]. Several studies have identified the link between the brain
and the gut microbiome, known as the microbiota-gut–brain (MGB) axis [72,73]. This link
could affect neuropathological diseases positively or negatively [72]. The MGB axis is bidi-
rectional, where the gut microbiome produces short fatty acids that regulate the integrity
and function of the BBB and the gut. The brain affects the gut via the vagus nerve and
hypothalamus–pituitary axis [73]. The gut microbes activate the CCAAT/enhancer binding
protein β/asparagine endopeptidase (C/EBPβ/AEP) pathway and elevate neuroinflam-
mation and cognitive impairment [74]. A comparison of gut microbiota between the AD
mouse model 5XFAD and wild-type mice demonstrated an alteration of gut microbiota
composition that led to the accumulation of phenylalanine and isoleucine, which stimulate
pro-inflammatory reactions [75]. Some microbial metabolites, such as the microbiota-
derived short-chain fatty acids (SCFA), promoted Aβ deposition and increased microglia
activation in APP/PS1 mice [76]. The microbiota-induced neuroinflammation could be
reversible. For example, Lin and colleagues reported that treatment of the AD mouse
model 3xTg with hydrogen-rich water could alter the gut microbiota, an effect associated
with less cognitive impairment, fewer Aβ deposits, less phosphorylated tau, and reduced
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microgliosis [77]. In humans, patients with AD have shown less microbiota diversity
and richness compared to age and gender-matched cognitively normal individuals [78].
Indeed, more research is required to clarify the role of microbiota in AD and the potential
of targeting gut microbiota as a therapeutic approach to treat AD.

While the literature contains a large body of research on neuroinflammation, here, we
provide a concise mechanistic overview of glial cells’ role in neuroinflammation associ-
ated with AD, available diagnostic tools, and therapeutics that target neuroinflammation
currently in clinical trials.

3. Glial Cells Role in Neuroinflammation

Neuroinflammation is usually linked to the chronic activation of microglia and as-
trocytes. While their contribution to AD is established and reported, further research
focusing on glial cells’ role in health and disease is necessary to identify new targets for the
development of diagnostic tools and therapeutic strategies against AD.

3.1. Microglia

Microglial cells are the innate immune cells in the CNS, which first appear as colonies
in the embryonic brain, and as the brain develops, microglia migrate all over the CNS [79].
Microglial cells are resident phagocytes that play critical roles in CNS maintenance, as
first-line pathogen defense, and injury response [80]. Thus, under normal physiologic
conditions, microglia play a role in immune surveillance. However, microglia become
activated under pathological conditions such as neurodegenerative diseases, stroke, and
tumor invasion [81]. In the early stages of AD, activated microglia have a positive role in
clearing Aβ by phagocytosis. Nevertheless, after prolonged exposure, their efficiency to
clear Aβ is reduced and starts to negatively affect the brain leading to Aβ accumulation,
which subsequently forms extracellular plaques that continuously stimulate microglial
activation [82]. The overactivation of microglia adopts them to the reactive states [83],
characterized by significant phenotypic and morphology changes accompanied by elevated
expression of the pro-inflammatory cytokines TNFα, IL-6, IL-1β, and NO [83,84]. This
aggressive status of microglia creates a chronic neuroinflammatory environment and
exacerbates neuronal and synaptic loss [85–87]. In this section, we briefly review selected
targets involved in microglial activation, which are also summarized in Figure 1.

3.1.1. P2X7R Role in Microglia Activation

Microglia activation is mediated by several mechanisms, including the purinergic
receptor P2X7 receptor (P2X7R) (Figure 1). Recently, the role of P2X7R in neurodegenerative
diseases, including AD, has been thoroughly reviewed [88–90]. P2X7R role in reactive
microglia is evident from studies utilizing P2X7R knock-out mice where the stereotaxic
injection of Aβ (2.2 µM in 1 µL of artificial cerebrospinal fluid (CSF)) into the dorsal hip-
pocampus failed to activate microglial cells [91]. P2X receptors are plasma membrane ion
channels activated via ATP binding and are upregulated in AD. Of this family, P2X7R
is more sensitive to ROS/NOS, NFκB, and NACHT, LRR, and PYD domains-containing
protein 3 (NLRP3) inflammasome activation, as well as ATP [88]. In AD, Aβ triggers
the immune cells and activates them to release ATP. ATP release activates P2X7R, which
further activates microglia to release inflammatory cytokines that trigger neuroinflamma-
tion [92,93]. P2X7R is overexpressed in the microglia surrounding senile plaques in the
hAPP transgenic mouse model J20 expressing EGFP downstream of the P2X7R promoter
(P2X7REGFP/J20). While the overexpression of P2X7R allows increased microglial migra-
tion to Aβ plaques, the phagocytotic capacity of the reactive microglia is reduced. This
effect was blocked by the selective P2X7R antagonist GSK 1482160A, which increased the
migration and phagocytic capacity of microglial cells and reduced neuroinflammation [94].
P2X7R inhibition is proposed as a therapeutic approach to reduce neuroinflammation
in AD [95].



Int. J. Mol. Sci. 2022, 23, 10572 5 of 29
Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 5 of 30 
 

 

 

Figure 1. Microglia activation in AD. Neuroinflammation in AD is associated with microglia activa-

tion that is mediated by increased Aβ, ROS, and ATP, which could activate P2X7R and downregulate 

TREM2. P2X7R activation would increase calcium influx, which leads to microglia activation and 

the release of inflammatory cytokines. In AD, reduced levels of TREM2 would impair Aβ phagocy-

tosis by the microglia and thus increase Aβ brain parenchymal burden. Microglia activation is also 

associated with NF-κB and NLRP3 inflammasomes activation, which would activate caspase-1 and 

the secretion of proinflammatory cytokines IL-1β and IL-18. 

3.1.1. P2 × 7R Role in Microglia Activation 

Microglia activation is mediated by several mechanisms, including the purinergic re-

ceptor P2X7 receptor (P2X7R) (Figure 1). Recently, the role of P2X7R in neurodegenerative 

diseases, including AD, has been thoroughly reviewed [88–90]. P2X7R role in reactive mi-

croglia is evident from studies utilizing P2X7R knock-out mice where the stereotaxic injec-

tion of Aβ (2.2 μM in 1 μL of artificial cerebrospinal fluid (CSF)) into the dorsal hippo-

campus failed to activate microglial cells [91]. P2X receptors are plasma membrane ion 

channels activated via ATP binding and are upregulated in AD. Of this family, P2X7R is 

more sensitive to ROS/NOS, NFκB, and NACHT, LRR, and PYD domains-containing pro-

tein 3 (NLRP3) inflammasome activation, as well as ATP [88]. In AD, Aβ triggers the im-

mune cells and activates them to release ATP. ATP release activates P2X7R, which further 

activates microglia to release inflammatory cytokines that trigger neuroinflammation 

[92,93]. P2X7R is overexpressed in the microglia surrounding senile plaques in the hAPP 

Figure 1. Microglia activation in AD. Neuroinflammation in AD is associated with microglia activa-
tion that is mediated by increased Aβ, ROS, and ATP, which could activate P2X7R and downregulate
TREM2. P2X7R activation would increase calcium influx, which leads to microglia activation and the
release of inflammatory cytokines. In AD, reduced levels of TREM2 would impair Aβ phagocytosis by
the microglia and thus increase Aβ brain parenchymal burden. Microglia activation is also associated
with NF-κB and NLRP3 inflammasomes activation, which would activate caspase-1 and the secretion
of proinflammatory cytokines IL-1β and IL-18.

3.1.2. RAGE Role in Microglia Activation

The receptor for advanced glycation end products (RAGE) is expressed on an array
of immune-related and non-immune-related cells, such as the BBB-endothelium cells [96].
RAGE has been implicated in Aβ pathology, most importantly, in the access of peripheral
Aβ through the BBB to the brain (Figure 2) [97]. In AD, endothelium–RAGE is upregulated,
suggesting its role in increased brain Aβ levels due to increased Aβ influx from the blood to
the brain via RAGE [98,99]. This was shown in Tg2576 mice, where RAGE expressed on the
luminal side of the endothelial cells of the BBB facilitated the transport of Aβ40 and Aβ42
transfused through the carotid artery to the mouse brain [100]. The specific role of RAGE
was confirmed by infusing a RAGE-specific IgG that blocked RAGE-mediated Aβ transport
across the BBB. RAGE’s role in Aβ transport across the BBB was further confirmed in
homozygous RAGE knockout mice where infused Aβ could not be detected in the brain.
RAGE-mediated Aβ transport to the brain was associated with increased proinflammatory
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cytokines, including IL-6 and TNF-α. Besides its expression in endothelial cells, RAGE is
expressed in microglia. Its upregulation induced mitochondrial damage, oxidative stress,
and impaired mitophagy flux in a stress model in wild-type mice [101]. The overexpression
of microglial RAGE in a mouse model expressing human mutant APP further activated
microglia to release more IL-1β and TNF-α compared to APP mice carrying transduction-
defective microglial RAGE [102]. In a Parkinson’s disease mouse model, the silencing of
RAGE reduced neuroinflammation because of NF-κB pathway suppression and COX-2
downregulation [103]. Besides Aβ, RAGE is activated by many other ligands, including
the danger-associated molecular patterns (DAMPs), such as the high mobility group box 1
(HMGB1) [104]. HMGB1 is expressed within the nucleus as a mediator of transcriptional
processes and in the cytoplasm, where it regulates autophagy [105]. However, upon its
translocation outside the cell, HMGB1 interacts with RAGE to regulate immune processes
through the upregulation of proinflammatory cytokines and chemokines [106]. RAGE
and HMGB1 are upregulated in AD, so their interaction leads to the activation of several
inflammatory signaling pathways, including NF-κB and cell death [96,107]. For additional
information on the role of RAGE in AD, readers can refer to the review [108].

3.1.3. NLRP3 Inflammasome Activation in Response to Microglia Activation

In AD, Aβ acts as a stimulus that activates NLRP3 inflammasomes. NLRP3 inflamma-
some consists of multiple cytosolic protein complexes [109] that, upon activation, would
activate caspase-1 and the secretion of the proinflammatory cytokines IL-1β and IL-18
(Figure 1) [110]. The activation of NLRP3 inflammasomes has also been linked to tau
pathology. For example, NLRP3 inflammasome loss of function mutations reduced tau
pathology and prevented cognitive decline in the heterozygous THY–Tau22 transgenic
mouse model [111]. The serotonin receptor antagonists and reuptake inhibitor, trazodone,
reduced memory impairment and sleep disturbances in the rTg4510 mouse model of
AD by reducing the neuroinflammation resulting from tauopathy mediated by reducing
microglial and NLRP3 inflammasomes activation [112]. The inhibition of NLRP3 inflamma-
some activation by the NLRP3 inhibitor MCC950, an investigational drug inhibitor, in a
streptozotocin-sporadic AD mouse model was protective against the pathological reactive
microglia [113]. Currently, NLRP3 inflammasomes are evaluated as a therapeutic target for
AD by regulating the neuroinflammatory response driven by NLRP3 [114].

IL-1β is released as a part of the innate immune response by NLRP3 inflammasome
activation [110]. IL-1β is overexpressed in the brains of AD patients [115]. Increased levels
of IL-1β have been linked to Aβ plaques, tau hyperphosphorylation, and NFTs [116]. IL-1β
induction with hippocampal LPS injections caused memory impairment in rats by inducing
microglial activation [117]. IL-1β blocking with IL-1β antibodies alleviated memory and
cognitive dysfunction in 3xTg-AD mice by suppressing NF-κB activation and reduced tau
phosphorylation by decreasing the activation of tau-related kinases cdk5/p25, GSK-3β,
and p38-mitogen-activated protein kinase (p38 MAPK) [118]. Thus, IL-1β antibodies are
also suggested as potential therapeutic agents for AD by targeting neuroinflammation
in the late stages of the disease [119]. The role of microglia and NLRP3 inflammasomes-
mediated neuroinflammation in AD and its targeting as a therapeutic approach are further
reviewed [120–122].

3.1.4. TREM2 Role in Microglia Activation

Recently, the role of TREM2 in activating the immune response and neuroinflammation
has been recognized [123,124]. TREM2 is a transmembrane protein receptor of the innate
immune system that is exclusively expressed by microglia in the brain [125,126]. Aβ acti-
vates TREM2 signaling [115], which is also responsible for Aβ phagocytosis (Figure 1) [127].
TREM2 p.R62C and p.R62H loss-of-function variants have increased Aβ plaque seeding
and microglial clustering around the plaques leading to neuroinflammation [127]. A recent
meta-analysis study described a changing role of TREM2 as AD progresses. In the early
stages of AD, TREM2 knockdown reduced the secretion of cytokines and other inflamma-
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tory markers in 35 different transgenic mouse models, while its knockdown from microglia
in later stages induced neuroinflammation by increasing the secretion of proinflammatory
cytokines [128].

Higher levels of soluble TREM2 in the CSF were associated with lower Aβ accumu-
lation in APPNL-G-F, a mouse model of AD [129]. In humans, studies utilizing positron
emission tomography (PET) and CSF monitoring of TREM2 demonstrated that increased
TREM2 levels were associated with reduced Aβ and tau levels [129]. Additional studies
showed that TREM2 deletion is associated with increased tau pathologies and hippocampal
atrophy in the presence of Aβ in the TauPS2APP mouse due to disease-associated microglia
activation that is Aβ- and TREM2-dependent [130]. Furthermore, it has been shown that
TREM2 regulates calcium signaling in human-induced pluripotent stem cells-derived mi-
croglia (iPSCs-derived microglia); the deletion of TREM2 was associated with increased
calcium signaling due to increased intracellular calcium release from the endoplasmic reticu-
lum stores. Increased calcium reduced the motility of the cells and, therefore, the directional
chemotaxis of microglia to Aβ plaques [131]. The downregulation of TREM2 further in-
duced cognitive dysfunction, Aβ accumulation, and neuroinflammation in APP/PS1 mice.
The increase in neuroinflammation was due to the activation of the toll-like receptor 4
(TLR4) mediated MAPK signaling pathway, which increased the release of proinflammatory
cytokines [132]. On the other hand, the overexpression of TREM2 in BV-2 cells increased
Aβ clearance and reduced neuroinflammation by downregulating the expression of TLR2,
4, and 6 [133]. The importance of TREM2 was also demonstrated in the 5xFAD mouse
model of AD, where TREM2 overexpression reduced the hippocampal neuroinflamma-
tion, while TREM2 deficiency induced forkhead box protein O3 (FoxO3a) activation and
deactivated phosphoinositide 3-kinases/protein kinase B (PI3K/PKB) signaling pathway,
thus, increased neuroinflammation [134]. Figure 1 summarizes the primary targets that are
involved in microglial activation.

3.1.5. Post-Translational Modification in Microglia Activation

Post-translational modifications of proteins have been linked to neuroinflammation
and the neuropathology of AD [2,135]. Recent reports have highlighted the role of protein
citrullination in several immunological and inflammatory conditions, such as rheuma-
toid arthritis [136]. Citrullinated proteins are characterized by the deimination of the
guanidinium group of the arginine side chain, mediated by peptidyl arginine deiminases
enzymes, which leads to the formation of nonstandard amino acid citrulline in the protein.
In AD, Aβ citrullination is associated with microglial activation [137]. While further in-
vestigations are required to clarify the mechanism(s) of this activation, increased protein
citrullination in AD could be due to the activation of peptidyl arginine deiminases enzymes
and Ca2+ dyshomeostasis [138,139]. The post-translational modifications of Aβ have also
been shown to affect its interaction with TREM2. Compared to non-modified Aβ variants,
TREM2 preferentially interacts with oligomers formed by phosphorylated Aβ variants
for their uptake and phagocytosis by microglia [140]. For example, the phosphorylated
Aβ variants pSer8-Aβ and pSer26-Aβ showed differential deposition. pSer8-Aβ deposits
primarily in the core of extracellular plaques. On the other hand, pSer26-Aβ showed
limited deposition in these plaques and was not detected within microglia, suggesting
pSer26-Aβ oligomers might efficiently bind to TREM2 and become internalized by the
microglia through TREM2 binding [140,141].

Glutaminyl cyclase (QC) is another important enzyme for post-translational modifi-
cation that converts the N-terminal glutaminyl and glutamyl into pyroglutamate (pGlu)
through cyclization. The secretory (sQC) and golgi resident (gQC) isoforms of the enzyme
are involved in AD pathology. During the development of AD, the expression of sQC
and gQC and the production of pGlu-Aβ are increased [142]. gQC is involved in the C-C
motif chemokine ligand 2 (CCL2) maturation. CCL2 is one of the critical mediators of
neuroinflammation in AD [143,144]. The immune cells surrounding Aβ plaques produce
high levels of inflammatory molecules, including CCL2, which attracts microglia cells
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to the inflammation site, thus, promoting neuroinflammation [145]. In the brains of AD
patients, gQC and CCL2 expressions are upregulated compared to control brains, which
were correlated with pGlu-Aβ formation [146]. The above studies demonstrate a critical
role of proteins post-translational modifications in reprogramming microglia homeostasis
and neuroinflammation in AD. Understanding how post-translational modifications could
affect AD development and progression could provide insights into therapeutic strategies
to prevent or treat neuroinflammation in AD.

3.2. Astrocytes

Astrocytes are specialized glial cells, found predominantly in white and grey matter
in the form of fibrous and protoplasmic, respectively [147]. Astrocytes typically play a
regulatory role in brain function, including the BBB function, neurogenesis, synaptogenesis,
and the maintenance of neurotransmitter and fluid homeostasis [148–150]. Furthermore,
astrocytes form specialized perivascular channels in the glymphatic system, which acts as
a clearance pathway of neurotoxic wastes, including Aβ and tau [147]. In AD, astrocytes
become activated and undergo a series of conformational, transcriptional, and functional
changes collectively referred to as reactive astrocytes [149]. Reactive astrocytes demon-
strate hypertrophic processes and overexpress glial fibrillary acidic protein (GFAP), nestin,
and vimentin [149,151]. Moreover, similar to the activated microglia, activated astrocytes
increase the production of a wide range of inflammatory cytokines such as IL-1β, IL-6, and
TNF-α [149], thereby initiating a harmful cascade that leads to impairments in neuronal
functions [152]. A recent finding obtained from CRISPRi screens with single-cell transcrip-
tomics revealed a cocktail of inflammatory cytokines (IL-1α+TNF+C1q) that trigger at least
two astrocyte reactions. These reactions oppose one another and are controlled by STAT3;
one is induced by STAT3 and the release of IL-6, while the other is inhibited by STAT3 and
the unleash of interferons. Thereby initiating a harmful cascade that leads to impairments
in neuronal functions [153].

Astrocytes clear Aβ through various mechanisms [154]. Astrocytes are capable of
Aβ uptake by using transport proteins and receptors such as low-density lipoprotein
receptor-related protein (LRP1), scavenger receptor class B member 1 (SCARB1), and
RAGE [155,156]. Furthermore, astrocytes mediate Aβ clearance by endosomal-lysosomal
pathways that degrade Aβ by neprilysin (NEP), insulin-degrading enzyme (IDE), and
matrix metalloproteinase-9 (MMP9) enzymes [157–159]. Besides the endosomal-lysosomal
pathways, astrocytes have a role in parenchymal Aβ clearance by secreting ApoE, which
enhances Aβ clearance via LRP1 [155]. Astrocytes have a significant role in reducing Aβ

brain parenchymal burden. However, in AD, reactive astrocytes’ capacity to clear Aβ is
reduced, leading to increased Aβ levels and Aβ plaques formation [160].

In AD, the astrocytes become more sensitive to calcium in response to ATP and
glutamate than normal astrocytes [161,162], leading to elevated levels of ROS and reduced
levels of astrocytic glutathione (GSH), thus reducing the cellular defense mechanism
against oxidative stress [163]. GSH is the most abundant non-protein thiol [164]; it is
considered the primary antioxidant defense molecule in the brain [165,166] and plays a
crucial role in the maintenance of redox homeostasis in neurons [167]. The intracellular
levels of GSH determine the cell response to oxidative stress, and its depletion exacerbates
oxidative damage [168]. Many studies suggested that the depletion and alteration of
endogenous antioxidant systems such as GSH precede oxidative stress [165,169]. The
reduction in intracellular GSH is associated with TNF-α and IL-6 release, and activation of
the inflammatory pathways P38 MAPK, and NF-κB, in microglia and astrocytes [170,171].
Astrocytes are the main supplier of GSH to microglia and neurons [172,173]. Reduced
GSH levels in astrocytes could enhance neurodegeneration as they become inflammatory
cells and neglect their neuroprotective function [174–176]. In addition, the AD-astrocytes
have a compromised energy metabolism, and their uptake and release of glutamate may
be compromised [43]. For example, Simpson et al. demonstrated a reduction in the
expression of the main regulator of extracellular glutamate levels, namely excitatory amino
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acid transporter 2 (EAAT2), which is expressed primarily by the astrocytes, suggesting
the loss of astrocytes’ function to protect neurons by clearing neurotoxic extracellular
glutamate [177]. Collectively, the chronic exposure of astrocytes to elevated Aβ levels
would transform astrocytes from basal to reactive state and switch from metabolic support
cells for the neurons to inflammatory cells, which could lead to a breakdown between
astroglia and neuronal interactions, thus neglecting their neuro-supportive role [162,178].

Besides their neuro-supportive function, astrocytes play an important role in main-
taining the BBB function. The BBB is a dynamic barrier that regulates and provides a
constant optimal environment for neuronal function by keeping out harmful and toxic
substances from the CNS [179]. The BBB acts as a selective barrier that regulates the move-
ment of molecules entering the brain, thus keeping red blood cells, leukocytes, neurotoxic
plasma-derived components, and pathogens out of the CNS [180]. The BBB comprises
endothelial cells (ECs), pericytes, basement membrane, and astrocytes [179]. ECs are con-
nected by tight junction proteins supported by junction adhesion molecules (JAMs), thus
forming a physical barrier. During pathogen attacks, the BBB properties undergo significant
changes, disrupting its integrity and function and leading to inflammatory reactions and
neurological disorders [181].

BBB disruption has been associated with aberrant vessel regression, brain hypoper-
fusion, angiogenesis, inflammatory responses, and accumulation of Aβ and tau in AD.
These events cause an accumulation of neurotoxic hemoglobin and iron in the brain, in-
creasing ROS production and oxidative stress in the brain [181]. Reactive astrocytes would
affect the BBB-endothelium by generating ROS and inflammatory markers such as COX
and NOS [182]. This collectively could increase pro-inflammatory mediators and MMP9
activation subsequent to NLRP3 inflammasomes and NF-κB pathways activation [183],
cytoskeleton rearrangement, downregulation of tight junction proteins, and eventually BBB
dysfunction [184,185]. Figure 2 summarizes the effect of neuroinflammation-mediated BBB
disruption by activated astrocytes.
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Figure 2. A representative scheme demonstrates astrocytes’ interaction with the BBB and the neuroin-
flammation effect mediated by astrocyte activation on the BBB function. In AD, reduced expression
of astrocytic SCARB1 and LRP1 would decrease the clearance of Aβ. Reactive astrocytes produce a
wide range of cytokines and other inflammatory markers such as ROS, RAGE, COX, and MMP9 due
to NLRP3 inflammasomes and NF-κB pathways activation. In addition, TLR4 and TLR6 activation
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through binding to CD36 would increase proinflammatory cytokines secretion leading to neuroinflam-
mation and BBB dysfunction. In AD, the expression of endothelium RAGE and LRP1 are upregulated
and downregulated, respectively, which lead to reduced LRP1-mediated clearance of Aβ, and in-
creased RAGE-mediated Aβ influx into the brain, which would further increase the vicious cycle
of brain Aβ accumulation, astrocytes activation, and BBB dysfunction. Astrocytes, and microglia,
could also be activated via TLRs. TLRs are pattern recognition receptors (PRR) that recognize and
bind substrates and activate the immune response [186]. TLR could be expressed on the cell surface
as TLR1, 2, 4, 5, 6, and 10 or intracellular as TLR 3, 7, 8, and 9, and their expression varies among
immune cells [186]. In the immune cells of human AD brains, TLR mRNA is overexpressed ex-
cept for TLR2, which is not changed [186]. Aβ is a substrate for TLR; upon binding, it stimulates
its overexpression [187]. Recent research showed that while Aβ42 did not affect the expression of
TLR3, it increased its reactivity in cultured microglial cells [188]. TLR4 antagonists could reduce
neuroinflammation in AD, yet they might interfere with Aβ clearance by lowering the microglial
phagocytotic ability of Aβ. In contrast, TLR4 agonists might have a beneficial role in Aβ clearance
but not in reducing neuroinflammation [189]. Other researchers reported that the deletion of TLR2
in APPswe/PSEN1dE9 transgenic mice caused cognitive impairment, and increased anxiety, white
matter damage, and brain atrophy in an Aβ-independent pathway [190], which collectively highlights
the controversy regarding the role of TLR in AD [191].

The activation of TLR can be initiated through binding CD36 (cluster of differentiation
36) and TAM (Tyro3, Axl, and Mer) receptors. CD36, a scavenger membrane receptor known
as fatty acid translocase (FAT), has a role in fatty acid transportation and is expressed in the
endothelial cells of the BBB and glial cells [192]. Under normal conditions, this receptor
helps clear Aβ across the BBB and through phagocytosis by the astrocytes [193]. In AD,
CD36 forms a complex with TLR4 and TLR6 that is responsible for the secretion of the
proinflammatory cytokine, including IL-6, TNF-α, NO, and chemokines [194] (Figure 2),
which activates inflammatory signaling in the astrocytes through the PI3K/Akt signaling
pathway [192]. CD36 activation increases oxidative stress by increasing ROS and is involved
in cognitive decline in Tg2576 mice [195].

TAM receptors also regulate TLRs. TAM receptors are a subgroup of tyrosine kinase
receptors, consisting of three kinases: tyrosine-protein kinase receptor 3 (Tyro3), tyrosine-
protein kinase receptor UFO (Axl), and MER proto-oncogene (Mertk). They are expressed
in neuronal cells as well as microglia and astrocytes. In normal physiological conditions,
TAM receptors contribute to synaptic plasticity, neuronal migration, and the negative
regulation of inflammatory response [196,197]. In AD, TAM receptors activate the microglia
to phagocyte Aβ, thus inhibiting Aβ plaques formation due to Axl activation [198]. TAM
receptor activation inhibits TLR activation, which reduces the release of inflammatory
cytokines and decreases neuroinflammation, as seen in Tyro3/Axl/Mer knockout mice,
characterized by hyperactive immune cells and hyperresponsiveness to TLR activation.
TAM receptor activation is associated with reduced inflammatory response [199].

4. Diagnosis and Biological Markers

One growing area of research is the use of biomarkers of neuroinflammation as a
diagnostic tool for AD. Methods for neuroinflammation diagnosis are still under devel-
opment and are not yet used as a definitive diagnostic tool [200]. Early diagnosis of AD
could lead to better treatment. Along with the early diagnosis, biomarkers could provide
an objective measure of drug efficacy and disease progression [201]. However, due to the
complexity of AD pathogenesis and the commonality of neuroinflammation with other
neurodegenerative diseases, it is unlikely that a neuroinflammatory biomarker(s) singly
be used to diagnose AD [202]. It has been recommended that sets of multiple biomarkers
besides neuroinflammation be used to predict, diagnose, and track stages of AD [202].

A vast body of work on potential biomarkers has been reported. Here, we describe
some major biomarkers studied for AD diagnostics, summarized in Table 1.
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4.1. TPSO

Currently, the translocator protein 18 kDa (TSPO) expressed by microglia surrounding
Aβ plaques [203] is considered the most used target for PET imaging to identify neuroin-
flammation in potential AD patients [204,205]. Increased PET scan signals of TSPO have
been correlated to higher microglial activation and, thus, neuroinflammation [204,206]. Hip-
pocampal TSPO alteration from astrocytes preceded those due to microglia in TgF344-AD
rats and AD patients, indicating the imaging changes based on the disease stages [207].
TSPO accumulation in the 3xTg AD mouse hippocampus started before Aβ plaques forma-
tion. The increase in TSPO varied across different hippocampal areas, where the subiculum
was the earliest, and the ventral was the latest [208].

Neuroinflammation imaging utilizing TSPO as a human biomarker is being used in
research; however, there are two main concerns with using TSPO as a target. The first
concern is the tracers used to target TSPO. [11C]-PK11195 was one of the first tracers used
in studies of AD patients. These studies showed contradictory results because of a lack of
the tracer’s specificity and sensitivity to TSPO, causing low signal-to-noise ratios in the
PET scans [204,209]. This has led to the creation of second and third-generation tracers
that showed the potential for more accurate assessments of neuroinflammation [204,209].
While promising, the continued development of better tracers is necessary to optimize
the use of TSPO as a target [204]. The second concern with the use of TSPO which is not
exclusively found in glial cells as it has also been found in endothelial cells, and vascular
smooth muscle cells [209], suggesting that changes in PET imaging signals using TSPO may
be due to changes in TSPO from other sources not related to neuroinflammation [209,210].

One limitation of PET scans is that they can be expensive and time-consuming, which
slows research and limits large-scale use. Therefore, there has been a rapid expansion of
research on biomarkers found in CSF and blood. Many biomarkers have been found in the
CSF, with some being more consistent than others.

4.2. YKL-40

YKL-40 or chitinase-3-like protein 1 is a carbohydrate-binding protein secreted by
activated microglia [211]. It has been shown that YKL-40 increases due to neuroinflamma-
tion [201,211]. This has been supported by a study that compared healthy controls (n = 36)
to patients with either mild cognitive impairment (MCI, n = 39) or AD dementia (n = 27),
which demonstrated higher levels of YKL-40 in AD patients compared to controls in CSF
samples [212]. Another study that compared cognitively unimpaired elderly (n = 508), MCI
patients, and AD dementia patients demonstrated that CSF levels of YKL-40 were increased
in the preclinical, prodromal, and dementia stages of AD [213]. A recent meta-analysis
study focusing on YKL-40 concluded that YKL-40 could be used in combination with other
biomarkers to help in the prognosis of MCI and the likelihood of continued progression
to AD [214]. With this known potential as a biomarker, a new study was designed to
analyze YKL-40 levels in the brain of AD and other neurodegenerative diseases. Results
from post-mortem brain levels of YKL-40 were similar across all groups. It was concluded
that while CSF levels of YKL-40 increase in AD patients, it may not reflect the changes in
YKL-40 in the brain [215].

4.3. sTREM

Another possible biomarker is sTREM2. TREM2 can undergo proteolytic cleavage
producing a soluble form that is excreted into the interstitial space and CSF [201,216]. Stud-
ies comparing CSF levels of sTREM2 in controls compared to MCI and AD patients have
shown a significant increase in sTREM2 in MCI and AD patients [212,217]. These results
have given hope that sTREM2 can be used as a reliable marker for microglia activation.

4.4. VICAM-1/ICAM-1

The next plausible biomarkers are vascular cell adhesion molecule-1 (VCAM-1) and
intercellular adhesion molecule-1 (ICAM-1), which are both cell-surface glycoproteins
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that mediate the adhesion of leukocytes to endothelial cells and assist in the transport of
leukocytes to the brain [218]. Elevated levels of these receptors in CSF could allow them to
be used as valuable biomarkers [218,219]. Studies have shown that CSF levels of VCAM-1
and ICAM-1 are increased in the preclinical, prodromal, and dementia stages of AD, similar
to YKL-40 [213]. CSF levels of VCAM-1 and ICAM-1 increase with neuroinflammation and
have already been used as reference inflammatory markers in AD patients [219]. Plasma
levels of VCAM-1 and ICAM-1 have also increased in AD patients compared to control
groups [218]. VCAM-1 has more consistently been shown to be increased in plasma,
but there has been contradictory evidence concerning plasma levels of ICAM-1, which
necessitate additional investigation [218,220]. As VCAM-1 and ICAM-1 are markers of
vascular endothelial dysfunction instead of directly related to inflammation; one study
concluded that these biomarkers are independent of neuroinflammation and not directly
correlated [221].

4.5. GFAP

Glial fibrillary acidic protein (GFAP) is an important cytoskeletal component of astro-
cytes released into the CSF due to neuroinflammation [201,222]. It is a promising biomarker
as studies have shown increased levels of GFAP in both the CSF and plasma with neuroin-
flammation [223–225]. Currently, GFAP mechanisms and pathways of release into plasma
are not fully understood, limiting its ability to be used diagnostically [223].

4.6. MCP-1

Another possible biomarker is monocyte chemoattractant protein-1 (MCP-1) [226]. It
is a chemokine that attracts microglia and peripheral immune cells responding to inflam-
mation and has a role in activating microglia [201]. Studies have shown increased MCP-1
in AD patients compared to controls in CSF samples [212,227]. While there is a hope that
MCP-1 could be used as a blood biomarker, there have been conflicting findings on whether
MCP-1 levels change in plasma is, in fact, due to neuroinflammation [228,229]. Another
concern could be that MCP-1 plays a vital role in inflammation throughout the body, which
makes CSF, but not blood, levels of MCP-1 more likely indicative of inflammation specific
to the CNS [230].

4.7. S100B

Another potential biomarker is S100 calcium-binding protein B (S100B). S100B is
a proinflammatory cytokine found predominately in astrocytes and has concentration-
specific effects. It has a neurotrophic effect promoting growth and recovery at a nanomolar
concentration but has deleterious effects at micromolar concentrations [231]. While S100B
has been a suggested marker of brain damage and other CNS injury, it has also increased
during inflammation [232]. Studies have shown that CSF levels of S100B increase in AD
patients compared to controls [233,234]. There is also potential for S100B to act as a blood
biomarker for AD. A recent meta-analysis study of 32 articles (n = 3204 subjects) found that
blood levels of S100B were higher in AD patients than in controls [224]. However, there
are claims that CSF and blood levels of S100B are inconsistent, limiting their usefulness in
monitoring disease progression [156].
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Table 1. An overview of biomarkers with increased expression due to AD-related neuroinflammation.

Biomarkers Imaging/Biological Sample Reference

TSPO PET [204,206,235,236]

YKL-40 CSF [212,213]

sTREM2 CSF [212,217]

VCAM-1 CSF, Blood [213,218,237]

ICAM-1 CSF, Blood [213,218,220]

GFAP CSF, Blood [223–225]

MCP-1 CSF, Blood [212,227–229]

S100B CSF, Blood [156,224,233,234]

Many other neuroinflammation biomarkers have been suggested, including cannabi-
noid receptor type 2 (CB2R), COX-1, and COX-2, all found in microglia beside other cells;
however, the most promising targets should be found almost exclusively in microglia or
astrocytes [209]. For example, the colony-stimulating factor 1 Receptor (CSF1R) and the
P2X7R are found almost exclusively in microglia as they are all essential for their survival
and function [209]. These receptors have much potential as targets for neuroinflammation,
but more research is necessary to confirm their application [209]. Reactive oxygen species
are another possible target, as ROS can signal neuroinflammation [238]. ROS has been
successfully detected in rodents’ brains; ROS is currently being tested in transgenic models
of human diseases such as AD [238]. There are numerous other suggested biomarkers for
neuroinflammation, and continued research will be necessary to confirm their potential.
These biomarkers are generally not expected to have true diagnostic potential on their own,
as neuroinflammation is not specific to AD. The best strategy going forward will be using
multiple of these biomarkers and pairing them with biomarkers specific to AD. Currently,
the core believed biomarkers for AD include total tau, phosphorylated tau, and Aβ [239].
The analysis of these biomarkers together would then provide a better picture when it
comes to the disease severity and progression.

5. Drug Development Targeting Neuroinflammation for Alzheimer’s Disease

Many studies have indicated that anti-inflammation drugs such as nonsteroidal anti-
inflammatory drugs (NSAIDs) are associated with a lower risk of AD development [240–242].
Anti-inflammation has become a potential therapeutic target for AD drug development.
According to the 2021 Alzheimer’s clinical trials report (https://www.alzdiscovery.org/
uploads/media/ADDF-CTR-2021-06-singles.pdf) (accessed on 1 August 2022), 14.4% of
the current clinical trials for AD are studying drugs to reduce chronic neuroinflammation.
Those anti-inflammation drugs target several pathways to relieve neuroinflammation and
other AD-associated pathologies, showing significant therapeutic potential for ameliorating
and treating AD [243]. Table 2 summarizes currently available clinical trials that target
neuroinflammation in patients with AD and MCI.

5.1. Immunotherapy
5.1.1. Passive Immunotherapy

Genome-wide association studies (GWAS) have made a considerable contribution to
the identification of AD genes. They have shown that more than 30 susceptible gene variants
could increase the risk of developing late-onset AD [244]. Most of these genes are selectively
or highly expressed on microglia, which include TREM2, ATP-binding cassette sub-family
A, membrane 7 (ABCA7), complement receptor (CR1), and CD33. Several variants in
TREM2, especially R47H, have been significantly associated with AD risk [245]. It has
been indicated that TREM2 variants could induce the partial function impairment of the
TREM2 proteins and further alter the microglial degradation of Aβ. Wang and colleagues

https://www.alzdiscovery.org/uploads/media/ADDF-CTR-2021-06-singles.pdf
https://www.alzdiscovery.org/uploads/media/ADDF-CTR-2021-06-singles.pdf
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(2020) have indicated that treating Aβ accumulation in AD mouse models expressing either
the common variant or the R47H variant of TREM2 with TREM2 agonistic mAb, AL002,
reduced Aβ plaques, and neuronal loss and improved cognitive function [246]. CD33 is
also expressed in microglial cells, which can impair the microglia-mediated Aβ clearance,
thus increasing the burden of Aβ plaques in the brain [247]. AL003, an anti-CD33 antibody
that counteracts the CD33, has entered Phase I clinical trials and has now been completed.
AL003 was generally found to be safe and well tolerated by healthy volunteers in a Phase I
study, and a proof-of-concept Phase II study was considered for further investigation [248].
A recent study by Griciuc and colleagues (2019) to link TREM2 and CD33 has indicated
that TREM2 downregulates CD33 that modulate microglial function in AD, thus further
supporting targeting these receptors to treat neuroinflammation in AD [249].

Table 2. 2021 Clinical Trials of anti-inflammatory drugs in AD and MCI patients.

Drugs Clinical Stage Status Mechanism Clinical Trial ID

AL003 Phase I Completed Anti-CD33 antibody NCT03822208

JNJ-40346527 Phase I Not yet recruiting Selective inhibitor of the CSF-1R
tyrosine kinase NCT04121208

Salsalate Phase I Active, not recruiting NSAID NCT03277573

Sirolimus Phase I Recruiting mTOR inhibitor NCT04629495

XPro1595 Phase I Completed Neutralize sTNF NCT03943264

AL002 Phase II Recruiting Anti-TREM2 antibody NCT04592874

ALZT-OP1(cromolyn
and ibuprofen) Phase II Completed Combination of a cytokine release

suppressor and an NSAID NCT04570644

Bacillus
Calmette-Guerin (BCG) Phase II Recruiting Systematic immune activation NCT05004688

Daratumumab Phase II Recruiting Anti-CD38 antibody NCT04070378

GV1001 Phase II Not yet recruiting Systematic immune activation NCT05189210

Lenalidomide Phase II Recruiting Modulate innate and adaptive
immune responses; inhibit BACE1 NCT04032626

Montelukast Phase II Active, not recruiting Inhibit the CysLT1 receptor NCT03991988

Tacrolimus Phase II Withdrawn
(COVID restrictions) Calcineurin Inhibition NCT04263519

VX-745 Phase II Completed Selective p38 MAPKα inhibitor NCT03402659

NE3107 Phase III Recruiting ERK inhibitor NCT04669028

5.1.2. Active Immunotherapy or Vaccination

Another therapeutic strategy to treat AD is to actively stimulate the immune response.
GV1001 is a peptide consisting of 16 amino acids derived from a fragment of the human
telomerase reverse transcriptase (hTERT) sequence [250]. GV1001 was initially developed
as an anti-cancer vaccine. Surprisingly, GV1001 has demonstrated its anti-inflammatory
and antioxidant activity in non-cancer cells [250–252]. A series of studies have revealed
the neuroprotective effect of GV1001 by blocking the Aβ oligomer-induced neurotoxicity
and increasing the cell viability following exposure to oxidative stress in rat neuronal stem
cells [250,251]. In addition, GV1001 reduces neuroinflammation by downregulating the
production of pro-inflammatory cytokines by suppressing the activation of p38 MAPK and
the suppression of NF-κB in vitro [252]. The completed Phase II clinical trial of GV1001
has demonstrated the treatment’s safety and potential beneficial effect in patients with
moderate-to-severe AD [253]. However, more investigations with a larger clinical trial
group are necessary [253]. Another Phase II clinical trial of GV1001 has been approved but
not yet recruited (Clinical trial ID, NCT05189210).
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Similar to GV1001, another anti-cancer vaccine, Bacillus Calmette-Guérin (BCG), has
also been suggested to decrease the AD risk by enhancing the innate immune response and
downregulating the systemic inflammation at the same time [254,255]. However, it remains
unclear by which mechanism BCG reduced neuroinflammation, and further studies are
still required. A Phase II study to evaluate the effects of BCG in adults with MCI and
mild-to-moderate AD is currently recruiting (Clinical trial ID, NCT05004688).

5.2. Small Molecule Compounds

Numerous studies have proven the capability of small molecule compounds to mod-
ulate microglial phagocytosis, enhance Aβ degradation, and inhibit neuroinflammation,
which attracts considerable attention in AD therapeutic development [256–260]. Several
compounds have entered the clinical stage for further safety and efficacy examination.
Neflamapimod (VX-745) is a highly selective inhibitor of the intra-cellular enzyme p38
MAPKα [261]. p38 MAPKα plays an essential role in regulating the production of TNFα
and IL-1β, and other pro-inflammatory cytokines in the CNS [262]. p38 MAPKα modulates
neuroinflammation by acting on both microglia and astrocytes in the brain [263–268]. In
stress or disease status, the expression of p38 MAPKα on neurons induces Aβ-toxicity,
synaptic dysfunction, tau, and neuroinflammation [256–260]. Neflamapimod, a high-
specific antagonist of p38 MAPKα, has a substantial therapeutic potential to be developed
as an anti-inflammatory drug for AD.

JNJ-40346527 is another small molecule compound targeting neuroinflammation to
start Phase I clinical trials on MCI-AD patients. Mancuso et al. 2019 have indicated
that JNJ-40346527 enters the brain and successfully inhibits microglia proliferation by
selectively inhibiting the colony-stimulating factor-1 receptor (CSF-1R) in a mouse model.
JNJ-40346527 reduced the production of pro-inflammatory cytokines, including TNFα and
IL-1β [269]. In a tau-induced mouse model, JNJ-40346527 reduced the phosphorylation of
tau, attenuated neuroinflammation, improved the spinal motor neurons, and recovered the
gene expression levels on microglia after chronic treatment [269]. Additional therapeutic
drugs that are currently in development and are in clinical trials are listed in Table 2.

5.3. Other Pharmacological Treatments of AD

Due to the complicated pathology and the multiple targets of AD, combination therapy
targeting diverse factors concurrently looks more promising than individual therapy. ALZT-
OP1, a combination therapy drug, has completed the Phase II clinical trial assessing the
effects on AD patients and cognitively normal healthy subjects (Table 2). ALZT-OP1
is a combination of two FDA-approved drugs, cromolyn (ALZT OP1a) and ibuprofen
(ALZT OP1b). Cromolyn is a small molecule mast cell stabilizer approved for treating
asthma via an oral dry powder inhaler. Ibuprofen, an NSAID, significantly reduced the
inflammation biomarkers and Aβ level in AD mouse models [270]. Another study indicated
that ibuprofen could attenuate oxidative stress and enhance Aβ plaque clearance in the
brain by inhibiting the COX enzyme to modulate the signaling cascades and thus activate
microglial NADPH oxidase [271]. Cromolyn alone or its combination with ibuprofen
(ALZT-OP1) reduced the levels of Aβ deposition by promoting microglia recruitment and
phagocytosis [272,273]. Long insoluble Aβ species, Aβ40 and Aβ42, were almost abolished,
while the shorter Aβ38 was increased in an APPSwedish-expressing Tg2576 AD mouse
model [274]. In vitro cell assay has indicated the critical role of cromolyn in upregulating
the microglial uptake of Aβ species [272]. These studies showed the neuroprotective
role of ALZT-OP1 combination therapy in promoting the equilibrium of soluble and
insoluble Aβ in AD pathology and its capability of ALZT-OP1 as an anti-inflammatory
and anti-Aβ aggregation agent. In addition, these findings affirm that ALZT-OP1 reduced
neuroinflammation by modulating the activation state of the microglial to enhance Aβ

phagocytosis rather than producing pro-inflammatory cytokines, making it a promising
potential AD therapeutic in both early and later-stage phases of the disease.
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Findings from a preclinical study from our laboratory also demonstrated that another
NSAID, etodolac, can be applied in combination therapy with α-tocopherol, an antioxidant,
to reach an additive or synergistic therapeutic effect to prevent, slow, or treat AD [275].
According to the in vitro and in vivo data in the 5xFAD mice model, the combination
therapy reduced the BBB leakage, decreased Aβ burden by modulating the APP processing
towards neuroprotective and non-amyloidogenic sAPPα, and enhanced the expression of
synaptic markers expression [275]. In addition, the combination decreased oxidative stress
and neuroinflammation as determined by the synergistic reduction in astrogliosis, COX-2,
and PGE2 [275]. These studies provided compelling evidence of combination therapy as a
potential strategy for treating AD.

5.4. Non-Pharmacological Treatments of AD

Beyond therapeutic drugs, mounting scientific evidence has indicated that long-term
exposure to the Mediterranean diet (MedD) is associated with lower risks of dementia [276].
One of the major characteristics of MedD is the daily consumption of extra-virgin olive
oil (EVOO), which has been acknowledged for its anti-inflammatory and anti-oxidative
capabilities [277–282]. Preclinical studies have shown that daily consumption of EVOO
protects early-stage AD mice from Aβ-related pathology development by restoring their
BBB function through neuroinflammation reduction and autophagy induction [283–285].
Inhibition of NLRP3 inflammasome activation and RAGE/HMGB1 by EVOO resulted in
reduced neuroinflammation and Aβ deposition as downstream events [99,285]. Chronic
exposure to EVOO as a dietary supplement was expected to stop or slow AD progres-
sion. Clinical studies have indicated that long-term intervention with EVOO significantly
improved cognitive function [286,287]. The plasma serum samples of MCI patients that
consumed EVOO for 12 months significantly reduced IL-6 and TNF-α levels compared
with MCI patients in the control group, demonstrating the potential of EVOO acting as an
anti-inflammatory agent [287]. This comprehensive evidence further proved the potential
of EVOO to prevent dementia and slow the progression of MCI to AD.

Antioxidants such as flavonoid supplements can also decrease neuroinflammation in
AD, yet their use is limited due to low bioavailability [288]. A similar protective effect was
proposed with curcumin supplements in another study. It decreased neuroinflammation
by reducing lipopolysaccharide-induced neuroinflammation in male Sprague–Dawley rats
treated intraperitoneally with 300 mg/kg/day curcumin for 14 days. The reduction in
oxidative stress modulated the JNK/NF-κB/Akt signaling pathway to reduce neuroinflam-
mation and alleviate cognitive impairment [289]. Vitamin C reduced neuroinflammation in
colchicine-induced AD rats in lower doses (200 and 400 mg/kg BW) but not at higher doses
(600 mg/kg BW) because of decreased ROS. This reduction was evident by the reduced
inflammatory biomarkers TNF α, IL 1β, ROS, and nitrite in the brain hippocampus and
serum [290]. Furthermore, omega-3 polyunsaturated fatty acids were linked to a lower
risk of neuroinflammation by reducing IL-1, TNF-α, IL-6, iNOS, and COX-2 [291]. More-
over, and as mentioned above, microbiota could positively affect neuroinflammation; for
example, treatment with Clostridium butyricum for four weeks reduced neuroinflamma-
tion in APPswe/PS1dE9 (APP/PS1) transgenic mice by reducing microglial activation
and cytokines release such as IL-1β and TNF-α in mice brain [292]. Yet, while dietary
supplements and probiotics might positively affect neuroinflammation, additional studies
for characterization and mechanisms elucidation are required to provide therapeutically
applicable guidelines.

Physical exercise is another lifestyle modification that could target neuroinflammation
in AD [293]. Aerobic exercises reduced neuroinflammation in rats’ brains after induction
with lipopolysaccharide and showed a reduction in apoptosis by reducing expressions of
Bax and Bcl-2 and caspase-3 [294]. Another study has demonstrated that physical exercise
can improve the cognitive function of rats with chronic cerebral hypoperfusion (CCH) by
promoting the neuroprotective role of astrocytes by alleviating the phosphorylation of
ERK and JNK proteins induced by CCH [295]. In addition, resistance exercise reduced
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neuroinflammation in 3xTg mice by reducing microglial activation and the inflammatory
markers IL-1β and TNF-α [296]. Moreover, studies using treadmill exercise demonstrated
that exercise suppressed microglial activation and neuroinflammation by activating the
TREM2 pathway leading to improved memory in AD-induced rats [297]. Collectively, these
findings support that physical exercise could help maintain the regulatory mechanisms of
brain homeostasis through anti-inflammatory mechanisms.

6. Conclusions

In this work, we reviewed updates on the neuroinflammatory role of glial cells in AD.
Neuroinflammation contributes to the acute-phase response stage of AD, where the brain
prevents infection and attempts to return to homeostasis; however, it acts detrimentally in
later stages. The chronic stimulation of microglia and astrocytes activates an immune re-
sponse which could further trigger an increase in Aβ deposits, tau hyper-phosphorylation,
and cerebral amyloid angiopathy (CAA). We also explored different mechanisms of neu-
roinflammation, diagnostic tools, and potential therapeutic interventions in preclinical
stages and those currently in clinical trials. We anticipate that the improved harness of neu-
roinflammation can lead to developing novel therapies and medications for those suffering
from AD.

Currently, there is no treatment for AD, and current medications only provide symp-
tomatic relief, while for aducanumab, additional evidence is needed on its effectiveness.
Thus, the need continues to develop treatments that target the neuroinflammation process
and related mechanisms associated with AD. While the prevention of AD is considered the
best approach to fight AD, early specific diagnostic tools to identify patients who are at
high risk are necessary.

In conclusion, neuroinflammation, among other pathological hallmarks, plays an
important role in AD progression that should be researched for its specific contribution
to the disease, its utilization as a diagnostic tool for AD progression, and as a therapeutic
target to cure the disease. While the cause of AD is yet to be clarified, ongoing research
continues to demonstrate the critical role of glial cells in the initiation and progression of
AD, which upon chronic activation, causes additional damage to the neurovascular unit and
thus contributes further to the neurodegenerative process in AD. Therefore, understanding
the role of microglial and astrocytes in the pathology of AD and their response to treatment
could help restore their function to support the neurons and the BBB.
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122. Barczuk, J.; Siwecka, N.; Lusa, W.; Rozpędek-Kamińska, W.; Kucharska, E.; Majsterek, I. Targeting NLRP3-Mediated Neuroinflam-
mation in Alzheimer’s Disease Treatment. Int. J. Mol. Sci. 2022, 23, 8979. [CrossRef]

123. Haure-Mirande, J.V.; Audrain, M.; Ehrlich, M.E.; Gandy, S. Microglial TYROBP/DAP12 in Alzheimer’s disease: Transduction of
physiological and pathological signals across TREM2. Mol. Neurodegener. 2022, 17, 55. [CrossRef]

124. Yang, J.; Fu, Z.; Zhang, X.; Xiong, M.; Meng, L.; Zhang, Z. TREM2 ectodomain and its soluble form in Alzheimer’s disease.
J. Neuroinflamm. 2020, 17, 204. [CrossRef] [PubMed]

125. Ellwanger, D.C.; Wang, S.; Brioschi, S.; Shao, Z.; Green, L.; Case, R.; Yoo, D.; Weishuhn, D.; Rathanaswami, P.; Bradley, J. Prior
activation state shapes the microglia response to antihuman TREM2 in a mouse model of Alzheimer’s disease. Proc. Natl. Acad.
Sci. USA 2021, 118, e2017742118. [CrossRef] [PubMed]

126. Hu, N.; Tan, M.-S.; Yu, J.-T.; Sun, L.; Tan, L.; Wang, Y.-L.; Jiang, T.; Tan, L. Increased expression of TREM2 in peripheral blood of
Alzheimer’s disease patients. J. Alzheimer’s Dis. 2014, 38, 497–501. [CrossRef]

127. Parhizkar, S.; Arzberger, T.; Brendel, M.; Kleinberger, G.; Deussing, M.; Focke, C.; Nuscher, B.; Xiong, M.; Ghasemigharagoz, A.;
Katzmarski, N.; et al. Loss of TREM2 function increases amyloid seeding but reduces plaque-associated ApoE. Nat. Neurosci.
2019, 22, 191–204. [CrossRef]

128. Karanfilian, L.; Tosto, M.G.; Malki, K. The role of TREM2 in Alzheimer’s disease; evidence from transgenic mouse models.
Neurobiol. Aging 2020, 86, 39–53. [CrossRef]

129. Ewers, M.; Biechele, G.; Suárez-Calvet, M.; Sacher, C.; Blume, T.; Morenas-Rodriguez, E.; Deming, Y.; Piccio, L.; Cruchaga, C.;
Kleinberger, G.; et al. Higher CSF sTREM2 and microglia activation are associated with slower rates of beta-amyloid accumulation.
EMBO Mol. Med. 2020, 12, e12308. [CrossRef] [PubMed]

130. Lee, S.-H.; Meilandt, W.J.; Xie, L.; Gandham, V.D.; Ngu, H.; Barck, K.H.; Rezzonico, M.G.; Imperio, J.; Lalehzadeh, G.;
Huntley, M.A.; et al. Trem2 restrains the enhancement of tau accumulation and neurodegeneration by β-amyloid pathology.
Neuron 2021, 109, 1283–1301.e6. [CrossRef]

131. Jairaman, A.; McQuade, A.; Granzotto, A.; Kang, Y.J.; Chadarevian, J.P.; Gandhi, S.; Parker, I.; Smith, I.; Cho, H.; Sensi, S.L.; et al.
TREM2 regulates purinergic receptor-mediated calcium signaling and motility in human iPSC-derived microglia. eLife 2022,
11, e73021. [CrossRef] [PubMed]

132. Ruganzu, J.B.; Peng, X.; He, Y.; Wu, X.; Zheng, Q.; Ding, B.; Lin, C.; Guo, H.; Yang, Z.; Zhang, X.; et al. Downregulation of TREM2
expression exacerbates neuroinflammatory responses through TLR4-mediated MAPK signaling pathway in a transgenic mouse
model of Alzheimer’s disease. Mol. Immunol. 2022, 142, 22–36. [CrossRef]

133. Long, H.; Zhong, G.; Wang, C.; Zhang, J.; Zhang, Y.; Luo, J.; Shi, S. TREM2 Attenuates Aβ1-42-Mediated Neuroinflammation in
BV-2 Cells by Downregulating TLR Signaling. Neurochem. Res. 2019, 44, 1830–1839. [CrossRef]

134. Wang, Y.; Lin, Y.; Wang, L.; Zhan, H.; Luo, X.; Zeng, Y.; Wu, W.; Zhang, X.; Wang, F. TREM2 ameliorates neuroinflammatory
response and cognitive impairment via PI3K/AKT/FoxO3a signaling pathway in Alzheimer’s disease mice. Aging 2020,
12, 20862–20879. [CrossRef] [PubMed]

135. Gallart-Palau, X.; Serra, A.; Sze, S.K. Uncovering Neurodegenerative Protein Modifications via Proteomic Profiling. Int. Rev.
Neurobiol. 2015, 121, 87–116. [CrossRef] [PubMed]

136. Tilvawala, R.; Nguyen, S.H.; Maurais, A.J.; Nemmara, V.V.; Nagar, M.; Salinger, A.J.; Nagpal, S.; Weerapana, E.; Thompson, P.R.
The Rheumatoid Arthritis-Associated Citrullinome. Cell Chem. Biol. 2018, 25, 691–704.e6. [CrossRef] [PubMed]

137. Mukherjee, S.; Perez, K.A.; Dubois, C.; Nisbet, R.M.; Li, Q.-X.; Varghese, S.; Jin, L.; Birchall, I.; Streltsov, V.A.; Vella, L.J.; et al.
Citrullination of Amyloid-β Peptides in Alzheimer’s Disease. ACS Chem. Neurosci. 2021, 12, 3719–3732. [CrossRef] [PubMed]

138. Gallart-Palau, X.; Serra, A.; Lee, B.S.T.; Guo, X.; Sze, S.K. Brain ureido degenerative protein modifications are associated with
neuroinflammation and proteinopathy in Alzheimer’s disease with cerebrovascular disease. J. Neuroinflamm. 2017, 14, 175.
[CrossRef] [PubMed]

139. Ishigami, A.; Masutomi, H.; Handa, S.; Nakamura, M.; Nakaya, S.; Uchida, Y.; Saito, Y.; Murayama, S.; Jang, B.; Jeon, Y.C.; et al.
Mass spectrometric identification of citrullination sites and immunohistochemical detection of citrullinated glial fibrillary acidic
protein in Alzheimer’s disease brains. J. Neurosci. Res. 2015, 93, 1664–1674. [CrossRef]

http://doi.org/10.1002/jnr.20752
http://www.ncbi.nlm.nih.gov/pubmed/16429444
http://doi.org/10.4049/jimmunol.1100620
http://doi.org/10.1016/j.ejim.2010.03.005
http://doi.org/10.3389/fneur.2020.570711
http://doi.org/10.1007/s10753-022-01730-0
http://doi.org/10.3390/ijms23168979
http://doi.org/10.1186/s13024-022-00552-w
http://doi.org/10.1186/s12974-020-01878-2
http://www.ncbi.nlm.nih.gov/pubmed/32635934
http://doi.org/10.1073/pnas.2017742118
http://www.ncbi.nlm.nih.gov/pubmed/33446504
http://doi.org/10.3233/JAD-130854
http://doi.org/10.1038/s41593-018-0296-9
http://doi.org/10.1016/j.neurobiolaging.2019.09.004
http://doi.org/10.15252/emmm.202012308
http://www.ncbi.nlm.nih.gov/pubmed/32790063
http://doi.org/10.1016/j.neuron.2021.02.010
http://doi.org/10.7554/eLife.73021
http://www.ncbi.nlm.nih.gov/pubmed/35191835
http://doi.org/10.1016/j.molimm.2021.12.018
http://doi.org/10.1007/s11064-019-02817-1
http://doi.org/10.18632/aging.104104
http://www.ncbi.nlm.nih.gov/pubmed/33065553
http://doi.org/10.1016/bs.irn.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26315763
http://doi.org/10.1016/j.chembiol.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29628436
http://doi.org/10.1021/acschemneuro.1c00474
http://www.ncbi.nlm.nih.gov/pubmed/34519476
http://doi.org/10.1186/s12974-017-0946-y
http://www.ncbi.nlm.nih.gov/pubmed/28865468
http://doi.org/10.1002/jnr.23620


Int. J. Mol. Sci. 2022, 23, 10572 23 of 29

140. Joshi, P.; Riffel, F.; Satoh, K.; Enomoto, M.; Qamar, S.; Scheiblich, H.; Villacampa, N.; Kumar, S.; Theil, S.; Parhizkar, S.; et al.
Differential interaction with TREM2 modulates microglial uptake of modified Aβ species. Glia 2021, 69, 2917–2932. [CrossRef]

141. Kumar, S.; Kapadia, A.; Theil, S.; Joshi, P.; Riffel, F.; Heneka, M.T.; Walter, J. Novel Phosphorylation-State Specific Antibodies
Reveal Differential Deposition of Ser26 Phosphorylated Aβ Species in a Mouse Model of Alzheimer’s Disease. Front. Mol.
Neurosci. 2020, 13, 619639. [CrossRef]

142. Schilling, S.; Zeitschel, U.; Hoffmann, T.; Heiser, U.; Francke, M.; Kehlen, A.; Holzer, M.; Hutter-Paier, B.; Prokesch, M.; Windisch,
M.; et al. Glutaminyl cyclase inhibition attenuates pyroglutamate Abeta and Alzheimer’s disease-like pathology. Nat. Med. 2008,
14, 1106–1111. [CrossRef]

143. Becker, A.; Eichentopf, R.; Sedlmeier, R.; Waniek, A.; Cynis, H.; Koch, B.; Stephan, A.; Bäuscher, C.; Kohlmann, S.; Hoffmann, T.;
et al. IsoQC (QPCTL) knock-out mice suggest differential substrate conversion by glutaminyl cyclase isoenzymes. Biol. Chem.
2016, 397, 45–55. [CrossRef]

144. Hinojosa, A.E.; Garcia-Bueno, B.; Leza, J.C.; Madrigal, J.L.M. CCL2/MCP-1 modulation of microglial activation and proliferation.
J. Neuroinflamm. 2011, 8, 77. [CrossRef] [PubMed]

145. Kiyota, T.; Yamamoto, M.; Xiong, H.; Lambert, M.P.; Klein, W.L.; Gendelman, H.E.; Ransohoff, R.M.; Ikezu, T. CCL2 accelerates
microglia-mediated Abeta oligomer formation and progression of neurocognitive dysfunction. PLoS ONE 2009, 4, e6197.
[CrossRef] [PubMed]

146. Hartlage-Rübsamen, M.; Waniek, A.; Meißner, J.; Morawski, M.; Schilling, S.; Jäger, C.; Kleinschmidt, M.; Cynis, H.; Kehlen, A.;
Arendt, T.; et al. Isoglutaminyl cyclase contributes to CCL2-driven neuroinflammation in Alzheimer’s disease. Acta Neuropathol.
2015, 129, 565–583. [CrossRef] [PubMed]

147. Perez-Nievas, B.G.; Serrano-Pozo, A. Deciphering the astrocyte reaction in Alzheimer’s disease. Front. Aging Neurosci. 2018,
10, 114. [CrossRef] [PubMed]

148. Siracusa, R.; Fusco, R.; Cuzzocrea, S. Astrocytes: Role and functions in brain pathologies. Front. Pharmacol. 2019, 10, 1114.
[CrossRef]

149. Uddin, M.S.; Kabir, M.T.; Al Mamun, A.; Barreto, G.E.; Rashid, M.; Perveen, A.; Ashraf, G.M. Pharmacological approaches to
mitigate neuroinflammation in Alzheimer’s disease. Int. Immunopharmacol. 2020, 84, 106479. [CrossRef]

150. Li, K.; Li, J.; Zheng, J.; Qin, S. Reactive astrocytes in neurodegenerative diseases. Aging Dis. 2019, 10, 664. [CrossRef]
151. Carter, S.F.; Herholz, K.; Rosa-Neto, P.; Pellerin, L.; Nordberg, A.; Zimmer, E.R. Astrocyte biomarkers in Alzheimer’s disease.

Trends Mol. Med. 2019, 25, 77–95. [CrossRef]
152. González-Reyes, R.E.; Nava-Mesa, M.O.; Vargas-Sánchez, K.; Ariza-Salamanca, D.; Mora-Muñoz, L. Involvement of astrocytes in

Alzheimer’s disease from a neuroinflammatory and oxidative stress perspective. Front. Mol. Neurosci. 2017, 10, 427. [CrossRef]
153. Leng, K.; Rooney, B.; Kim, H.; Xia, W.; Koontz, M.; Krawczyk, M.; Zhang, Y.; Ullian, E.M.; Fancy, S.P.; Schrag, M.S. CRISPRi

screens in human astrocytes elucidate regulators of distinct inflammatory reactive states. BioRxiv 2021. [CrossRef]
154. Lv, J.; Ma, S.; Zhang, X.; Zheng, L.; Ma, Y.; Zhao, X.; Lai, W.; Shen, H.; Wang, Q.; Ji, J. Quantitative proteomics reveals that PEA15

regulates astroglial Aβ phagocytosis in an Alzheimer’s disease mouse model. J. Proteom. 2014, 110, 45–58. [CrossRef] [PubMed]
155. Li, Y.; Cheng, D.; Cheng, R.; Zhu, X.; Wan, T.; Liu, J.; Zhang, R. Mechanisms of U87 astrocytoma cell uptake and trafficking of

monomeric versus protofibril Alzheimer’s disease amyloid-β proteins. PLoS ONE 2014, 9, e99939. [CrossRef] [PubMed]
156. Steiner, J.; Bogerts, B.; Schroeter, M.L.; Bernstein, H.-G. S100B protein in neurodegenerative disorders. Clin. Chem. Lab. Med. 2011,

49, 409–424. [CrossRef]
157. Son, S.M.; Kang, S.; Choi, H.; Mook-Jung, I. Statins induce insulin-degrading enzyme secretion from astrocytes via an autophagy-

based unconventional secretory pathway. Mol. Neurodegener. 2015, 10, 56. [CrossRef]
158. Yamamoto, N.; Tanida, M.; Ono, Y.; Kasahara, R.; Fujii, Y.; Ohora, K.; Suzuki, K.; Sobue, K. Leptin inhibits amyloid β-protein

degradation through decrease of neprilysin expression in primary cultured astrocytes. Biochem. Biophys. Res. Commun. 2014,
445, 214–217. [CrossRef] [PubMed]

159. Yan, P.; Hu, X.; Song, H.; Yin, K.; Bateman, R.J.; Cirrito, J.R.; Xiao, Q.; Hsu, F.F.; Turk, J.W.; Xu, J. Matrix metalloproteinase-9
degrades amyloid-β fibrils in vitro and compact plaques in situ. J. Biol. Chem. 2006, 281, 24566–24574. [CrossRef]

160. Nagele, R.G.; Wegiel, J.; Venkataraman, V.; Imaki, H.; Wang, K.-C.; Wegiel, J. Contribution of glial cells to the development of
amyloid plaques in Alzheimer’s disease. Neurobiol. Aging 2004, 25, 663–674. [CrossRef]

161. Johnston, J.M.; Burnett, P.; Thomas, A.P.; Tezapsidis, N. Calcium oscillations in type-1 astrocytes, the effect of a presenilin 1 (PS1)
mutation. Neurosci. Lett. 2006, 395, 159–164. [CrossRef]

162. Batarseh, Y.S.; Duong, Q.-V.; Mousa, Y.M.; Al Rihani, S.B.; Elfakhri, K.; Kaddoumi, A. Amyloid-β and astrocytes interplay in
amyloid-β related disorders. Int. J. Mol. Sci. 2016, 17, 338. [CrossRef]

163. Oksanen, M.; Hyötyläinen, I.; Trontti, K.; Rolova, T.; Wojciechowski, S.; Koskuvi, M.; Viitanen, M.; Levonen, A.L.; Hovatta, I.;
Roybon, L. NF-E2-related factor 2 activation boosts antioxidant defenses and ameliorates inflammatory and amyloid properties
in human Presenilin-1 mutated Alzheimer’s disease astrocytes. Glia 2020, 68, 589–599. [CrossRef]

164. Jeong, E.M.; Yoon, J.-H.; Lim, J.; Shin, J.-W.; Cho, A.Y.; Heo, J.; Lee, K.B.; Lee, J.-H.; Lee, W.J.; Kim, H.-J. Real-time monitoring of
glutathione in living cells reveals that high glutathione levels are required to maintain stem cell function. Stem Cell Rep. 2018,
10, 600–614. [CrossRef] [PubMed]

165. Aoyama, K.; Nakaki, T. Impaired glutathione synthesis in neurodegeneration. Int. J. Mol. Sci. 2013, 14, 21021–21044. [CrossRef]
[PubMed]

http://doi.org/10.1002/glia.24077
http://doi.org/10.3389/fnmol.2020.619639
http://doi.org/10.1038/nm.1872
http://doi.org/10.1515/hsz-2015-0192
http://doi.org/10.1186/1742-2094-8-77
http://www.ncbi.nlm.nih.gov/pubmed/21729288
http://doi.org/10.1371/journal.pone.0006197
http://www.ncbi.nlm.nih.gov/pubmed/19593388
http://doi.org/10.1007/s00401-015-1395-2
http://www.ncbi.nlm.nih.gov/pubmed/25666182
http://doi.org/10.3389/fnagi.2018.00114
http://www.ncbi.nlm.nih.gov/pubmed/29922147
http://doi.org/10.3389/fphar.2019.01114
http://doi.org/10.1016/j.intimp.2020.106479
http://doi.org/10.14336/AD.2018.0720
http://doi.org/10.1016/j.molmed.2018.11.006
http://doi.org/10.3389/fnmol.2017.00427
http://doi.org/10.1101/2021.08.23.457400
http://doi.org/10.1016/j.jprot.2014.07.028
http://www.ncbi.nlm.nih.gov/pubmed/25108202
http://doi.org/10.1371/journal.pone.0099939
http://www.ncbi.nlm.nih.gov/pubmed/24941200
http://doi.org/10.1515/CCLM.2011.083
http://doi.org/10.1186/s13024-015-0054-3
http://doi.org/10.1016/j.bbrc.2014.01.168
http://www.ncbi.nlm.nih.gov/pubmed/24508800
http://doi.org/10.1074/jbc.M602440200
http://doi.org/10.1016/j.neurobiolaging.2004.01.007
http://doi.org/10.1016/j.neulet.2005.10.088
http://doi.org/10.3390/ijms17030338
http://doi.org/10.1002/glia.23741
http://doi.org/10.1016/j.stemcr.2017.12.007
http://www.ncbi.nlm.nih.gov/pubmed/29307581
http://doi.org/10.3390/ijms141021021
http://www.ncbi.nlm.nih.gov/pubmed/24145751


Int. J. Mol. Sci. 2022, 23, 10572 24 of 29

166. Chen, J.J.; Thiyagarajah, M.; Song, J.; Chen, C.; Herrmann, N.; Gallagher, D.; Rapoport, M.J.; Black, S.E.; Ramirez, J.;
Andreazza, A.C. Altered central and blood glutathione in Alzheimer’s disease and mild cognitive impairment: A meta-analysis.
Alzheimer’s Res. Ther. 2022, 14, 23. [CrossRef] [PubMed]

167. Forman, H.J.; Zhang, H.; Rinna, A. Glutathione: Overview of its protective roles, measurement, and biosynthesis. Mol. Asp. Med.
2009, 30, 1–12. [CrossRef] [PubMed]

168. Aksenov, M.Y.; Markesbery, W.R. Changes in thiol content and expression of glutathione redox system genes in the hippocampus
and cerebellum in Alzheimer’s disease. Neurosci. Lett. 2001, 302, 141–145. [CrossRef]

169. Gu, F.; Chauhan, V.; Chauhan, A. Glutathione redox imbalance in brain disorders. Curr. Opin. Clin. Nutr. Metab. Care 2015,
18, 89–95. [CrossRef]

170. Pocernich, C.B.; Butterfield, D.A. Elevation of glutathione as a therapeutic strategy in Alzheimer disease. Biochim. Biophys. Acta
(BBA)-Mol. Basis Dis. 2012, 1822, 625–630. [CrossRef]

171. Lee, M.; Cho, T.; Jantaratnotai, N.; Wang, Y.T.; McGeer, E.; McGeer, P.L. Depletion of GSH in glial cells induces neurotoxicity:
Relevance to aging and degenerative neurological diseases. FASEB J. 2010, 24, 2533–2545. [CrossRef]

172. Takahashi, S. Neuroprotective Function of High Glycolytic Activity in Astrocytes: Common Roles in Stroke and Neurodegenera-
tive Diseases. Int. J. Mol. Sci. 2021, 22, 6568. [CrossRef]

173. Baxter, P.S.; Hardingham, G.E. Adaptive regulation of the brain’s antioxidant defences by neurons and astrocytes. Free Radic. Biol.
Med. 2016, 100, 147–152. [CrossRef]

174. Chen, Y.; Vartiainen, N.E.; Ying, W.; Chan, P.H.; Koistinaho, J.; Swanson, R.A. Astrocytes protect neurons from nitric oxide toxicity
by a glutathione-dependent mechanism. J. Neurochem. 2001, 77, 1601–1610. [CrossRef] [PubMed]

175. Aoyama, K. Glutathione in the Brain. Int. J. Mol. Sci. 2021, 22, 5010. [CrossRef] [PubMed]
176. Acosta, C.; Anderson, H.D.; Anderson, C.M. Astrocyte dysfunction in Alzheimer disease. J. Neurosci. Res. 2017, 95, 2430–2447.

[CrossRef]
177. Simpson, J.; Ince, P.; Lace, G.; Forster, G.; Shaw, P.; Matthews, F.; Savva, G.; Brayne, C.; Wharton, S. Astrocyte phenotype in

relation to Alzheimer-type pathology in the ageing brain. Neurobiol. Aging 2010, 31, 578–590. [CrossRef] [PubMed]
178. Steele, M.L.; Robinson, S.R. Reactive astrocytes give neurons less support: Implications for Alzheimer’s disease. Neurobiol. Aging

2012, 33, 423.e1–423.e13. [CrossRef]
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